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Abstract

This thesis work presents various performance esiom methods of compact brazed plate
heat exchangers (BPHE) operating in single phasedestser, evaporator, cascaded and
transcritical applications. Such methods play alwible in development of heat exchanger
selection software and during geometry parameténason in the new product development

process.

The suitability of employing commercial computatbrfluid dynamics (CFD) codes for
estimating single phase thermal and hydraulic perémce is investigated. Parametric studies
are conducted on geometries of single phase fletians to isolate and quantify the
influence of individual geometric parameters. Tiuience of mesh characteristics, choice of
boundary conditions and turbulent flow modeling the accuracy of the thermal and
hydraulic predictions is presented. Benefits of sanon of fluid flow in entire channels and
characteristics of channel flow for different gedneepatterns are also presented.

A computationally light, general, robust and coatins rating calculation method is
developed for implementation in BPHE selection safev The pressure-enthalpy based
method provides a generic rating core for varigpge$ of applications and provides extensive
post processing information of the heat transfecess. General single phase thermal and
hydraulic empirical correlations are developed @sctions of plate geometric parameters.
For facilitating better integration of the develdpzalculation method with other refrigeration
system simulation software, first or higher ordentinuity is maintained in the sub-routines
used for calculating local heat transfer coeffitseand refrigerant properties. A new finite
grid interpolation method is developed for fast asdurate retrieval of refrigerant properties.
The developed method is currently implemented ifPG% (BPHE selection software of
SWEP International AB) for supporting transcritic@D, calculations and cascaded heat
exchanger calculations.

Additionally, the methods developed for single ghasnd two phase test data evaluation
based on meta-heuristic optimization routines $e @resented. The application and results of
using the developed rating models for various typesalculations is summarized. Other
topics such as influence of variable fluid propston BPHE rating calculations, influence of
multi-pass flow arrangement on lumped BPHE ratidgutations are briefly presented.
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Area
Chisholm correlation empirical constant
Specific heat capacity at constant pressure

Hydraulic diameter

Entrainment factor

Specific internal energy

Friction factor

Two-phase pressure drop multiplier
Convective boiling enhancement factor
Acceleration due to gravity

Mass velocity

Convective heat transfer coefficient
Specific enthalpy

Turbulence kinetic energy

Thermal conductivity

Characteristic length

Mass flow rate

Density ratio

Heat flux

Heat load

Nucleate boiling suppression factor
Slip ration

Plate thickness

time

Temperature

Velocity

Friction velocity

Velocity in linear sub layer close to wall
Overall heat transfer coefficient
Volume

Vapor quality

Martinelli parameter

Characteristic distance

Characteristic length

Convective resistance

OTHER SYMBOLS

a

B
o

Void fraction
Chevron angle

RMS error

[-]
J/ kg
[-]
[-]
[-]
m/sec?
kg/ (m? sec)
W/ (m2 K)
J/ kg
m?2/ sec?
W/ (m K)
m
kg/ sec
[-]
W/ mz
W
[-]
[-]
m
sec
°C
m/ sec
m/ sec
m/ sec
W/ (m2 K)
m3
[-]
[-]
m

m
(m2 K)/ W
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Boundary layer thickness
Kronecker delta function

Turbulent kinetic energy dissipation rate
Distance between grid points
Temperature difference

Pressure difference

Correction factor

Effectiveness

Dynamic viscosity

Thermal conductivity

Density

Pitch

Two-phase pressure drop multiplier

Perimeter

Conserved quantity

Wall to bulk viscosity variation correction factor
Specific volume

Surface tension

Shear stress

Turbulent frequency

SUBSCRIPTS

C Cold condition

co Condensation

CB Convective boiling

eq Equivalent

E Element

f Liquid

fg Two-phase (Gas-Liquid)

fo Liquid only

g Gas

ar Gravity driven

h Hot condition

hg Homogeneous

in Inlet condition

n n" segment in discretized calculations
NCB Nucleate boiling

out Outlet condition

red Reduced (normalized with critical condition)
sat Saturated condition

sh Shear controlled

SP Single phase

sr Slip ratio based

tt Turbulent-turbulent condition
TP Two-phase (Gas-Liquid)

vi

m2Bsec

[-]

[m3/ kg]
N/ m
N/m?2
séc



w

wall

Wall condition
Wall condition

NON-DIMENSIONAL QUANTITIES

Bo Bond number

Co Condensation number

Fr Froude number

J Heat transfer group

Ja Jacob number

Nu Nusselt number

Pr Prandtl number

Re Reynolds number

T Non dimensional temperature
u Non dimensional velocity

y Prandtl exponent

y* Non dimensional wall distance
ABBREVIATIONS

LMTD Logarithmic mean temperature difference
NTU Number of transfer units
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1.0 INTRODUCTION

The working principles, construction and manufactgriof compact brazed
plate heat exchangers are briefly discussed. Thet mommonly used flow
configurations, advantages and limitations are ajgesented. Applications in
which BPHEs are playing a crucial role are also dissed. The influences of
geometry parameters and flow characteristics in BBHEe discussed in detaiil
in subsequent chapters.

1.1 CONSTRUCTION AND MATERIALS

A compact brazed plate heat exchanger (BPHE) ig¢ bpilfrom a package of corrugated
stainless steel plates which are brazed togetleg nsaterials such as copper and nickel. The
plate package is generally sealed by front and p&sie packages to form a self contained
unit. Each plate has a characteristic corrugatiattepn that governs the degree of thermal
efficiency and hydraulic behavior of the BPHE ukitirther, four to six apertures are placed
in the corners/edges of these plates. Alternateeplare arranged at 180° to each other
resulting in formation of the inlet and outlet pananifolds for the various process fluid
circuits. Two channel plates are put together ssetilas a single plate for applications where
immediate leak detection and prevention of crosgasuination is vital. During the brazing
process of the plate package, the filler or brazimagerial is drawn to the contact points
between the alternate plates due to capillary ®orfoeming braze junctions. These braze
junctions greatly improve the structural integatythe BPHE units and renders it suitable for
higher operating pressures as high as 30-45 basoine cases, a frame can be used to
improve the operating pressure range of the BPHES loyi several orders of magnitude. The
basic components in a symmetric BPHE unit are showhigure 1.1. A wide variety of
alternate options for assembly of plate packagesa#so possible for formation of flow
arrangements suitable for different applications.

Plale Padkao

Channal plales peate

o L
® o Sl
Conrecticns e
Conar
plate

Figure 1.1 Basic components of a compact brazed pkt exchanger



During the manufacturing process, the stainlessl sted brazing material is fed from their
respective coils, which are cut simultaneously atatked into plate packs. These packs
together with auxiliary parts such as distributiongs, blind rings etc., are assembled with the
cover plates and the required connections. Thas&ed units loaded using dead weights or
spring loaded weights are vacuum-brazed for abigiit éiours in furnaces. The methods of
manufacturing brazed plate heat exchangers arénconsly evolving with developments in
areas such as modern brazing methods, researclteonative brazing materials and raw
material forms of brazing materials. Various typésonnections can be placed at the front or
rear face depending on the market and applicagguirements. Blind rings and additional
sealing plates are usually used to separate ther quates from the channel plates. The
dimensions and number of the cover plates depertdeoapplication. Directional information
for mounting of the heat exchangers is also pralidéis is required to identify the number
and location of channels connected for a givengs®edluid steam. The standard BPHEs are
built from AISI316 steel with copper as brazing eral and have a design pressure of around
31 bar. Nickel is used as brazing material in agplons where copper presents compatibility
problem with process fluids. SMO254 and AlSI 30destvariants are also used for channel
plates in some applications. External/internal dadexl, Rotalock, flanged and solder
connections are generally provided. Further infitiom on classification plate type heat
exchangers, their construction and manufacturingpoas can be found in Wang et al. (2007)

1.2 FLOW AND CIRCUIT ARRANGEMENT

The flow direction and circuit arrangement in BPH&governed by application parameters
such as desired thermal length, available temperaitference, allowable pressure drop, and
other restrictions arising from fluid physical pevpes. Counter flow arrangement, in which
fluids in alternate channels flow in opposite dii@as, is generally preferred due to efficient
use of available temperature difference. Howevaraltel flow arrangement offers significant
advantages for cases where pure phase-change singbtemperature or latent heat transfer
is involved. In such circumstances, parallel flomaagement generally requires lower heat
transfer area because the temperature differentatpalue to pressure drop renders counter
flow inefficient. Pure counter flow is not achieW@abn BPHESs due to factors such as port
locations and fluid flow paths in the alternate muinels. However, the degree of counter-flow
increases with increasing plate aspect ratio (lengtwidth ratio) and with better in-channel
distribution. In plate designs with larger aspeatios, pure cross-flow arrangement can be
achieved. Cross-flow brazed plate heat exchange¥sganerally asymmetric (alternate
channels have different thermal and hydraulic belmawecause the channel characteristics
are governed by the angle of corrugation pattethéamain flow direction.

The most common flow arrangement is a loop arraegewhere each process fluid is split
into parts and is distributed into alternate ché&frem the port manifolds. Thus the process
fluid on each circuit flows in the same directiamdahis arrangement is termed as single pass
arrangement. As inferred from Figure 1.1, the outest channels have heat transfer in only
one direction and this introduces a non-uniformgerature profile in various channels. This
non-uniformity is considered by approximate modakising heat exchanger calculations and
this influence becomes negligible in plate packagester than 20 plates. The distribution of
the fluid from the port manifold to the channelgg®/erned by the magnitude of the channel
pressure drop, friction losses in the port and muoma changes due to change of velocities
in the inlet and outlet ports. An ideal channeltribsition is desired to effectively use the
available heat transfer area. The distribution play extremely important role in plate
evaporators and this is generally improved usingliaty devices such as distribution rings



and other devices. The location of the connectifumsa circuit resultsin two types of
distributions, namely, the U and Z arrangementthim U arrangement, the inlet and ou
connections exist on same side and this is onigl ¥af single pass heat exchangers. In tt
arrangement, the connections exist on the oppesd of the heat exchanger. In cert
applications, the Z arrangement offers better fltigtribution due to its symmetric natu
The dimensions of the ports and connections areerged by factors such as allowa
pressure drop, distribution parameterd maximum local velocitie

In certain applications, thermal length requireraamed the fluid stream to undergo the |
transfer process for a longer duration followinprger path. Mul-pass arrangements wh
the fluid from a single circuit flowsn opposite directions in various parts of the t
exchangers are required for these applicationsh Suaalti-pass arrangements are mi
possible using blind rings in places where thed8ustream needs to change direction. U
Six passes are gener: available in commercial heat exchanger models. #-pass flow
arrangement in brazed plate heat exchangers is rshiowFigure 1.2. The mu-pass
arrangement enhances the thermal length (numbeaméfer units) of a fluid stream but
associated withignificant pressure drop penalty due to increasehoel flow and total flov
length. Thermal efficiency is slightly reduced doepresence of parallel flow circuits at 1
onset of every pass. This reduction becomes irfgignt with decreasing numbef passes
and increasing number of plates. All of the fluiceams in brazed plate heat exchanger
not requirehavin¢c equal number of passes. In situations where the fadios are high an
stringent allowable pressure drop requirementd exi®one of the sides, it is customary to

asymmetric number of passes for both the s

Figure 1.2 Basic tw-pass arngement for two process fluid circuits in brazeatep hea
exchangers (adapted from SWEP 2

In very high capacity heating, refrigeration anc-conditioning systems, features such
dealing with part load conditions and having -safe backup sysins are desirable. He
exchangers with dual circuit arrangement contaitving refrigerant (primary) circuits and
common secondary fluid circuit are widely used h&uch dual systems can be achieved
plates with four and six port sections. In ¢ of four ports, channels from each refriger
circuit are grouped together forming a back to backngement. Such an execution is o
termed as false dual arrangement. A true dual #orangement can be achieved with
ports and this result in ez secondary channel being surrounded by refrigefaatmels fron
both primary circuits. The flow arrangement in &sdéadual arrangement and the image
true dual product are shown in Figure



Figure 1.3 (a) Schematic of false dual flarrangement and (b) Image of a true dual B}
model (adapted from SWEP 20

For certain applications such as tap water headntyyc-stage flow arrangement provid
efficient heat recovery from radiator circuit inniér conditions. The cold tap watentering
the initial stage is p-heated with warm water returning from the spaceihgaircuit and ir
a second stage extracts heat from warm water fdedafrom the district heating suppli
The twostage flow arrangement (shown Figure 1.4) closelyresembles a tw-pass
arrangement. This arrangement also provides thessacy thermal length in sumn
conditions where the forward temperature from tis&ridt heating systens considerably low
compared to winter conditior
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Figure 1.4 Schematic ofwo-stage arrangement which is used in tap water g
applications (adapted from SWEP 2(

A number of other flow arrangements suitable foriotss applications are possible us
increased number of ports and by integrating amldhii heat transfer gmentation device
between the plate packs. Examples of applicatimolving such flow arrangements (g,
integrated suction gas heat exchanger-drier devices in a-conditioning applications et
are published irthe open literature. Several flowrrangements involving control of ti
process fluid flow paths around port manifolds asen patented. The deviation frc
standard singl@ass arrangement can usually be associated witticendd cost due to th
increased manufacturing effort. Howeveternate flow arrangements provide a wide ch
of configurations suitable for a number of appimas and highlight the scalability of braz
plate heat exchange



1.3 PLATE DESIGN

The thermal and hydraulic behavior of the platet leeahanger is principally controlled using
the geometric parameters involved in the corrugatate design. The fishbone corrugation
pattern is widely used in several single phasepdrasge-change applications. The influence of
geometric parameters such as the chevron anglieofhifle included angle of the corrugation
pattern with the main flow direction), corrugatigitch and depth, plate thickness, port
aperture dimensions and location, plate aspedai edti on plate heat exchanger performance
are studied and reported by several investigators.
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Figure 1.5 Example of a fishbone pattern corruggitde widely used in single phase
applications (obtained from SWEP International AB)

The influence of these parameters on the charmm&ldharacteristics in several applications is
discussed in detail in subsequent chapters. Géydnaht transfer and pressure drop increase
with increasing chevron angle due to enhanced floeractions and degree of boundary
separation within each channel. The corrugatioshpihfluences the parameters such as
degree of boundary separation of flow and flow stsice in transverse/ longitudinal
directions. The pressing depth of the plate infageparameters such as boundary separation,
effective hydraulic diameter, number and size/ shapthe braze junctions etc. The port
apertures and their location are usually desigedffier low port pressure drop, efficient
distribution in channel/ port manifolds and sufici structural strength. Higher plate aspect
ratios are characterized by higher degree of couruerent flow characteristics but have
pressure drop penalties. Usually a number of additimanufacturer specific features exist in
plate designs which improve flow distribution, efige usage of heat transfer area and
available temperature difference etc. The contisudemand for enhancing the efficiency of
thermal and hydraulic systems, expanding operatngelopes, new applications and
legislations controlling the type and quantity @bgess fluids etc., resulted in research and
development of alternate plate designs which atertmade for flow physics and process
parameters of individual applications. Some of ¢hdesigns are widely reported in several
manufacturer web sites and product sheets. Conmmahtluid dynamics (CFD) tools play
an important role in the design and developmenthete new plate patterns. The design
procedure and reliability while using CFD tools iegented in detail in chapter 4.



1.4 APPLICATIONS AND ADVANTAGES

Compactness, low volume, scalability, possibilityaichieve close temperature approaches,
relatively high values of the heat transfer coédfits make brazed plate heat exchangers
suitable for a very wide range of applications.

Single phase applications such as district heatntycooling, demand very close temperature
approaches and best use of the forwarding tempegtiiom the energy supplier while
offering lower pressure losses. Brazed plate heahangers with flexible plate and pass
arrangement are a suitable choice here. Asymmetaanel designs offer fluid circuits with
varying degree of thermal efficiency and hydrawul@racteristics that are observed in these
applications. BPHESs are typically used as radiatar t&vo-stage tap water heat exchanger in
district heating sub-stations. Other single phag#i@ations include oil cooling in wind power
generation systems, engine oil cooling in ship ees}i oil cooling for heat recovery, co-
generation, super-critical gas cooling, and headvery applications in refrigeration systems
etc. The complex flow paths in plate heat exchangmwrer the critical Reynolds number for
the onset of turbulence significantly and this nsgakteem suitable for applications involving
high viscous fluids. Typical mass flux conditiors single phase applications are in the order
of 100 kg / (m? s) with heat flux in the range @500 kW/m?2. The secondary flows, degree
of mixing and friction loss result in sufficient gritude of shear stress on the heat transfer
surfaces and this inhibits fouling to a great ekt&uper-critical C@ gas cooling process in
space and tap water heating applications requigeiahermal length to overcome the close
temperature approaches involved in these applitatidOperating pressures in these
applications are in the range of 90-140 bar. Poets and edges of BPHEs are generally
designed using non-standard features in orderttest@nd such higher operating pressures.

Plate heat exchangers are widely used for phasggehdeat transfer in refrigeration,
residential heating and air-conditioning applicaioThe mass flux for these applications is
typically in the order of 50 kg/ (m? s) with a hdlaitx range of 1 — 20 kW/m?2. Phase change
applications include evaporators, condensers, eolers and economizers etc. In super-
market refrigeration systems, BPHEs are used asdaddeat exchangers with evaporation
and condensation occurring in the same unit. Exarapperformance (heat load achieved per
unit BPHE weight) of a BPHE model operating as anpexator at normal chiller rating
conditions is shown in Figure 1.6. Alternate apgdilcns such as power generation using
Organic Rankine Cycle, integrated air drying systeaissorption chillers also use brazed
plate heat exchangers. In phase-change applicatiomshermal restriction generally lies on
the refrigerant side. The averaged heat transfefficeents on the refrigerant side are many
times lower than those on the secondary side. Tégspre drop on the secondary side is also
required to be maintained as low as possible. Thexpgirements call for asymmetric designs
with increased channel velocity in refrigerant amele and decreased pressure drop on
secondary sides. At lower operating pressuresgesant pressure drop causes a temperature
difference penalty and this governs the degreesyhanetry possible for a given application.

The weight and volume of BPHEs are generally 20 -38% than those for traditional shell
and tube heat exchangers and this reduces thellof@stprint of the system greatly.

Relatively small internal volume reduces the reqlirefrigerant charge in phase-change
applications. The total height of the BPHEs is auttge limited to 1.5 meters due to

restrictions of the brazing process. However, BPHEs suitable for wide capacity and
application ranges due to the scalability and pdssilow arrangements. In phase-change
applications BPHEs currently can deliver temperatapproaches lower than 1K and



capacities greater than 500 kW. Large plate packdge phase-change applications are
generally associated with distribution problemsnfr@ort manifold to the channels and
unnecessary port pressure drop. Several solutrorierin of auxiliary devices (distribution
rings, porous media inserts etc) and flow arrangeésnare used to overcome these problems.
The thermal performance of BPHES operating as eaémar is also sensitive to the overall
system design. Transients arising from other systemponents could influence the stability
of the evaporators. Several recommendations retatfddw regime conditions at evaporator
inlet, connection velocities, placement of systeamponents, allowable compressor oil
circulation are provided to system manufacturers.

Operating conditions: Inlet vapor quality 0.3, Exit super heat 5K, Entering
water temperature 7 °C, Exit water temperature 12 °C
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Figure 1.6 Example of performance (Heat load a&dgwer unit BPHE weight) of one single
circuit BPHE model operating as R410A counter curergporator (Chiller conditions) in
the envelope of 20 to 100 kW at various saturatettian temperatures; The data labels
represent expected secondary pressure drop (kB& aperating points.

1.5 CALCULATION SOFTWARE

Heat exchanger calculation software is commonlyd use selection of heat exchangers for
specific application requirements such as heat ,ld®inperature approach or mean
temperature difference, allowable pressure drgpsces and weight limitations etc. It is also
common for thermal system manufacturers to incafgoneat exchanger calculation libraries
in their simulation programs. System simulationguaons are usually used to determine
performance during non-standard operational camulii transient behavior, seasonal
performance, required process fluid quantitiesfesgscontrol parameters etc. Thermal and
hydraulic characteristics of individual product® arsually calibrated (interpolated usually)
from experimental data. Predictions of performamdevarious existing and calibrated

products with varying geometric parameters oftanes@s base data for extrapolation while
predicting the performance of new products. Caleutatsoftware from research and
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academic institutions usually are based on geredilthermal and hydraulic correlations
derived for classical empirical equations (usuallgrived for pipe flow) and further
adjustments based on limited experimental dataduetespecific interpolated correlations are
usually used in manufacturer provided softwarerfgsroved predictions in the recommended
product envelope. Accuracy, robustness, seamlésgration with other programs, generality
and speed are desirable characteristics of caicnlabftware. The choice of correlations and
calculation methods should aim at meeting theseimegents. Commonly used single phase
and phase-change thermal and hydraulic correlattarsphase flow equations are presented
in Chapter 2. Various calculation methods, discagitin schemes, fluid property calculation
methods, laboratory data evaluation are discuss€thapter 3.
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2.0 PLATE HEAT EXCHANGER THEORY

The chapter presents summary of the heat excharademlation methods such
as LMTD and Effectiveness-NTU methods that are usdtle current study

during the evaluation of heat transfer and pressam®p correlations. A

summary of a literature study on heat transfer gamdssure drop in single-

phase and two-phase mode in plate heat exchanggresented. Other issues
such as void fraction models and flow mechanism latepheat exchanger
channels are briefly discussed.

2.1 HEAT EXCHANGER CALCULATIONS

Heat exchanger calculations developed for softvag@ications such as selection programs
and refrigeration system simulation programs caolégsified broadly as:

Rating calculationsUsed to determine the suitability of a given heathanger for given
thermal and hydraulic duties. The output in theskeuations is over surface (ratio of area
available to area required) and pressure drops.

Performance calculationsUsed to determine missing parameters, for exameplglet
temperatures when the heat exchanger dimensionsoanel parameters are specified.
Selection calculationdJsed to determine the dimensions of a heat exgdragpe (number of
plates, number of passes, parallel units, flowreyeanents, connections etc) that suits given
thermal and hydraulic requirements.

Two standard lumped methods for heat exchangemtilgoerformance analyses are used in
this work and they are discussed here.

2.1.1 Logarithmic Mean Temperature Difference (LMTD) mehod

This method serves as a basis for rating calcuaticause it calculates the required overall
heat transfer coefficient for a given heat load termdperature profile. The total heat load in
the CBE is derived as a product of the overall heauster coefficient, effective heat transfer
area and the logarithmic mean temperature differenc

Q=QUA _AT-AT,
In(AT, / AT,)

X2

The correction factoQ is used to adjust the performance for conditiamshsas multi-pass
flow arrangement and for non uniform heat transtethe end plates. This factor approaches
unity as the number of plates increase and the aupftpasses decrease.

Because equation (2.1) can be used to compare #aeamailable and area required, this
method can be used to determine over surface iimgratlculations. The performance and
selection calculations then iteratively use theingatcalculation to determine missing
parameters and the BPHE dimensions, respectiveig. mbthodology is described in detail
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in Incropera et al. (1990). This method is sensitmd demands high accuracy in laboratory
measurements at close temperature approaches.

2.1.2 Effectiveness — Number of Transfer Units Method

The effectiveness of a heat exchanger is presexgdtie ratio of the actual and maximum
possible heat transfer. The maximum possible haaster occurs in counter flow with an
infinite flow length in cases where local temperatuare not dependent on local pressures.
The minimum heat capacity flow rate of the two side used in determining the maximum
heat transfer.

Q _ (mCF’)hA-I;1 (mqj)cAI

£= = =

Qmax (me)min (-IL,in - -Ic-:,in) ( mcp)min( Tlin_ Iin) (22)

The effectiveness is related to the number of feainmits by a non-dimensional relation that
IS specific for a certain flow arrangement.

gzr[mu,%J

(M), (2.3)
NTU :L
(me)min (24)

This non-dimensional relation for the effectivenessused for determining the missing
parameters in performance calculations, without rteed of iterative rating calculations.
Various equations used in effectiveness-NTU basefbpnance calculations are presented in
Incropera et al. (1990).

(me)min\J

(M) (2.5)

2.2 SINGLE PHASE APPLICATIONS

Th,out B quut =1-¢| 1+
T =

c,in

Single phase heat transfer in plate heat exchangezgtensively studied by a number of
researchers and is usually presented as a funztioon-dimensional groups involving plate
geometric features and fluid properties. Thesetiosla play a key role in the prediction of
two-phase applications because the evaporationcandenser correlations usually involve
contributions which are simply represented as etdwhrsingle phase heat transfer term.
Correlations proposed in the literature are sumradrifor example, in Wang et al. (2007)
and Ayub et al. (2003). Some of these correlatayespresented below.

Muley and Manglik (1997) studied mixed plate arramgnts for chevron angles 30° and 60°

with vegetable oil (130 < Pr < 220) and water (2.#r < 4.5) and presented the following
correlations.
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0.14

N 0.471R&° PY3(u/phm )™ 2& Re 4
u=
0.1R€™ PM(u/pt) ~ Re 1000

(2.6)

and

4037 R +( 8.12R8) | 2 Re 2
(40.37 Rg’ +(
1.274Re™ Re 1000

f=
(2.7)

Heavner et al. (1993) studied water flow in mixdalte industrial plate heat exchangers with
chevron angle combinations 45°/0°, 67°/0°, 45°/485%/67° and 67°/67°. The experimental
data was reduced to correlate friction factor aedthransfer groupJ() as functions of
Reynolds number with mean chevron angle as a paganidte chevron angle in this study is
defined as the excluded angle of the herringbottenpawith the main flow direction.

f =aRe_” (28)

J= Nu/(Pr1'3(/J/,UWau )0'17) = bR¢’ (2.9)

The empirical constants in these relations aregptesl for each chevron angle combination in
Table 2.1.

Table 2.1: Empirical constants for the single phaesst transfer and pressure drop
correlations proposed by Heavner et al. (1993y&vious chevron angle combinations

Chevron Angle Combination Mean Chevron Angle a n b m
45°/0° 22.5° 1.715 0.0838 0.278  0.683
67°/0° 33.5° 1.645 0.1353 0.308  0.667
45°/45° 45° 0.810  0.1405 0.195 0.692
67°/45° 56° 0.649  0.1555 0.118 0.720
67°/67° 67° 0.571 0.1814 0.089 0.718

Focke et al. (1985) presented further correlatimnschevron angles 0°, 30°, 45°, 60°, 72°,
80° and 90° in Reynolds number range of 35 to 16B§0ncreasing the chevron angle from

0° to 80°, the pressure drop increased by 2.5 srdérmagnitude and the heat transfer
increased by a factor of 4 to 10 depending on ke parameters. Further increase in the
chevron angle was suggested to result in sepailatgdegions and that results in decrease of
heat transfer and pressure drop. For model withvroneangle of 90°, the performance

obtained is similar to that obtained from a modehw chevron angle of 60°.

Effect of plate aspect ratio (length to width rata;n heat transfer and pressure drop was
studied by Lee et al. (2000). Three different meds&ith aspect ratios 2, 2.4 and 4 and

chevron angle 63° were studied in a range of 4 < Prand 600< Re < 3200. An increase in

heat transfer and decrease in friction factor vadrgerved with increasing plate aspect ratio.
These results can be explained by the improvedhamacel distribution with increasing aspect

ratio.
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In the current study, a correlation due to Bogaerile(1994) is used for evaluating heat
transfer correlation in single phase flow.

Nu_ 0D, _~pe[ 4
Pr APP Hoa

The Prandtl number exponeny X and the viscosity ratio exponent)( are correlated as
functions of Prandtl number and Reynolds numberpaetsvely, from a large set of
experimental data. These relations cannot be piexen this article due to confidentiality
terms. The pressure drop is modeled using staridancl friction factor model

(2.10)

P L pRemPY L

The fluid properties are determined at mean tentpeys: in lumped analysis and at local
thermodynamic state in discretized analysis. Theieoal constants in the above equations
are evaluated individually for various BPHE modelaethods outlined in Chapter 3.

AP = f

2.3 CONDENSATION IN PLATE HEAT EXCHANGERS

The high heat transfer rates attainable with adolume and lower pressure drops at elevated
pressures provide a distinct advantage for plagée Gechangers for condensing application.
The boundary separations caused by the chevrogrpagésult in mixed flow, which improves
the interfacial shear stress. The key factor inightsg an optimum condenser involves
optimum area usage in the desuperheating areanesmeant of turbulence in the two-phase
zone and improved drainage characteristics in thEaoled liquid region. In plate heat
exchangers, the main resistance lies on the refimngside and enhancement on this side plays
a significant role in the improving the overallieféncy of the heat exchanger. Due to these
characteristics and compactness plate heat exctsagecommonly used in refrigeration and
air conditioning applications. Despite this, verymited information regarding the
condensation in brazed plate heat exchangers ilslaleain the published literature.

The experimental data and correlations availablthénliterature lack generality for a wide
range of conditions and refrigerants. Many of thedies involve 3-4 plates which form a
single refrigerant channel and it is observed tihatperformance in these units vary largely as
compared to standard units with number of plateatgr than 20. There is also a wide range
of definitions used for describing geometry chagestics such as effective heat transfer area,
hydraulic diameter and flow length; and non-dimenal numbers such as Reynolds number
etc. The data reduction methodology varies fromkvtorwork which results in a wide range
of derived overall heat transfer coefficient foe tiest points. These limitations force the usage
of simplified product specific semi-empirical theaimand hydraulic correlations for
commercial heat exchanger software applicationbriéf literature study for condensation is
presented below.

Condensation is generally classified into two regirmtea number of investigations on plate
heat exchangers. Gravity controlled regime wittow telative velocity between vapor and
liquid film (typically Re,, < 80C) and shear controlled regime where significanaslstress is

induced by high vapor velocity stream on the cosdeifilm (typically Re,, > 100(). Nusselt
theory derives the local heat transfer coefficitart downward condensation in a vertical
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channel in the gravity controlled regime. In thiethod, linear temperature profiles are
assumed in the condensate film and local sub-apelifects are ignored.

hy =1.1CoRg***

(2.12)
-0.333
— 2 —
CO_/]f|::uf/(:0f I:pf ngg)} (2.13)
The integrated heat transfer coefficient alongléingth of the plate is given by
h - 50.333
h, =1.47CoR§ (2.14)

Nakaoka et al. (1988) observed a significant impment in the heat transfer coefficient in
the gravity regime compared to the Nusselt modéle Enhancement is attributed to
condensate drainage characteristics and is presaste function of a modified Bond number.

Nu= NLNusseIt a 88.1 (215)

The value of the enhancement factas approximately equal to 2 and depends on the plat
geometry. The modified Bond number is a functioe@fugation pitchl and is obtained as

gp:N?
o (2.16)

Bo=

The enhancement factor for standard refrigerantsuad to be in the range of 2.5 to 3 at
standard operating conditions as listed in Talf?e 2.

Table 2.2: Averaged gravity condensation enhancefaetor (2Bo*') of various refrigerants
in the dew temperature range of -5t0 6 C
R134a R410A R22 R407C CO2 R404A R507A

2.98 3.03 2.97 2.99 3.17 3.07 3.08
R1234yf Propane Ammonia
3.02 2.76 2.5

Cooper (1987) studied the condensation of steamaite fneat exchangers and presented a
design methodology for design of multi-pass heahargers. An interesting observation in
this work is the fact that 10 - 40% lower presstirep exists in the co-current arrangement
due to favorable temperature profiles. Due to trgd temperature difference, the steam
condenses in the top of the heat exchanger in pestusetup resulting in low mean vapor
velocity. For the definitions of geometry paramstand non-dimensional numbers used, the
condensation friction pressure drop showed gooceesgent with standard Lockhart-
Martinelli model for flow in vertical pipes. For ¢hshear controlled regime and elevated
pressures, he suggested the use of local condemsedat transfer coefficient with a density
correction factor.

(ool o
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The method for calculating the mean densjy) (vas not specified. The liquid heat transfer
coefficient is calculated using a correlation santio that by Bogaert. For the shear controlled
regime, the correlation proposed by Shaw (1979kémdensation of steam, refrigerants and
organics in pipes, which uses reduced pregsyras widely used.

0.04

0.8 + 3.8XO'76(1— X)
PO.38

red (2.18)

—thh =0.023Ré&°® Pf?-“[( % x)
f

Thonon (1995 b) suggested that a correlation sintbathe one proposed by Boyko —
Kruzhilin (1967) should be used for condensatiorsirear controlled regime. The model
requires evaluation of single phase heat trangefficient for a given plate geometry and
should be suitable for developing product specifioelations.

hy, = h{l*' ’{&_ D |
Py (2.19)

Because the transition is observed to occur smoditetween gravity and shear controlled
regime, a root mean square value is calculated thengravity and shear controlled regimes.

ho =(1E + 1) (2.20)

For the gravity controlled regime, an enhancemactof (F, ), is used together with equation
(2.1) to account for the stirring effect at theuldf vapor interface. The values of this factor
for different geometries are presented as a fumatiblocal vapor quality. In a study of

condensation in a brazed plate heat exchanger asinglaborate 1D discretization model,
Gullapalli (2007) derivedr, as a function of chevron angle. The values preseate 1.58,

1.67 and 2.24 for the chevron angles 47.5°, 61°Gatidrespectively.

Study of evaporation and condensation in brazede pteeat exchangers using R22 and
Propane was presented by Corberan (2000) et alwdhe implies the importance of proper

data reduction otherwise it was not possible tduata the correlation constants valid for
wide range of testing conditions.

Condensation of n-heptane and water in herringbgme pplate heat exchanges was studied by
Reinhard et al. (2004). Data is obtained from thcbannel tests with chevron angle
combinations of 30°/30°, 60°/30° and 60°/60°. Thete spacing for these models is in the
range of 2.5 to 7.4 mm. Experiments were conduictede liquid Reynolds number range of
80 to 2000. Considerable deviations in heat traresidrpressure drop are observed compared
to predictions from standard models. The choiceleffnition of geometric parameters and
non-dimensional numbers might be the reason foriatlem of predicted heat transfer
coefficients and friction factors. For example, #rea enhancement is not considered in the
calculation of overall heat transfer area. TheitiqReynolds number is calculated as

roi| -2 |2

(2.21)
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and the condensation heat transfer coefficienbiained using the relation

— .33
Nig, = C.Ref, P (2.22)

The two-phase friction pressure drop is predicteithgithe following empirical relation for
turbulent — turbulent flow conditions.

L 0.9 05 01772
APng:FAPf’F[(TXj E%J {%] ]
f o

The values of empirical constants are listed fortested geometries. The proposed method
predicted the measured overall heat transfer ciefii and pressure drop within an accuracy
of +30%. The enhancement of the overall heat transfefficient compared to the Nusselt
correlation is also presented. At liquid Reynoldsniber of 1000, an enhancement of around
1.8 is found for 30°/30° model and around 4.5 f0%/60° model.

(2.23)

Yan et al. (1999) published a correlation on hesmtgfer and pressure drop for condensation
of R134a in a vertical plate heat exchanger. Ontyertical channels were considered in the
study. Experiments were conducted with pure coratems in the channels without
superheated vapor or sub-cooling and the standdifCLwas used in the data reduction. The
heat transfer and pressure drop correlations asepted as

Nu=4.118R&; Pf°

(2.24)
0.4 -0.5~0.8_ = 0.046°
f o RE B0 *°P g®= 94.75Rg; (2.25)
The boiling number used was defined as
Bo= i
o= g/( i) (2.26)

The equivalent Reynolds number is defined as in temug2.21) with the value of the
constantK is set to 0.5. Using these relations the heat fearsnd pressure drop are
predicted with an accuracy af15%.

Kuo et al. (2005) performed similar experimentsReHL0A in a three plates brazed plate heat
exchanger with a chevron angle of 60°. Standard DM3 used to derive the overall heat
transfer coefficient and the condensation heatstesincoefficient and two-phase friction
factors are presented as functions of mean vapalitguThe following correlation is
presented for the friction factor.

f., = 21500Ré&;* Bo % (2.27)

The heat transfer correlation is presented as eenaent of the single phase heat transfer
coefficient.
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— v-0.45 0.25 0.7
h,, = h; (0.25CO°“* Fr?®+ 75B0°™ (2.28)

The definitions of equivalent Reynolds number aniirgpnumber are similar to the analysis
presented by Yan et al. (1999). The convection rarmabd the Froude number are defined as

co=(py /o0 L1~ %)/ %] (2.29)

Fr, =G?/(p?gD;) (2.30)

Jokar et al. (2006) presented an elaborated stadgoodensation of R-134a in plate heat
exchangers with an inter-plate spacing of 2 mm. FH& unit with a chevron angle 60° was
used. Three different plate numbers (34, 40 andlates) were used in this study. The
condensation heat transfer correlation is derivasetd on dimensional analysis with groups
similar to Reynolds number, Nusselt number, Jacoimbau, Boiling number and vapor

quality etc. The relation is presented as

. 130 5 N\LOS, | \005 2
Nu,, =3.371R&% PPI — Ps 2fg P P
prp,fAT G lufG pf _pg

The correlation might require an intensive evatrafprocess for individual refrigerants and
plate heat exchanger models but is very interestimgause it exhibits interesting
considerations such as pressure dependence, leogbetature difference, condensate
drainage characteristics and buoyancy effects.

(2.31)

Wang et al (2000) presented a correlation for stemmdensation based on the Cooper
correlation. The averaged condensation heat trangédficient is derived as

hco = hf (Min + Mout)q)co
32)

)a+bRe°f

M =(p; /P (2.33)

The values for the correction factdrare presented for various chevron angles and flow

arrangements. The ranges of the empirical cons&@nts and c in the above equation are
presented as 0.3 to 0.37, 5.0 to 6.0 and -0.6.64 -@espectively.

Among the presented correlations, the one usechbydn (1995) appears to be more suitable
for development of databases for commercial BPHEopmance prediction applications. The
correlation presented by Jokar et al. (2006) iy weeresting because it encapsulated various
influences on the condensing process in plate éedtanger channels. However, additional
correction factors might be required to compensatehe geometry and production method
variations between different manufacturers.
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2.4 EVAPORATION IN PLATE HEAT EXCHANGERS

Compact brazed plate heat exchangers are succgssfidld as evaporators in heati
refrigeration and a-conditioning applications principally due the higleat transfer rate
possible at relevely low refrigerant volume. Other heat exchanggres require larg
refrigerant charges to attain higher heat transfegfficients generally available in pc
boiling conditions, such as falling film evaporatiand spray evaporation. The flow profi
in plate heat exchangers support the mixing antspart of nucleation bubbles and enha
the saturated convective heat tran:

The qualitative variation of the heat transfer ficefnt during evaporation in vertical tubes
constant heat flux wasiscussed by Collier and Thome (19 and shown in Figure 2. At
lower heat fluxes, the increase in the heat transteefficient in su-cooled region i
principally due to variation of physical propertie& linear increase in the heat trans
coefficient is observed upon the onset of subcooled nucheslieg and the wall temperatur
here are assumed to increase line:

subcooled saturated liquid deficient
film boiling film boiling region
g End of
E nunl:llea‘[e Dr? Dry
3 boiling out _, out
% /] 1.2~
L . - ]
— : ]
=
E / ! ) | /
i _/L,J—/ L____ -
subcooled saturated superheated
x=0 x=1
Vapor Quality

Figure 2.1: Qualitative comparison of heat transtefficients in evaporation in vertic
tubes as a function of vapor quy at different heat fluxes
[Adaptedfrom Collier and Thome (199¢

During the saturated nucleate boiling the heatsfeancoefficient remains constant due
constant bulk temperatures. With the onset of cotive boiling, a reduction in the liqu
film enhances the heat transfer coefficient until thmtpof dry-out. At dry-out the wall
temperature increases significantly resulting i@ teduction of the heat transfer coeffici
which then continues to increase with increasingovavelocity. A flow boiling map for
evaporation in vertical tubes is also presente@dllier and Thome (199.

The evaporation process in plate heat exchangaest@dmass flux and vapor quality rang
principally involves saturated film boiling conditis, which in turn contain contributio
from saturated nucleate boiling and convective ibhgil The heat traner coefficient in

17



saturated flow boiling in pipes has traditionallgen represented using the following
asymptotic power model.

hy = [h:lcs + th] (2.34)

Various correlations using this model are describgdCollier and Thome (1999). Most
widely used correlation amongst them is the ongpgsed by Chen (1963) assuming n=1 and
it is therefore a superposition model. Enhancerfastor is used in convective boiling due to
enhancement of heat transfer by transport of ntedebubbles and a suppression factor is
used for the nucleation contribution due to thekiion of nucleation at higher mass flux.

hfg = hyce + Nes (2.35)

The contribution to the convective boiling is cdédad by the convective heat transfer for the
liquid film with an enhancement factor.

heony = F= C{G(l_ X)Qj} {'L’Cp T {A_f} F

7 ||D
Hi (L (2.36)

The enhancement factor F is defined as a functfoReynolds numbers of the two phase

mixture and liquid phase and later derived as atfan of turbulent Lockhart-Martinelli
parameter.

{Refg}o's_ [ 1 J
F= =F|—
Re; X (2.37)

The convective contribution is presented as a fancof local saturation temperature
difference, saturation pressure difference, labeat and liquid properties.

ATOA24A P0.758

sat sat

/] O.7QC 0.45p 0.49
h...=0.00122 —f ~pf7f
NCB {0_05/1;).29] f0.24 0.24

s Ps (2.38)

Chen defined the suppression factor S as a funofiamean superheat and wall superheat.

0.99
mea J

S=[AT,../AT, (2.39)

Several authors have published heat transfer ediwes for evaporation in plate heat
exchangers. Some of these are dependent on thepaéympower model and others on
dimensional analysis. Thonon (1997b) studied tlamsition from nucleate to convective
boiling in various geometries including corrugatgddtes. Convective boiling dominated in
studies performed at low wall to fluid temperatdiference and saturated nucleate boiling
dominated in studies with larger temperature déifee. In the asymptotic power model, for
various values of n, the convective component esxs for a given heat flux and hence the
heat transfer coefficient tends to depend only e ¢onvective mechanism. Hence, high
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single phase heat transfer coefficients imply higheat flux for transition into nucleate
boiling.

Sterner and Sundén (2006) studied evaporation ahama in semi-welded plate heat
exchangers and presented product specific cowakatfor heat transfer coefficient as a
function of convection number and modified Jacomber. However, specific trends in the
empirical constants were not observed.

c AT o %[ 1 xve( o )T
Nu= GRe? Jd° C§* = CRe: p.1 minPs ( Xj Py
Ifgpg X pf

(2.40)

Yan and Lin (1999) studied the evaporation of Rdl3d a three-plate PHE with two
channels. A significant improvement in the conwextheat transfer is observed at higher
vapor qualities compared to convective boiling iartical pipes. The enhancement is
contributed to generation of large number of ligdrdplets due to interaction of high velocity
vapor flow and the liquid film. This turbulent mistontinuously wets the wall and
significantly reduces the thermal resistance betwtbe wall and fluid flow. It is observed
that the increase of heat flux does not improvedbevective heat transfer coefficient but
enhancement from mass flux increase is noted.dstiegly, intense nucleate boiling with
bubble generation is observed at the inlet portctwviransforms into a turbulent mist flow
downstream due to flow interactions. The heat fean=efficient is presented as an enhanced
single phase heat transfer coefficient includirgtieat flux effects

0.5
g

Nu,, =1.926 P}* BE; Ré-f’[( £ x)+ x(0/0) }

(2.41)
where
_ 9 _ 9
Bo,=——=
G - i
q fg G|:(1 Xﬂ)"')ﬂn(pf/pg) }Ifg (2.42)

Jokar et al. (2006) conducted experiments on R134@oceation in a two channel heat
exchanger with 50% glycol water mixture as the sdeoy refrigerant and correlated boiling
heat transfer coefficient as a function variousefisional groups.

2 -0.1 2i -0.5 o 1.1 2
Nu,, =0.603R&° PH'x % — S [pf Jg] o &
prp,fAT G :ufG pf _pg (243)

Based on collected field data for Ammonia and R22)A{2003) presented a dimensional,
geometry dependent correlation.

. 04121 0.35
:cg_f{Re?"g} P‘m(%] [Btw hr- f£-°H

red
h L

(2.44)
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where C = 0.1121 for flooded and thermo-syphon casdsC = 0.0675 for direct expansion.
In this dimensional correlation the units used tfermal conductivity, length and enthalpy
are Btu/ hr-ft-°F, ft and Btu/lb, respectively.

Claesson et al. (2006) performed visualization drpamts of evaporation in brazed plate heat
exchangers at various heat and mass fluxes. Thé&gdsthat turbulent mist conditions in the
channels can be mostly characterized by nucleatedponechanism rather than convective
evaporation. They have used the Cooper pool bodorgelation with an enhancement factor
of 1.5 for modeling saturated flow boiling condi®in the plate heat exchangers.

hfg -C55 Fg;z—o.zlogoﬂ (_ |Og_0 Pred)_OlSS M5 q0.67

(2.45)

Hsiesh et al. (2002) studied evaporation of R410a tiree-plate unit in the mass flux range
of 50 to 125 kg/(m2.s) and the heat flux range -@55kW/m2. The evaporative heat transfer
coefficient is presented as enhanced liquid haaster coefficient.

h, = h (88Bd*) (2.46)

In a later study, Han et al (2003) studied the evaion of R410A in four-plate units with
chevron angles of 20°, 35° and 45°, respectivehe Teat transfer correlation is presented
with empirical constants which depend on the catiog pitch, hydraulic diameter and
chevron angle.

_ C, 3 4
Nu,, = G ReZ; B4 PF (2.47)

where
-0.041 283 -0.082 0.61
coun(z](zos) " eeondg] 39
D, 2 D, 2 (2.48)

Presented equivalent Reynolds and Bond number aredes earlier.

A number of other correlations in plate heat exdgess are summarized by Khan et al.
(2009). However, some of these correlations areldped with three-plate units and hence
are not adaptable directly for prediction of largkate packages. In order to maintain
continuity and simplicity while taking into accoutite variation in flow physics along the

length of the heat exchangers, correlations sinbdathose used by Yan and Lin (1999) are
used in this study.

2.5 TWO-PHASE PRESSURE DROP

The current section describes empirical models disedalculating the two-phase pressure
drop during condensation and evaporation. The thasp pressure drop in a section of the
channel is determined as a sum of pressure dropsodstatic head, acceleration and friction
losses. For a section of lengththe pressure drop due to static head for sephfbe is
obtained as
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aih ><outL - X, Ji Ta-a)e; +ap,]

o (2.49)
Homogeneous averaged density is used for channtblsmall hydraulic diameter.
-1
AR, = Lg{(l_ X) +—X}
P P (2.50)

The pressure drop due to acceleration in a chasewtion is calculated using the separated
flow model and is given as

acc v sf

AP, =G’ [vsf

xout xinj| (2.51)

The equivalent separated flow specific volume isngel as

_@-x® %
pid-a) pya (2.52)

sf

In a channel section of lengthwith two-phase flow, the pressure drop due tdibitlosses
can be obtained as

AR, dP
(2],
L dz Jr

The two-phase multiplier is correlated with the Waelli parameter using the following
relation from Chisholm (1967)

(2.53)

QJ? :1+£+i

X X? (2.54)

The Martinelli parameter is defined as the ratidriztion pressure gradient with liquid phase
flowing alone to the friction pressure gradienthwtite vapor phase flowing alone.

X2 =(dP/ dz)F’f/( dp d)zpvg (2.55)

For the empirical consta@t, Chisholm (1967) recommends a value of 5 for puudgous
flows and 20 for fully turbulent flows in rough @p. Different values are used for this
empirical constant for modeling plate heat exchesmtg various investigators. Thonon et al.
(1995a) employed a value of 8 as a suitable appraton with test data for plate heat
exchangers, but no description of the channel gagne specified. For steam condensation
in plate heat exchangers, Wang (1999) suggestedua wf 16. This suggests that the steam
flow is turbulent and the condensate film graduatlynges from laminar to turbulent. In this
study, the deviation of predictions from the Chishalorrelation for the measured two-phase
pressure drop is withire 12%. Tribbe et al. (2001) found C to vary considbrakith the
Lockhart-Martinelli parameter. No unique value f@ is presented and an empirical
correlation relating the two-phase multiplier andckhart-Martinelli parameter is used to
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determine the local channel ssure drop. Using a predic-corrector analysis, Sterner a
Sundén (2006) presented relations between C andighiel only Reynolds number fc
different heat exchanger models. The value of C ednigjom 1(-100 in the liquid only
Reynolds number range 40 to 250. Claesson (2004) used a value of 4.6¢hwblosely
predicted the pressure drop for R134a in brazec plaat exchangers. Wambsganss €
(1991) derived a relation between the Chisholm eoglirconstant and the Lockh-
Martinelli parametebased on tests on horizontal flow in a small regiar channe

C=(-2.44+ 0.00939Rg X % 000432Rs (2.56)

In the current study, an empirical correlation s the Froude number is used
determining the Chisholm correlation const (Figure 2.2)

— -0.6
C =2Fr; (2.57)

The LockhartMartinelli parameter is derived from the single gha@ressure drop relatior

<2 3]

wheren is the Reynolds number exponent in the relatioritfersingle phase friction fact

(2.58)

Flow width=0.238 m, Dh=0.0004 m
30

Q
=
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g
= m
= 15 +C (R410A, 4C)
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2 10 4 C(R134A_4C)
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-
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Figure 2.2: Used Froude number based Chisholmlatioe constants in the current study
a function of the channel mass f

2.6 VOID FRACTION MODELS

An algebraic equation for void fraction is requiréo close the system of equatic
representing tw-phase mass, momentum and energy balances fort@ ¥wlume within the
heat exchanger channel. Various definitions of vicédtion are used in the liature. Some
of the commonly used correlations are compared. iidmogeneous model for void fracti
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assumes that the two phases flow at the same welbt@nce the relation between the vapor
quality and void fraction can be directly derived a

1 1(1_1%’_}
g X N\ Pr (2.59)
Wang et al. (1999) used the correlations estimfmesteam by Zivi (1964)
2/3
1 :l+[ﬂj &]
asteam X 10 f (260)

The slip ratio correlation approach assumes thattwo phases are separated and flow at
different velocities. The ratio of gas velocityliquid velocity is thereby defined as the slip
ratio. The void fraction then takes the followingrh including the influence of inter-phase
slip.

22}

where the slip ratia is defined as

Y

S:u—
f (2.62)

The slip ratio is calculated differently by variouestigators. Corberan et al. (2005) have
used the correlation proposed by Chisholm (1983modeling compact evaporators and
condensers.

i)
Py (2.63)

Some models use the Lockhart-Martinelli correlatragameter for defining the void fraction
instead of modifying the homogeneous model. Thekhag-Martinelli parameter for two-
phase flow in rough tubes is derived as

: :(PTXJOIQ[%] ‘ (2.64)

Wallis (1969) and Domanski et al. (1983) derivedpeioal correlations based on data
presented by Lockhart-Martinelli on two-phase puessirop.

b o) (ex0e
Xttl —
0.823- 0.157I,  0F Xy >10

)‘0'378 for X, <10

tt =

(2.65)
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Thonon (1997 a) presented an alternate correléiooalculation of the void fraction based
on the Lockhart — Martinelli parameter

X it

2
J1+10X,, + X, (2.66)

Smith (1969) derived an empirical model for the sitio based on the separated flow model.
This model assumes that a fraction of the liquidgghis entrained in the gas phase as
droplets. The model also assumes that the momeftines for the two phases are equal.

Axip =1-

0.5
S=et+(1- e{plr:er }
& (2.67)

where

Ps 1-x
Pr=—6= {T}
Py (2.68)

An entrainment factor of 0.4 was suggested basedaith fraction measurements using
different methods. Additionally mass-flux dependend drift flux based models for void
fraction are presented in Vijayan et al. (2000),eRit987) etc. A comparison of listed void
fraction models is made for various refrigerantditierent pressure levels in Figure 2.3. The
predictions of these models diverge more at elevptessures and for specific refrigerants
such as C@ The Smith (1969) model with an entrainment factb.4 is used in this work
due to its validity for a wide range of pressuraass velocities and flow regimes.

B4i0A & TDEW = 3°C B410A st TDEW = 427 C

Alpia Steam < Algha HG & AlghaSH 0 Adpl 2iE Alplia Steam < Algha HG & Algha SH 0 Adpie Xl

= Adpha Xl e ilpphi Ay evage +  Alpha Smink = Alpha Xl m— Alpha Average +  AlphiSmits

Yol Frachion
Vo Frnchion

Figure 2.3: Comparison of various void fraction meder R410A at dew temperature of 3°C
and 42°C for vapor quality from 0.01 to 0.8.

2.7 CHANNEL FLOW MECHANISM IN PLATE HEAT EXCHANGERS

The flow distribution in plate heat exchanger chelans a key factor for optimum usage of
available heat transfer area and pressure dropctiedu This distribution is influenced by
plate geometry parameters such as chevron angssipg depth, corrugation pitch, plate
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aspect ratio, placement of the ports, port dimarssiplacement of braze points and additional
features such as corner passage etc. Other féig®ftow regimes, heat flux and downstream
conditions influence the distribution in two-phag#plications.

Focke et al. (1985) studied the single phase digidn in a number of models with the
chevron angle ranging from 0° to 90°. In the casthe chevron angle 0° a two-dimensional
flow is observed. For models with chevron angles <3®<60°, criss-crossing streams
flowing along the plate furrows and inducing seamydswirls are observed. A parallel zig-
zag pattern is observed in the model with a chewamgle 80° and the enhancement in heat
transfer and pressure drop is only marginally highan for the model with a chevron angle
72°. At p=90°, separated flow regions appear with lower lwaisfer and pressure drop of

approximately the same magnitude as ot 60°.

Dovic et al. (2002) investigated the flow mechanisinnough a number of dye based

visualization tests performed for channels withwbe angles 28° and 61°, under flow

conditions corresponding to Reynolds number of 6.8Q0. The influence of the chevron

angle and the plate cell aspect ratio (ratio osgirey depth to corrugation pitch) is presented.
Visualization tests revealed the presence of twesiteams flowing along the furrows on the
opposite plates. These sub-streams interact andhtwenel flow pattern is characterized by
how these interactions are influenced by channangry.

The interactions between the sub-streams resulteda basic flow components: longitudinal
and furrow flow components. The longitudinal com@ohis characterized by fluid flowing
alternatively along adjacent plates through respediurrows. The furrow component is
characterized by fluid flow through furrow alongeoplate without change of direction during
fluid interactions. The longitudinal flow is henckaracterized by higher degree of mixing
and therefore higher heat transfer and pressuge d@iee longitudinal component is dominant
in the model with a chevron angle 61° where aofurtcomponent is dominating in the model
with a chevron angle 28°. This phenomenon is erpthby the dominant velocity component
for low and high chevron angle models as shownvipelo

p<45° p>45°

Figure 2.4: Velocity components due to sub-strelam interactions for low and high
chevron angle models adapted from Dovic et al. 22qth higher chevron angle models, the
strong sine component perpendicular to other subash promotes swirling longitudinal flow

whereas the weak cosine component induces weak s\wavliohevron angle models]

The plates with higher cell aspect ratio are ob=gro promote the pipe flow along plate
furrows and hence are recommended for high chearmie models because they result in
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more sub-stream interaction. Similarly, lower ca#ipect ratio is recommended for low
chevron angle models in-order to improve the lardjital flow component.

In studies performed on corrugated plates for iflgng transition from nucleate boiling to
convective boiling, Thonon (1997 b) observed ti&t tonvective mechanism dominates at
low wall to fluid temperature difference and nutiea dominates at higher temperature
differences. For a corrugated channel, the prodfibbiling number and Lockhart-Martinelli

parameter is used as a transition number. If the donditions implyBo.X >0.15¢ 10°), the
heat transfer coefficient depends on nucleaterigpili

Yin (1999) suggested that great increase of vambunve during the evaporation process
causes the vapor flow to move at a greater speahwaneaks the adjacent fluid film into tiny
liquid droplets. This characteristic flow is termasl high speed turbulent mist flow and results
in great reduction of thermal resistance due tdiosoaus wetting of the heat transfer area at
the wall. In contrast, Claesson et al. (2006) sugthes thin film evaporation is the dominant
heat transfer mechanism. Visualization experimargsconducted using temperature sensitive
paints to determine the heat flux and heat transtafficient based on the wetted area.
Results are presented and the heat transfer cesfficias found to correlate well to the heat
flux and not at all to the mass flux. As this typieevaporation is common during nucleate
boiling, the authors suggested to use of enhanoetilgwiling correlations for evaporation in
plate heat exchangers.

Shiomi et al. (2004) conducted visualization of additic gas-liquid flow in Plexiglas
corrugated plates sections in horizontal and \artonditions. Channels with mixed chevron
angle combinations from 30° and 60° plates wergededn horizontal flow tests, the gas-
liquid phases are separated completely at lowdiduix. With increase of liquid flux, bubbles
were distributed uniformly over the plate. Referrittg standard flow regime maps, it is
suggested that the stratified flow exist at higieprid fluxes compared to circular tubes. The
corrugation angle of the upper plate is found torgjly affect the flow pattern and pressure
drop at horizontal condition. Only dispersed flavobserved in vertical flow. When the gas
flux is small, the bubbles were moved to one siti¢he plate. The bubble distribution is
observed to be more uniform with increasing gas.fllhe bubble diameters at the outlet
section were smaller compared to the inlet dugagnrhentation but were found to be more
uniform with increasing liquid flux.

Tribbe et al. (2001) studied the flow patterns imgke phase flow and adiabatic gas-liquid
flows in plate and frame heat exchangers. The destion was prepared from transparent
polyester plates and was fixed by special pregsiates with observation ports. Crossing and
longitudinal flow were observed in single phase mad presented in a number of studies.
The single phase flow mechanism at the spine ofliesron pattern was also studied. In non-
mixing channels, the spine acts as a physical bmynand hence the flow approaching the
spine is reflected and directed along the furrowsthe opposite plate. In channels formed
with mixed plates, the phase shift between theeplaét variable. When in phase, a channel is
formed along the spine and allows fluid flow andewhhe corrugations become out of phase,
the fluid flows along the furrows on both sidestlué spine. In gas-liquid flow, flow patterns
such as regular bubble flow, irregular bubble flawirn flow, film flow and partial film flow
are identified. Flow pattern maps for this adiabdliow are presented using liquid and gas
velocities as parameters.

The understanding of the flow mechanism while uspigtes with various geometry
parameters, the relationship between the obselveddatterns and the thermal and hydraulic
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performance of the heat exchanger, influence of Beehanger orientation on channel flow
mechanism etc., provide a value input for develapnoé appropriate thermal and hydraulic

correlations which include these effects. Sucheatations provide a more reliable base for the
prediction of performance with new plate patterfleyw arrangements and while using

alternative refrigerants.

2.8 INFLUENCE OF FLUID PROPERTIES ON BPHE PERFORMANCE

The choice of operating media for a specific agion is governed by the factors such as the
thermodynamic and transport properties of the flaampatibility of the fluid with the BPHE
materials, operating pressures, local legislatiets The understanding of the relation
between the physical properties of the fluid arel ibat exchanger performance helps in the
prediction and design of plate heat exchangeralfernate refrigerants and applications.

The single phase pressure drop in plate heat egensus mainly dependent on the viscosity
and density of the fluid. The single phase presduwp model used in this study reduces to

AP O P "y ™ot (2.69)

The exponentrip’ usually ranges from 0 to 0.3 for Re>100 and fro @ 1.2 for Re<100.
This empirical constant is a function of the plgeometry parameters such as the chevron
angle, corrugation pitch etc.

The single phase heat transfer relation (Equati®hreduces to the following relation
hO " AT Y™ (2.70)

The Prandtl number exponent value is around 0.4 for commonly used fluids (famth pure
liquid and gas phases) within normal operating terafures and pressures. The valuenbf *
ranges from 0.6 to 0.8 for fully turbulent flow amnsl a function of the plate geometry
parameters.

As a rule of thumb, for turbulent flow, one canwses 0, 0.7 and 0.4 for the valuesngf nh
andy, respectively, which gives the relation between hieat exchanger goodness and fluid
properties at a given flow rate.

06304
LD—’OCF’ A

2.71
AP e ( )

The choice of refrigerant influences the perfornearaf the heat exchanger and the
refrigeration system. Factors such as miscibdityhe selected lubrication oil with the used
refrigerant influence the degree of fouling. Poibicarry over in heat exchanger channels and
lack of efficient oil separation devices would rksn accumulation of oil pools in heat
exchanger ports and channels resulting in badilslision and control issues due to unstable
performance of heat exchanger.

Usually, the refrigerants with low molecular weighe associated with lower mass flow rates
and hence, lower pressure drops. Critical tempe¥ataiso tend to be high for low molecular
weight fluids. Operating conditions such as highendensing pressures (closer to critical
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point) reduces efficiency due to lower latent hefaevaporation. Lower viscosity and high
thermal conductivity are also desirable in caséwaf-phase flows. Surface tension and the
slope of the pressure/temperature curve are theureaf the ease with which a refrigerant
can be induced to boil. (Forbes 2008). The amofirgaturation temperature loss for unit
pressure drop is an important factor in design eathexchangers for refrigeration
applications. This factor limits the heat transflere to internal temperature pinch points.
Hence, the pressure temperature relationship arat transfer coefficient should be
considered together in the design of heat exchan@sher refrigerant properties such as the
ratio of latent heat to specific volume of vapatio of specific heats, specific volume of
vapor at suction condition, critical temperature lesive significant influence on the size and
efficiency of the refrigeration system.
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3.0 DISCRETIZED CALCULATIONS

Discretized calculations are essential for bettesalution of local conditions in
heat exchanger calculations. Large variation ofrthe-physical properties of
fluids with respect to local temperature and pressunternal temperature
pinch points etc., introduce errors in lumped paeten approaches while
calculating energy balance and area requirementke Tcurrent chapter
discusses various discretization schemes availabléhe literature and the
methods used in the current study. Pressure-enthiadised generalized rating
method developed in the present study is deschibddtail. Mesh interpolation
methods developed for obtaining accurate and cantis fluid properties are
also described. Optimization techniques used foap&ter estimation in single
phase, two-phase thermal and hydraulic correlatiaresbriefly mentioned.

3.1 INTRODUCTION

In the current study, a discretized, general andticoous rating calculation method is
presented. The rating calculations are used tardete the suitability of a heat exchanger
model for a given thermal and hydraulic requiremefhle input parameters for these
calculations include the heat exchanger geometrgnpeters, available heat transfer area,
flow arrangement, heat transfer media, and thedugl/pressure drop limitations. Thating
calculationsreturn the thermal suitability with a parametemted as oversurface (ratio of
area available to area required) and actual preskops expected for all fluid streams.

3.1.1 Desirable Features of Rating Method

The following features are desirable charactegstt a heat exchanger rating method for
implementation in commercial heat exchanger selecsoftware and refrigeration system
simulation applications.

Accuracy and ScalabilityLaboratory tests usually do not cover the erdgperating envelope
of a heat exchanger. The thermal and hydraulicop@idnce observed for a model at a given
heat flux varies with the size of the heat exchardyee to additional influences such as
deterioration of flow distribution, changes in flowgimes etc. The developed rating method
should be able to take a sufficient number of patans into account so that the predictions
will be accurate within a specified uncertaintythie entire operational envelope.

General, Continuous and Robusit order to facilitate integration with externamsilation
programs and other calculation modules, the deeelopting method should be continuous.
Iterative schemes such as Newton-Raphson methodndieadeast first order continuity. It is
hence required to use continuous form of thermal laydraulic correlations, functions of
fluid properties etc in the rating method. Theealeped rating method is also required to be
general (application independent) to promote thetioaity. For example, a heat recovery
application in chillers involves calculations on-slgperheaters (heat recovery applications).
Depending on the outlet conditions, the calculatiam be a single phase calculation or a
condenser calculation involving phase change. Apliegtion independent rating calculation
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would facilitate continuity in such situations. Relness is required when handling cases
such as internal temperature pinches, calculatsgs with largely varying fluid properties,
strong pressure-temperature dependence etc.

Extendable, Informative and Calibrating Possibilifyhe rating method should work together
with parameter estimation routines for determinthg empirical constants in thermal and
hydraulic correlations. Usually a combination dieat exchanger model, heat transfer media
and flow arrangement acquire a set of unique eogliconstants. These constants provide
information such as relative improvement or detation of performance with respect to
parameters such as geometric dimensions of theelkehtinger, refrigerant characteristics etc.
Using this information, the rating model should dédendable to predict the performance
while using virtual heat exchanger models and @dtier heat transfer media.

Warnings and Software Performancelection and performance calculations involvergda
number of iterative rating calculations and henoe tating calculation model should be
computationally inexpensive. Memory usage should libeted for online applications.
Additionally, warnings and error messages shouldhibewn by the calculation methods in
case of undesirable conditions such as crossingdratures, excessive flow maldistribution,
flow velocities that are out of recommended rangelesirable flow regimes etc.

3.2 SOME DISCRETIZED METHODS IN THE LITERATURE

Several 1D and 2D discretization models have beesepted in the literature for plate heat
exchanger analysis, especially for the applicatiomlving phase change and multi-
component flows. Some of these are summarized here.

3.2.1 HTRI Method for Condenser Design

A one-dimensional discretized model involving tlegmentation of flow paths in shell-and-
tube heat exchangers into equal heat load sedsopesented in the HTRI design manual.
For a segment’, the area required or overall heat transfer coefit required to fulfill the
assigned capacity can be determined if the othmpeter is known using the relation

U= [ [AAT] " dQ (3.1)

The selection calculation involves the followingyss:

- Estimate area requiredA() using LMTD and an arbitrary overall heat transfer
coefficient U,,).

- Based on the area requirement, choose the shell aide tube side geometry
parameters.

- Determine the actual overall heat transfer coeffiti(U,,) based on the selected
geometry, actual temperature profiles and local ftmnditions. Iteratively adjust the
geometry until the calculated area requirég)(and the value calculated in previous
iteration closely agree.

- Calculate the pressure drops and adjust the geompatayneters further based on the
allowable pressure drop on each side.
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3.2.2 Semi Explicit Method for Wall Temperature Linked Equations

An explicit wall temperature linked model was prasel for heat exchanger performance
calculations by Corberan et al. (2000). The flovihia channels or pipes is approximated to
be one-dimensional and discretized into an arlyitnermber of segments. Using link of wall
temperatures, the treatment of fluid flow on a# 8ides of the heat exchanger is de-coupled.
The flow evolution along the length of the chanreldetermined by integration of one-
dimensional conservative equations.

For two-phase flow in th&’ direction in each segment, the conservative egusitire

o (3.2)

_dP _ 2fG? (1— X)2 5 , d V. (1- )02 . .

E_Tq)f +G Fz{pgaﬁpf(l—a) +[,Oga+pf(l a)]gsme (3.3)
1IR3’ PPN R - S 5 R vy

AGd_Z{{'g + 2p§a2]+(1 X)['f + 207 (1—a)2]+ zgsm@] =oH T -1 (3.4)

At the walls, the balance of the heat exchangednftbe surrounding fluids and the
longitudinal conduction in the wall is maintained.

AtDZTw +i Z Qside =0 (35)

side=1,2
The global solution strategy involves the followistgps:

- A trial wall temperature distribution is guessedd aime governing equations are
explicitly solved to determine the outlet condian each cell from the specified inlet
values.

- The wall temperature in every cell is then detesdiexplicitly based on local energy
balance using equation 3.5

- The procedure is repeated until convergence inteaiperature is achieved.

3.2.3 Incremental Procedure in Condenser Calculatits

Arman and Rabas (1995) presented an incrementaggoe for calculation of condensation
in binary mixtures. Wang et al. (1999) presenteginailar method for design calculations of
steam condensation in plate heat exchangers. bhe ghths are discretized into a finite
number of equal area segments. The incrementa¢guoe involves the following steps:

- Guess the outlet pressures and quality on thegezfint side for an incrememt *

- Calculate the outlet saturation temperature basddeoguessed outlet pressure. Guess
a value for the outlet vapor quality.

- Calculate the wall heat flux based on the condemsaide energy balance

- Determine the outlet temperature on the coolarg sising the calculated wall heat
flux
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- Using the determined inlet and outlet conditiorsicalate new wall heat flux ar
overall heat transfer coefficie

- Iterate on the guessed vapor quain step 2, until convergence is achieved betw
the wall heat flux determined from condenser sidergy balance and wall heat fl
calculated using overall heat transfer coeffic

- Calculate the coolant and condensation side pressaps for the segent

- Iterate on the guessed pressure in step 1, untitergence is observed between
guessed and calculated outlet press

Wang et al. (1999) used the iterative proceduresf@uation of condensation heat tran:
correlations and empirical mel for two{phase pressure dri

3.2.4 Performance Analysis of BPHE: Full Flow Path Bicretization

A complete onalimensional discretization model of fluid flow patim plate heat exchange
was presented by Gullapalli (2008). The flow path each sideof the heat exchanger
represented by o-dimensional elements extended between r as show in Figure 3. In
this model, various effects of thermal interactioh fluid streams due to different flo
arrangements can be captured. Using implicit m¢ influence of geometry parameters ¢
fluid properties on the distribution can also bedgtd. The developed model can be usec
performance calculations where a few boundary ¢mmdi are not know
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Figure 3.1: Discretization scheme of fluid flgpath in counter flow arrangement for a th
pass, 25 plates BPHE model presented by Gullagad&

Conservative equations (similar to equations 3.23#4) are solved for each elem
representing the flow path. Wall temperature eguatiare solved nce the pressure al
enthalpy profiles are determined on both sides. glbbal system of equations can be sol
explicitly with wall temperature link as presentegCorberan et al. (2000) or using a New
Raphson based iterative implicit method. Dejing on the number of segments, impl
methods can be very demanding computationally beitn@ore robust compared to expli
methods. It is also possible to determine the ftlistribution into various channels using
mass flow —pressure drop coupg in this model. Example of the temperature pre
obtained in counter and -current flow in a single phase performance caloutais shown ir
Figure 3.2. The developed model could not be imphgete incommercialheat exchanger
selection software duto the speed limitations. An extension of the depetl model fo
calibration of condensation heat transfer corretetiwvas presented by Gullapalli (2C
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Figure 3.2: Temperature distribution in single ghisw in counter and co-current flow
arrangements obtained using the flow path dis@ttiz model in Gullapalli (2008)

3.2.5 Other Discretization Models

Strelow (2000) presented a generalized calculgtimtedure for arbitrary number of flow
passes and flow streams in a heat exchanger. Ajthdiscretization of the flow streams is
not involved, the proposed model is very usefunuiti-stream heat exchangers. Mayta Tito
et al. (2011) presented a four zone model for adatplate cascaded condenser. The overall
heat transfer coefficient in each zone was detexdhunsing lumped models without further
discretization. Pacio et al. (2011) presented adimensional stream evaluation model for
two-phase applications in tube-in-tube heat excaengrhe conservation equations for each
segment use the temperature difference on botk sidieer than the bulk to wall temperature
difference. Mancin et al. (2011) presented a presemperature based one-dimensional
model for vapor condensation of R410A. This modelesy similar to the model proposed by
Corberéan et al. (2000) and can be used for ratitoyleions as well.

3.3 DEVELOPED GENERALIZED STEPWISE RATING SCHEME

In the current study a discretized and continuoaing method is developed for
implementation in SWEP software package SSPG7 (SWER exchanger selection
software). For ease of implementation and to gdzerthe calculation framework for all kind
of applications, the model works in the pressuniapy domain instead of the generally
used pressure-temperature domain. A standard iseleclculation in a commercial software
would involve iterative use of the rating methocheTcalculation would iterate through
hundreds of heat exchanger models in the prodee, tvarious combinations of plates,
parallel units, flow arrangements, number of pas$es resulting in thousands of calls to the
rating method. In order to guarantee selection e#dtlexchangers for a given thermal and
hydraulic duty in a reasonable time, the rating huodt needs to be computationally
inexpensive and use as low memory as possible.dHarane dimensional scheme was used
to improve the speed of the rating calculationse TUsage of these method for various
applications is presented by Gullapalli (2011a) &utlapalli (2011b).
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3.3.1 Discretization Schem
The current method involves dividing the heat exgea into a finite number of egr-heat

load segments. Each segmenthis scheme is characterized by inlet and outlelesploca
fluid elements representing sides, wall nodes aadl wall element

§:Side E : Elemeni N : Node

0
E n :

. P '

0. Tt L
’ P

0, E. E.
s ¢

L )
° °

¢ ® N, > N

0

Figure 3.3: Topology of the discretization scherseduinthe current method for a count
current flow arrangemerthe state points S, E and N represent local pressut enthalp

Fluid Node: Each node represents local pressure and entHatpy,which other paramete
such as temperature, vapor quality, saturation ¢eatpres etc can be determir

Fluid Element: Within a segment the fluid element represents a efdthe heat exchang
locally and is extended between two fluid nodese Tlhid element represents parame
such as local channel mass flow rate and velotital mass flow for the side, local h
transfer coefficient, element length, local pressinop and averaged fluid propert

Wall Node and Elements: The wall nodes represent the local wall tempeeattfhe wall
elements extend between the wall nodes and repriszh wall thermal resisnce, fouling
etc.

At the initial stage of a calculation, the topolagfithese nodes and elements is built base
the specified number of segments. BPHE segmentd, filodes, fluid elements, wall nod
and wall elements are software objects which laced in separate data structures anc
connected using object references. In this way sagment has its fluid elements and
fluid elements have references to inlet and ofltied nodes, adjacent wall nodes €
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3.3.2 Rating Input/ Output

The rating calculation requires specification ofe tthermal and hydraulic duty, full
specification of the used heat exchanger unit siscthe model, number of plates and passes,
flow arrangement etc., and the heat transfer meséal. The thermal specification includes
inlet and outlet conditions (pressure, temperatdi@y rates on both sides, required total heat
load, concentration of the fluids in case of migtretc. Some of the parameters can be
derived using an energy balance. The rating caionlautput includes information such as
oversurface, expected pressure drops on both sidgsjred and predicted overall heat
transfer coefficient, temperature profiles on bsittes etc

3.3.3 Calculation Procedure

The calculation begins with the validation of thepglied boundary conditions. Cases
involving crossing temperatures or too close temjpee approaches are eliminated here. The
topology for the discretization calculation is Iblosed on the specified number of segments.
Further calculation involves the following steps:

Step 1:The user supplied pressure and temperatures averted into pressure and enthalpy.
The missing values such as enthalpies and flove @te determined using an energy balance.
In this initial step, pressure drop is ignored fmlculation of missing enthalpies. The
calculated pressures and enthalpies are appliedwasdary conditions at the inlet and outlet
nodes on either side. The channel mass flow ratessgyned to all the fluid elements. Each
segment in the topology is assigned the local head. Based on the inlet and outlet
conditions on both sides, the warm and cold sidesdentified.

Using the energy balance in each segment the peessul enthalpy in the non-boundary
nodes are determined assuming no pressure drée ifiuid elements. Mean temperature on
each side is applied as trial temperature for all wodes on the opposite side. The geometry
parameters of the specified heat exchanger moadél as hydraulic diameter, flow length,
channel flow width, available effective heat trarsarea, port diameters, plate thickness,
plate thermal conductivity, additional plate resistes, distribution system dimensions etc.,
are obtained from a product database and are askignthe appropriate objects in the
discretization scheme. The empirical correlatiomstants for single phase and two-phase
heat transfer/ pressure drop are also read astdge from the product database.

Step 2: This step involves determination of the area rexliby the each segmentation to
fulfill the capacity requirement at the given thedgnamic state of the fluid and channel flow
rates. All the fluid elements in the topology aeated individually to determine the local heat
transfer coefficient and pressure drop. The meassure and enthalpy are determined from
the inlet node and outlet node. The mean temperatuthe element is compared with the
saturation temperature at the given pressure arad Veall temperature to determine the state
of the fluid. Using local flow rate, vapor qualigyd averaged fluid properties, the local heat
transfer coefficient is determined. In this stuthe homogeneous model is used to determine
the local fluid properties in case of two-phasevflo

o {L (H)r 3.4

o, O
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Appropriate continuous empirical equations are usedletermining local heat transfer
coefficients and friction factors. A variable temas “length scale” which is an equivalent
flow length for pressure drop equations is assigiwedach fluid element during iterations.
Upon calculation of local pressure drop for alliditelements, the pressure profile in the
discretization scheme is updated. The missing gnthalues and the enthalpy values at the
non-boundary nodes are updated considering thelatdd pressure drop. For each segment,
the overall heat transfer coefficient is determinsthg the local heat transfer coefficients and
wall resistance. The area required for the segnentulfill the assigned heat load is
determined as

A’equired, n = Qn/[ U rrATn] 31)

The area required for the heat exchanger to fulfél specified thermal duty will be the sum

of the areas required for each segment. The leswgtle for calculating pressure drop for each
fluid element is then set to the ratio of localaarequirement to the total area requirement.
Special treatment is required in cases where theaten temperature is crossed within the

segment. This occurs during initiation of processgsh as super heating, sub-cooling, onset
of condensation etc. The segments in which thixgs® occurs are further segmented to
represent single phase section and phase charngmsecshown in Figure 3.4.

Further segmentation in these cases is requir@daintain continuity in the rating output as
well as to decrease the number of segmentationsreeito obtain stable results. The segment
is further discretized into two segments to detaemsingle phase and phase change
parameters. The calculated heat transfer coeftEiemd local pressure drops are then
averaged using the capacity ratio in the cell. Té/egth scale for each segment is also
determined using the ratio of single phase cap&eiphase change capacity.

h, :[hSP'QSP+ hTPQTJ/ Q (3.8)
AR, = [APSP'QSP+A Pre QTD]/ Q (3.9)

Other types of averaging within the cell are pdssibut the difference of averaged quantities
using different averaging methods would be negligvath a sufficient number of segments.

rans

Figure 3.4: Example of local re-segmentation ifsc@here saturation temperature is crossed
by (condensation of super-heated gas in counterdilwsangement)
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Checks of the calculated pressure and enthalpylgsoéire also done during this step. If
conditions such as excessive pressure drop on dfigarant side resulting in crossing
temperature profiles are identified, the ratingat®ns are stopped and appropriate warnings
are returned.

Step 4 The final step in the iterative procedure invalvdetermination of the wall
temperature profile. In each segment, the wall niaheperatures are determined using an
energy balance.

U r— -

Twaia = Tex _h_nI:TEl - TE2:| (3.10)
E1
- U r= =
Twanz = Tez _h_[TEZ - TE1j| (3.11)

The root mean square difference of the temperditane a previous iteration in all wall nodes
is determined and is used as convergence critefiom.maximum error for wall temperature
convergence is set to 1E-4, which will be usuatiigiaved in less than ten iterations.

The oversurface is finally determined as the ratiothe total area required to the total
effective heat transfer area available. Becauseuh@nt one-dimensional model cannot be
used to determine the distribution of the fluidsthe port manifolds, an empirical model is
used to determine the flow maldistribution. Thictéa is then used as a factor on the
calculated oversurface to account for the perfomeadeterioration with large number of

plates etc. Additional parameters such as the @larelocity, port velocity, port pressure

drops, channel temperature profiles, wall tempeeapuofiles, local heat transfer coefficients
and pressure drops are returned as output in thésg calculations.

3.3.4 Number of segments required

The number of segments required for stable ratnegliptions is determined for single phase
and phase change applications. In single phasécapphs, the tests using two trans-critical
Carbon Dioxide gas cooler cases with water on tlcerstary side are presented here. Two
different operating pressures are used. For a ehigperating pressure, the results became
stable at around 100 segments and for lower opegraiessure the results are stable for a
very low number of segments. This is due to therimdl temperature profiles and changed
degree of variation of fluid properties at differgmessures. Based on the results in selection,
performance and rating calculations the numberegfrents for single phase calculations is
set to 50. The variation of the predicted overaththtransfer coefficient with the number of
segments in the stepwise rating method for tratsakiCO, and cascaded heat exchanger
calculations are shown in Figure 3.5 and Figure i@$pectively.
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Figure 3.5: Predicted overall heat transfer cofitfor two tran-critical Carbon Dioxide
gas cooler cases versus the number of segment

Phase chage applications involve treatment of cells in whishturation conditions a
crossed by, varying flow regimes and heat transberelations etc., and hence reqigreater
number of segments to attain stable results. Twoazed application cases (wevaporation
and condensation occurring on each side of a hecttaeger) are presented here. ’
optimum number of segments is found to be relaidddtors such as capacity ratios of sir
phase to phase change sections, pre-temperature relationsf a refrigerant etc. Based «
results of several selection and rating calculatidghe number of segments for phase chi
applications is set to 2(

Predicted overall heat transfer coefficient l"l'r"ll'l‘h']
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Figure 3.6: Predicted tv-phase overall heat transfer coefficient for casdadeses against tl
numbe of segments us

3.4 FLUID PROPERTIES

Heat exchanger calculations involve multiple caits fluid functions which determin
properties such as density, viscosity, thermal ootidity, specific heat, saturatic
temperatures, and vapor quality etc., ally as functions of pressure, enthalpy
temperature. In the st-wise rating method described in previous sectitirthase functior
calls are required multiple times in each segniBmis requires the fluid property functions
be accurate, continus and computationally inexpensive. Standard datsbauch as NIS
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REFPROP provide accurate and continuous fluid pregselut slow down the calculation
procedure when referred through alternate progragmiatforms and frameworks.

It is often customary to use one-dimensional ctitgefor liquid and saturated state properties
(temperature as the independent variable) and tmestsional models for vapor and super-
critical properties (pressure and temperature/ apyh as independent variables). The
accuracy of these models is limited in cases wheick properties change significantly. Using
piecewise models introduces continuity problemtghatmodel boundaries and hence are not
desired. The current section describes two lodakpolation models which can be used for
accurate and efficient retrieval of fluid propestie

3.4.1 Linear interpolation of bi-dimensional meshes

The method of obtaining refrigerant properties gdinear interpolation of two-dimensional
property maps is presented by Corberan et al. Rsopwps were created by collecting data
from NIST REFPROP for various refrigerants. The sabled, super-heated and super-
critical properties are obtained as functions @&spure/temperature and density/temperature.
The saturation property maps are obtained as fumcii saturation pressure. Finite difference
approximation is used for missing properties closthe critical temperature.

These maps represent the nodal information of énallplograms that are formed between the
constant pressure, constant temperature and cownlgasity lines. When a property needs to
be evaluated, all of the boundary nodes of thellpbygram containing the independent

variable are searched. The parallelogram is theated as an isoparametric finite element for
linear local interpolation. Using this method, theperties in the entire pressure-enthalpy
domain are determined with an error less than 1%e fime required to obtain 1000

properties is calculated and the developed methumved 100 times improvement as

compared to the equation of state based iteratethods used in NIST REFPROP.

3.4.2 Finite Grid Interpolation Method for Accurate Fluid Properties

An improved local interpolation based method fotagfing accurate and continuous fluid
properties is developed for the current study. Me¢hod is developed based on the following
goals:

- Elimination of the need of developing maps witHefiént independent variables

- Elimination of need for domain mapping required i®oparametric elements, hence
only linear, quad and triangular finite elementsugt be used

- Possibility of indexing and using of efficient das&ructures and data types for
improvement of search speed and decreasing memgmrements

- Ability to enhance local mesh in the regions wifériel properties vary significantly

- Possibility to use Lagrangian interpolation whereperties are missing in standard
databases such as NIST REFPROP.

- Ability to obtain properties from a variety of dataurces

- Possibility to compress the developed property mfapsreducing the size of the
installation files.

- Possibility to use smart search algorithms andrinédgion from previous calculations
to decrease the overall time taken by a ratingutation

- Efficient binary methods for obtaining results fowerse functions (finding an
independent variable when a dependent variableaitahle)
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The steps in creating a property map for a givénigerant is described below.

Step I The boundaries of the pressure-enthalpy domaierevithe properties should be
obtained are initially identified. The property nsagre generated separately for sub-critical
and super-critical regions while preserving continat the domain interface. The saturation
region is initially divided into a number of pressisteps. These pressure steps are placed in a
vector for indexing purpose. This would also creatést of bub-line (liquid line) and dew-
line saturation enthalpies. Due to the shape otldve curve, it is possible to obtain duplicate
values for the dew enthalpies. These duplicateadpitts are eliminated for smooth operation
of the search function. The sub-cooled liquid ragiand the superheated region are
discretized further at various enthalpies. The Itegu bulk and saturation enthalpies are
sorted and placed in a vector for indexing. Thelygessures and enthalpies in the subcritical
and supercritical regions would form a finite elemenesh with two-node line elements
representing the saturation line, three-node tteaatgments close to the bub and dew regions
and four-node quad elements in the supercriticdl lauk subcritical regions as shown in
Figure 3.7. The saved pressure and enthalpy valeefurther indexed to identify the region
to which they belong. (Supercritical, vapor, ligusaturation region etc)
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Figure 3.7: Schematic of the developed two-dimeradiproperty map in the pressure-
enthalpy domain for a refrigerant

Step 2 At the various nodes obtained from the saved spres enthalpy combinations,
properties such as density, viscosity, thermal gotidity, specific heat, entropy etc., are
obtained and saved in a separate data structueenddte property collections are linked to the
pressure and enthalpy vectors by index variablesnplify the search procedure. In case of
missing values from the standard data source, bagaa interpolation of the nearby nodes is
used to obtain the properties. This proceduressriteed by Gullapalli (2011a).

Step 3 The linear interpolation scheme is then usedetidafy the accuracy of the calculated
properties at thousands of random points in ordeddtermine if the developed maps are
sufficient. In the regions where the accuracy vg &mlditional pressure and enthalpy levels are
added. The refinement of the mesh continues uh&l maximum deviation in all the
properties is lower than 1%. The collected datathisn custom-serialized and custom

43



compressed to decrease the storage memory requirefifee average size of compressed
property maps for each refrigerant is around 200 kB.

When a property needs to be determined for a gpressure and enthalpy, the first step
would be to determine the element containing trezigipd pressure and enthalpy. The binary
search on the pressure and enthalpy indexes idsnttie state and the surrounding nodes
which forms the finite element in a very efficiemhy. Depending on the state and the element
type, appropriate shape functions are used fol loezar interpolation. The shape functions
for these elements and their characteristics cafodred in Jaluria et al. (2003). Using these
shape functions all the properties that are savelde nodes can be determined in one query.
The developed method serves excellently the presmsthalpy based step-wise rating method
with its quick and continuous fluid property furis. When compared to the time required
for a Microsoft .net application which directly ee$ to NIST REFPROP for fluid properties,
the developed method demonstrated excellent impnewe in calculation speed (Gullapalli,
2011a).

3.5 EVALUATION OF CONSTANTS IN EMPIRICAL CORRELATIONS

The constants and enhancement/deterioration fagtotse empirical correlations for heat
transfer and pressure drop used in the rating rdetheeds to the evaluated. Various linear
and nonlinear regression based techniques ard listdhe literature for the standard form of
the equations. Some of these methods require gpéaliforatory testing methodology. For
commercial applications, optimization based paramestimation provides an alternative to
regression based techniques. Software applicabased on search methods are developed
for calibration of correlations used in this studyhese evaluation methods are briefly
described below.

3.5.1 Single Phase Evaluation

Single phase evaluation involves determination ofpieical constants in thermal and
hydraulic correlations using laboratory test ddiae test data obtained usually contains the
inlet and outlet temperatures, mass flow ratespaadsure drops on the hot and cold sides. In
the initial stage, the test data is filtered to omthe test points with bad energy balance and
those with parameters which fall out of the rangéhe measurement equipment used in the
test rig. The test points with minimum temperatutiéerence less than 3K are also
disregarded because they are associated with higleertainty.

The average heat load and the measured overalirbeater coefficient are obtained as
Q=05 mGAT] +[ mGa T ) (3.12)

Upap = 6/( AATLMTD) (3.13)

The bulk overall heat transfer coefficient in thatimg calculation for each test point is
calculated as

UmodeI:Q[hw_l-'-hc_l-'-\Nr]_l (314)
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Q is a correction factor that is used to compengetaleterioration in heat transfer at the end
plates and for multiple passes. The resistandeeatvall W, ) includes contributions from the

thermal resistance, fouling and air resistanceonbte plate models.

The measured and modeled overall convective resssaare obtained as

Zoger = M I (3.15)
Zio = (/U ) ~W, (3.16)
The heat transfer coefficient on each side is ¢aled as

NuA

D,

h=

w (3.17)

The correction factory) is used to compensate for the viscosity variatothe bulk and
wall conditions. In this evaluation, the heat tfangperformances for the hot and cold sides
are represented by the power curve relation preddnt Bogaert (1994)

Nu= cRe" PP Y (3.18)

Rearranging the termis Equation (3.15), the modeled overall convecte@stance becomes

o™ ), e
modl Tl cREW |, [ cREW

D
h =_—"h 3.19
l whereé T PY ( )

The constantc usually varies from 0.1 to 0.7 and varies from 0.5 to 0.8 for brazed plate
heat exchangers. These empirical constants depenndjly on the plate geometry. Equation
(3.19) is a non-linear equation because the viscagiriation factor depends on the wall
conditions which in turn depend on the convectasstance on both the sides. The root mean
square difference between the modeled and measawerhll convective resistance is
calculated as

N

JZ :i|:Z(Zlab - Zmodel)z} | (320)

1

The evaluation of the measured single phase test daw reduces to a constrained
optimization problem with the empirical constansstlae parameters and the RMS erréy)(

as the objective function. Various techniques camiged to determine the empirical constants
which result in the least RMS error. Briggs and Yo hg§69) presented a non-linear least
square technique which is based on the Wilson plethod. In the current study, gradient
based optimization techniques such as the GausseNewnethod and meta-heuristic methods
such as direct search methods are used to sohaptimization problem. For symmetric heat
exchanger models the number of empirical constauhsces to two because the performance
characteristics on the warm and cold sides arens$uo be similar. The pressure drop
correlations evaluation is similar to the heat ¢fancorrelation evaluation because the single
phase friction factor can be modeled as power foncof Reynolds number. For fully
turbulent regions (typically Re > 500), the direeaich method is proved to be successful in
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efficient evaluation of heat transfer and pressin@p correlationsFigure 3.8 shows how
search methods ident thebest empirical constants corresponding to minimuvtSRerror in
sequential direct search ste
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Figure 3.8: Example of distribution of the RMS enroconvective resistance during varic
steps in constrained optimization evaluation (dissarch method) of test data for symme
BPHE model

3.5.2 Two Phas¢Evaluation

The local heat transfer correlations in phase champlicationappliedin this studyhave the
form

heca =| (Q0)" + (thz)nTn (3.21)

where the contributions not strongly governec the flow rate §), such as, gravit

controlled condensation and nucleate boiling haxedfentancement or suppression fact
The contributions strongly governed by the flow rgh,), such as, shear controll
condensation and convective boiling contain emairconstants that depend on the p
geometry, used refrigerant and flow arrangememtsBe#cause the heat transfer coefficie
vary along the length of the heat exchantit is not possible to derive a simple equation
the overall convective resistance. Hence, the averadgevol the oversurface in the ratir
calculations can be used to develop an objectivection for estimation of empirici
constants. Each test pt in the measured set is used as an input to thedxehanger ratin
calculation, and a curve the calculated oversurface versus heat flux is gengra&ech ¢
curve without optimized empirical constants is showFigure 3.9 a.
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Plot Oversurface: [Slope:-1.4095, Average:-20.36] Plot Oversurface: [Slope:-0.0053, Average:-0.01]
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Figure 3.9: Example of over-surface (%) againstt Haax (kW/m?2) curves [a] before
optimization and [b] after optimization of enhaneeti suppression factors.

The two-phase evaluation involves determinatioerapirical constants which minimizes the
average over-surface predicted by the rating caficui for all test points Additional
requirement is to have a flat linear fit for theecsurface versus heat flux curve to minimize
the error in the predictions outside the testecekpe. Due to the discretized calculations, use
of various empirical correlations based on localditions, deterioration factors depending on
the heat flux etc, direct search methods proveetodyy computationally expensive for two-
phase evaluation. In this study, a genetic progremgnoptimization based computer
application is developed for evaluation of conderss®l evaporator test data. This heuristic
technique involves progressive perturbation oftibst set out of a number of trial parameters
in a number of iterations which eventually converge find optimum parameters that
minimizes or maximizes the objective function. FgB.10 shows the congregation of trial
parameters to the region of minimized objectivecfiom in a number of iterations.
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Figure 3.10: Example of distribution of error inawhase evaluation and various steps in
meta-heuristic search method where initial randaahalues approach optimum solution

47



3.6 CONCLUSIONS

A generalized, continuous and robust heat exchamgielg method was developed aiming at
accurate and scalable predictions. A one-dimenkidiszretization scheme was used to
reduce the computational load and memory requirésnehhe developed method was
integrated with SWEP software package SSPG7. Reessuthalpy based calculation domain
is chosen to have a single calculation methodofogall heat transfer applications (single-
phase, two-phase, gas cooling, cascaded applisatiwh. The local heat transfer coefficients
are chosen based on the process stream state drabmditions. Special treatment is added
for discretization cells where the saturation terapge is crossed. Mesh (or amount of
discretization required) independence studies amdwucted on a few super-critical gas
cooling and cascaded application cases. The fiegiles of discretization for each application
is chosen based on these studies while also comgjdthe computational requirements. The
developed rating method also requires accuratejntmus fluid properties as a function of
pressure and enthalpy. A finite grid interpolatimethod was developed for this purpose.
Fluid properties at several nodal points were ctdlé from standard databases such as NIST
REFPROP and are saved in a database. When prortespecified pressure and enthalpy
are required, local interpolation of the surrougdimodes yields accurate properties with first
order continuity. Using optimized search methodsst@m compression and other efficient
algorithms excellent speed in retrieval of fluidperties is achieved. Additional software
tools based on meta-heuristic optimization methanats search techniques are developed for
estimation of empirical constants in thermal andrhulic correlations for single-phase and
two-phase conditions, based on laboratory test data
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4.0 CFD SIMULATIONS FOR THE
DESIGN OF BRAZED PLATE HEAT
EXCHANGERS

The standard procedure for design of brazed platatlexchangers and i
drawbacks are discussed. The role of CFD in desigmadern no-standard
BPHE plate designs and in addressing othesign issues are presented in 1
chapter. The procedure for meshing the complexl fggometries with thre
dimensional flow characteristics is presented. Sisddn mesh independe,
influence of the choice of boundary conditions)uigrice of thechoice of
turbulence model are also discussed. Results frensimulations of entire flui
channel geometry and parametric studies on smalargular fluid geometr
sections are presentt

4.1 INTRODUCTION

The standard design methodol (Figure 4.1 of plate heat exchangers requires
understanding of the influence of various geomep@cameters (such as chevron an
corrugation pattern pressing depth, corrugatiothpiplate aspect ratio etc.) of the plate on
thermal and hydrdic performance of the BPHE unit. One can dercorrelation in this
direction based on experimental data and from ebsens in the open literature. A des
software application could then be used to optintlee set of plate geometry parame
suiteble for the targeted operating conditions with ajective of minimizing parameters su
as cost, weight and dimensional foot print. Thagiesoftware can also be adjusted to pre
cumulative variations in thermal and hydraulic beba by using mul-dimensional
performance correlatior
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Figure 4.1: Schematic representation of standaranpater based BPHE design methodo
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The continuous demand for improved efficiency imustrial, heating and refrigeration
application requires investigations on non-stangdate patterns that evolve for suiting the
local flow physics, refrigerant properties and theailable temperature approach. The
aforementioned design tools will be of less usthose situations due to the non-availability
of performance-geometry linking correlations. Tlevelopment of these relations for a large
set of geometric parameters at various flow coogifrom experimental methods is not a
viable option. In recent years, the operating espelof plate heat exchanges has been
widened significantly resulting in design of unitgth relatively large dimensions. This
scaling of heat exchangers would introduce addalioproblems such as non-uniform
distribution of fluids within the channel etc. Thgerformance-geometry correlations
developed from experimental data of relatively $noaits cannot be used effectively for
larger BPHE designs. Additionally, a large variatiorperformance can be obtained by local
geometric modifications, such as opening of theexoregions due to large braze junctions.
The changes that these modifications bring caneaguantified in a simple way to include
them as correlations in standard design softwaresd limitations call for a use of simulation
tools such as computational fluid dynamics for dateing the thermal and hydraulic
performance during the design of modern plate éeeltangers.

4.2 COMPUTATIONAL FLUID DYNAMICS

The application of computational fluid dynamics (QFBols involve solving of a set of
multi-dimensional differential transport equatiateveloped for flow transport characteristics
such as mass flow, momentum, internal energy ahdrdurbulence characteristics over a
fluid domain of interest. This set of differentiduations is augmented with equations for
fluid thermo-physical properties and auxiliary ctimmshs such as initial and boundary
conditions. The three-dimensional fluid domain oferest is discretized into a number of
cells characterized by nodes, edges and facesintégral forms of the transport equations
are then converted into approximate algebraic éopmtfor each of these cells and the
resulting set of nonlinear algebraic system of &éqoa for the entire fluid domain is solved
using various semi-explicit schemes.

4.2.1. Governing Equations

The conservative (or divergence) form of the tramsgquation for a general variable
(conserved property per unit mass) can be formdilase

d(p9)
ot

+div(pgi) = diI O¢) + S (4.1)

where I represents the diffusion coefficient ar@l represents the additional source terms.
The integral form of the equation for a finite vwlea can be formulated using Gauss
divergence theorem as

%ngadv}{n(pgm) dA= [ n(rDg) dAri Sd (4.2)

A

where i in the normal vector to the surface elemdAt. The principle conserved properties
per unit mass in case of fluid flow are unity (masmservation), directional velocity
components (momentum conservation) and specifigggrienergy conservation).
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The Lagrangian (or the non-conservative) approawvolves rate of changes of the
aforementioned properties following a fluid pasiciThe rate of change of the conserved
guantity per unit mass per unit volume in this aggh is represented by using a substantial
derivative

Dy_ [0, - }
= ol X 4.0 4.3
P oy p[at VARY (4.3)

The Eulerian (or conservative) approach involvesrtite of change of a conserved quantity
with respect to a fixed finite volume in the fluitbmain. The rate of change of a conserved
guantity per unit mass per unit volume is thenespnted as

d(p9)

o +div( pgu) (4.4)

The conservative form of the unsteady compressitales conservation equation is given by
00 ./ \._
E+ div(pu)=0 (4.5)

The momentum conservation equation primarily ineslthe momentum changes induced by
the pressure forces and viscous forces. The addltioody forces are usually appended into
the conservation equation as momentum source tdimesunsteady compressible momentum
equation for the finite fluid volume is given imsor notation as

o(pu)
ot

+div(pu0 U) =-0P+ di 7)) + (4.6)

where Ll represents the tensor product of two vectors §pdas the momentum source term.

The above equation is used for formulation of Ne@®kes equations which uses relations
between shear stresses and velocity gradientsatbaapplied to Newtonian fluids. In these
equations, the secondary viscosity that relategesséss to volumetric deformation is
represented as a function of dynamic viscosity l{§lcting, 1979). Hence, in Navier-Stokes
equation, the stress tensor is related to thenstade as

r:;{DG+(D®T—%émem} (4.7)
where J, represents the Kronecker delta function dnd the vector transpose operator.

The total energy equation for unsteady compressiole involves conservation of the total
enthalpy. The energy flux due to heat conductiorreigresented using Fourier’s law of
conduction. Additional energy terms include workedio viscous stresses, work due to
external momentum sources and other energy sourbedotal energy equation can hence be
represented as

%—%—Fdiv(pm) =div(AOT)+dur)+ug+ s (4.8)

52



The total enthalpy in the above equation is defiagd
Si+-u?=e+—+=0 (4.9)
2 2

The system of equations representing the fluid ftmmtains four unknown thermodynamic
guantities: density, pressure, internal energytantperature. The relationship between these
variables can be obtained by the assumption ofrtbdynamic equilibrium. It is generally
sufficient to state two state variables in this dion and equations of state can be used to
calculate the other thermodynamic state variables.

4.2.2. Turbulence Modeling
The Reynolds averaged Navier-Stokes (RANS) moddiimgurbulence used in this study
involves generating a modified set of transport atigms by introducing averaged and

fluctuating velocity components. The velocity vectan be divided into a time averaged and
time varying component as

G=U+u (4.10)

The set of transport equations for fluid flow usthg above definition takes the form

% .+ div(pli) =0 (4.12)
@+div(p0ﬂ *):div(r—pUD U+ S (4.12)
%—%—T+div(p0it) = div(ADT - pui) + div( U ) + § (4.13)

The mean total enthalpy in the above equations availdo contain the contributions from
turbulent kinetic energy

=i +207 +k wherek =02 (4.14)
‘ 2 2

The above set of equations introduces a closutggmrowith six undefined Reynolds stresses
puu (three normal and three shear stresses). Thewsitysity turbulence models attempt
to relate the Reynolds stresses to mean velocigignts and a turbulent viscosity/()

similar to the Navier-Stokes equation for lamirlant
- AT 2 .
pGDU=,ut[DU+(DU) :l——gb'k[,okﬁut diyU) | (4.15)

The detailed derivation of turbulent transport dggues and Reynolds stresses can be found in
Sjogren (1997) and ANSYS (2006). The RANS modelsdus this study are briefly
presented here.
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The k—¢& turbulence model relates the turbulence viscasityhe turbulent kinetic energy
and the viscous dissipation of turbulent kinetiergy (¢) using dimensional analysis as

k2
M= Cﬂp_ (4.16)
&

The values for local turbulent kinetic energy andsipation rate are obtained from their
respective transport equations which are of thefor

a’%¢+ div(,oqﬂ) = div(0¢) + P(¢) + D(¢) (4.17)

The turbulence production terrTP(w) is a function of turbulent viscosity and mean

deformation tensor whereas the dissipation t@(rzp) is function of the turbulence intensity

and dissipation rate. The system of equations J4cbhtains five constants which are
determined by data fitting to observations fromidearange of turbulent flows.

The k—w turbulence model expresses the turbulent viscasitya function of turbulent
kinetic energy and the turbulent frequency.

4 =pX (4.18)
w
The Wilcox k—wmodel formulates a system of transport equationthefform (4.17) for
turbulent kinetic energy and turbulent frequency amvolves five empirical constants. The
k—wmodel has an advantage ovkr&formulations in preventing the use of complex
nonlinear damping functions for low Reynolds flowée required near wall grid resolution is
also less severe for th&—wmodel. However, the Wilcox formulations show strong
sensitivity to freestream conditions and the sohgiare strongly depending on the turbulent
frequency specified at the inlet. The baselike w model solves the problem by using
blending of thek —wmodel near the wall an#d —& model in free stream conditions. These
models are known to overpredict the turbulent \8#gobecause they do not account for
transport of turbulent shear stress. The ShearsStigansport (SST) turbulence model
extends the baselink—w model by addition of limiters to the formulatiof the turbulent
viscosity. (ANSYS 2006).

The Reynolds stress turbulence model formulatiamsolve transport equations of all
components of the Reynolds stress tensor and tmbkinetic energy dissipation rate. The
transport equation for the Reynolds stresses tidleeform

0pR . . [ =\ . 2 K 2
F+dlv(pUR)— P(R+M+ dl\{(ﬂ+§ @?j %—5  OE (4.19)
whereR=ull U

The production termP(R) and pressure-strain correlatiod$ are given by additional

equations. A transport equation feris also included because it appears in transpodteon
of the Reynolds stresses. Various RSM models wfterdnt empirical constants in equation
set (4.19) are available in ANSYS (2006).
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4.2.3. Near Wall Treatment

The turbulent boundary layer close to a wall cancbmposed into two regions (i) Inner
region where the shear stress is almost constahtapproximately equal to the wall shear
stress and (ii) Outer region where the dominarddsrare inertial forces and very low viscous
effects.

The flow close to the wall is primarily influencday viscous effects. The fluid primary
velocity depends on the distance from the wallalatensity and dynamic viscosity and wall
shear stress and is independent of freestreamityeléd a region very close to the no-slip
wall, the turbulent Reynolds stresses also disapped the flow is dominated by viscous
shear. The velocity in this region (also called tHgnear Sub-Layérat a distancey from

the wall is characterized by the following non-dmamnal relation

0.5
u Y. y' = PU Y whereu, :(&J (4.20)
Yo,

The y* in ANSYS CFX is calculated using the relation

Y = PU.An
U
An is the distance between the first and secondapidts adjacent to the wall. For optimum
performance and in order to run on arbitrarily fineshes, a solvey” is also defined when
scalable wall functions or automatic wall treatmeptions are chosen in ANSYS CFX.

(4.21)

= max( y' ,11.0() (4.22)

ysolver

The linear sublayer exists below tlyé region of 5. In the region of 30£ <500, the viscous

effects and Reynolds stresses on flow are bothifgignt. The velocity in this region (also
called theLog Law Layey) is characterized by the relation

u :lln y'+B (4.23)
K

The constants for this formulation are derivedkas0.4 andB =5.5 for smooth walls. In the
outer region of the log law, tHaw of the wake&an be used to determine the velocity profile.

) -U
free stream :lm(ij*‘ A (424)
u kK \O0

T

O is the boundary layer thickness aAdis a constant

The thermal boundary layer is modeled using thentklaw of the wall

T

near wall fluid

= 'OC_Pl“r (Twall -

Gan =~ ) whereu = y (4.25)
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The nondimensional temperaturT*is modeled by an algebraic exponential rela
involving wall Prandtl number and soly® (ANSYS 2006).Either the heat flux or the we

temperature is determined using the above relatibegending on the wall bounde
conditions using the surface area and the enertanta for the boundary control volun
Further thefluid flow governing equations, trarort equation formulation for RANS mode
two equation and Reynolds stress turbulence maatehiuflations, additional user defin
scalar and vector transport formulations, requiaediliary conditions such as initial al
boundary conditions, wall treatnt including wall distance formulation, discretizati
schemes and explicit/implicit solver schemes cafobad in ANSYS (2006)

4.3 MESHING OF FLUID DOMAIN

Meshing of the fluid domain is conducted in ANSYSEM CFD. The fluid section or tt
entire fluid geometries are prepaiin popular CAL systems and then converted into ANS
native Parasolid format. The imported surface gepms usually grouped into bsets as
showing in Figure 4. for application of desired mesh attributes andatlitate application o
local boundary conditions during the -processing stage. The surface connectivity is
redefined once again within ICEM CFD by creatingvitepclogy and filtering unnecessa
curves and points which otherwise would lead tauanecessarily large mesh. Depending
the complexity of the plate pattern, each fluidwok can be composed of thousand:
complex surface

4.3.1 Governing Variables inMesh Generatior

Initially, the control parameters which govern tige and quality of the volume mesh

specified. The minimum and maximum dimensions farous surface and volume eleme
need to be set. The height ratio is the expansita from he first layer of the elements
the surface. This ratio will be used to calculdte height of elements of subsequent volt
mesh layers. An important parameter which signifigainfluences the total mesh size is

maximal surface deviation. This a method of subdivision based on the proximity ha#
centroid of a triangular or quad surface elementh® actual geometric surface. If tl
distance exceeds the specified value, the surfiereeat will be split and additional nod
will be projectecto the geometry surface. Curvature and proximitseblarefining can be us:
to place larger elements on flat planar surfaces @maller elements in the areas of
curvature or within small gaps. (ANSYS ICEM CFD 02

Figure 4.2 Grouping of varus surfaces in the fluid domain and resulting siafanest
including the inflation layers developed using ICENIC
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Figure 4.3 Volume (tetra and prism) elements in id plane in the fluid domain; tF
distribution of the volume elements is strondependent on the surface grouping and sul
mesh paramete

4.3.2 Mesh Quality

ICEM CFD defines a measure “Quality” for the elemsein the mesh. For triangul
elements, the quality is calculated as the minimatio of height to base length of eeside.
For Quad and Prism elements quality representsiéberminant of the element (ratio of
smallest determinant of the Jacobian matrix dividgdhe largest determinant of the Jacol
matrix determined at each node of the element). @@®m elemnts, the distortion of th
plane based upon the nodes that compose the sumacpage) is also determined. T
default range for warpage i-90, where avarpage value of zero is flat while 90 repres a
degenerated surface. For prism cells, the ¢y is further determined as the minimum of
determinant and warpage. Warpage is normalized factor between 0 and 1, whe
degeneratedlements represent

For tetra elements the quality represents the asatc of the element. The ratio betw the
radii of an inscribed sphere to a circumscribedesphs calculated for each element.
triangular elements, the operation is performedaisircles. The values are scaled, so the
aspect ratio of 1 represents a regular elementaanaspect tio of O represents an eleme
with no volume. For Quad elements, the aspeab iatdefined as the ratio of the distan
between diagonally opposite vertices, or the ratiothe shorter diagonal to the lonc
diagonal. From discussions with ICEM CFlendors, it is learnt that a minimum of 0.3
quality of tetra volume elemel and all surface elements and a quality of 0.1 for pr
elements is required for eliminating mesh relatistbdtions. (ANSYS ICEM CFD, 200

4.3.3 Generation of Prism Layer
A minimum of 10 prism layers are recommended by XISSor boundary layer resolutio

The generation of prism layers on the tetra coréhen fluid domain is constrained by t
complex structure and large aspect ratios. I1tse adcommended to prevent generation of
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pyramid elements at the tetra-prism interface beedlney are known to influence the stability
of the CFD solver. It is generally recommended rtath the existing surface and volume
elements using the Laplace smoothing method bef@enflation layers are added. Laplace
smoothing involves solving the general Laplace &qoathat calculates the average of all
neighbor nodes for any node, resulting in more armf spaced mesh. However, this
smoothing method is not suitable for prism elemdmtsause it can lead to low determinant
quality. Hence Laplace smoothing should be condupt#r to prism generation. Tetra and
prism elements in a mid-plane in fluid domain iswh in Figure 4.3.

Sometimes due to large number of surfaces withingrgurface mesh resolution, the prism
mesh generator cannot create the specified numizersae of layers. ICEM provides an
“auto reduction” feature that automatically reduties prism layer size for these instances to
meet the required number of layers without creapipgamids or other problems in the mesh.
The initial height of the prism layer is governedtbe targetedy” value for the simulation. It

is a general practice to not specify the numbet,the total height of the prism layer. This
allows the prism generator to locally optimize ttidume transitions between the prisms and
adjacent tetra cells. The desired initial height tdaen be obtained by splitting these prism
layers using various options available in ICEM CEBNSYS ICEM CFD, 2009)

4.3.4 Mesh Independence

The mesh resolution required for independent aalletpredictions has been reported in a
number of previous works on fluid flow in cross mgyated channels. Carlson and Glaumann
(2004) used a total of 2.6 million tetrahedral @ndm (wedge) elements on a fluid channel of
dimensions 192 x 73 mm. The initial prism layergh¢iwas set with a goal of achievingya
value of 1. This resulted in an aspect ratio offdOthe cells close to the boundary. Two
different settings (coarser and fine) for tetraecarere tried with maximum tetra size of 0.5
and 0.4 mm, respectively. A relation between theueacy of prediction and the used mesh
resolution was not established in their study. Whi$ing certain boundary conditions, coarse
mesh resulted in better agreement with laboratdrgeovations and vice versa with other
simulation conditions. Tsai et al. (2009) investighthe pressure drop and flow distribution
in a chevron type plate heat exchanger. The bnazetipns were not included in the fluid
domain because a gasketed type heat exchangeronsisi€red. The article suggested use of
tetrahedral mesh without any prism layers for presslrop predictions.

Mesh Resolution  Prism Layers Number of Modes Tetra Elements Wedge Elements Total Elements

LOW 0 312117 1414358 0 1414358
MEDIUM 0 430105 1992538 0 1992538
HIGH 0 453560 2112489 0 2112489
LOW 5 846434 1097170 1172485 2269655
MEDIUM 5 1123713 1536042 1538445 3074487
HIGH 5 1180462 1643421 1609225 3252646
LOW 10 1435834 1097170 2344970 3442140
MEDIUM 10 1896673 1536042 3076890 4612932
HIGH 10 1988837 1643421 3218450 4861871

Table 4.1 Number of elements and nodes in varioeshas used to determined mesh
independence.
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Number of Channel

Mesh Pricm Average Mass Flow Revnolds AP Channel Nusselt
Eesolution YPhuis , Number (Pa) Number
Lavers (kg/sec)
LOW 0 526 0.0086 44949 50049 3434
LOW 0 8.03 0.0171 89375 153542 4252
LOW 0 12.40 0.0343 179273 505797 5451
MEDIUM 0 3.85 0.0086 44949 51788 4161
MEDIUM 0 598 0.0171 89375 1602.65 51.60
MEDIUM 0 922 0.0343 179273 5231.89 64.90
HIGH 0 3.60 0.0086 44949 49892 4265
HIGH 0 562 0.0171 89375 1535.72 52.81
HIGH 0 8.68 0.0343 179273  5006.69 66.26
LOW 5 1.02 0.0086 44049 52635 3245
LOW 5 1.64 0.0171 89375 174340 46.04
LOW 5 282 0.0343 179273 6300.12 7446
MEDIUM 5 0.75 0.0086 44949 52086 3428
MEDIUM 5 1.20 0.0171 89375 167433 4730
MEDIUM 5 202 0.0343 179273  6050.04 73.71
HIGH 5 0.73 0.0086 44949 50295 34.16
HIGH 5 1.17 0.0171 89375 165189  47.18
HIGH 5 1.97 0.0343 1792.73 6023.83 74.07
LOW 10 0.51 0.0086 44949 53265 3291
LOW 10 0.84 0.0171 89375 178438 4777
LOW 10 1.45 0.0343 179273  6659.50 77.68
MEDIUM 10 0.37 0.0086 44049 52088 3394
MEDIUM 10 0.60 0.0171 89375 1707.79  48.21
MEDIUM 10 1.04 0.0343 179273 6299.19 77.10
HIGH 10 0.36 0.0086 44949 51219 33.95
HIGH 10 0.59 0.0171 89375 1688.02 4805
HIGH 10 1.01 0.0343 179273  6260.35 7737

Table 4.2: Summary of results from mesh indeperestaly grouped by number of prism
layers at the heat transfer boundary (Simulatiomditons: SST turbulence model with
automatic wall function, Wall heat transfer coaffit and ambient temperature thermal
boundary, mass flow inlet and average static pressutlet boundary conditions)

Sundén (2007) presented simulations of air flowaimnitary cell of the fluid channel for
which periodic boundary conditions can be applfdhexahedron mesh with boundary prism
layers was used in that study. Mesh independenickestwere conducted with the number of
control volumes around 9E+4 to 1E+6. A mesh sizaround 6E+5 cells was used in the
study of the unitary cell.

Mesh independence studies are conducted in thi& wora rectangular corrugated fluid
section of dimensions 80.5 x 43 mm. Three diffetetra. mesh resolutions (LOW, MEDIUM
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and HIGH) are used by setting the maximum tetre sz 1/3°, 1/5" and 1/{' of the

corrugation pitch. Further, each mesh resolutioolassified into three types based on the
number of prism layers at the boundary (0, 5 andaj@rs). The total number of nodes,
tetrahedral elements and prism (wedge) elementiseirresulting meshes are listed in Table
4.1. The number of nodes is a relevant measuraubed&NSYS CFX employs a node based
solver as opposed to other common commerciallyla@ai solvers which used an element
based solver. A range of 3E+5 to 2E+6 nodes are usthe present study. The heat transfer

(Nusselt number)/pressure drop predictions andageer y* values obtained with these

meshes are listed in Table 4.2. The distributionthef local y* value for a high resolution
mesh with ten prism layers at an inlet Reynolds Imemof around 1800 is shown in Figure
4.4. The peak values occur at the thinner sectbtise channel due to the mesh methodology
adopted. A convergence criteria of 1E-4 is chosemll conserved quantities.

Figure 4.4 Distribution ofy” value at the thermal boundary for the high resmfumesh with
ten prism layers

Maximum deviation of 30% in heat transfer and 20%pressure drop from the highest
density mesh are observed when no prism layersisgd. The study suggests the use of at
least five prism layers for Reynolds numbers aroi80 and ten prism layers for greater
flow rates. Maximum tetra size of 1of the corrugation pitch is recommended. The mesh
volume that corresponds to a maximum surface dewiatf 0.05 mm for all surfaces is
recommended. A growth ratio of 1.1 is used in thenp layers with the volume of the last
prism adjusted to be of the same order as the ealjaetra cells.
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4.4 BOUNDARY CONDITIONS

ANSYS CFX 14.0 offers a number of alternative mehdo apply wall, inlet and outlet

boundary conditions. The choice of the boundaryddmns depends on its influence on
stability of the simulated case, its influence &we flow conditions within the simulated

domain and closeness of representation of the lagpmication. Computational limitations

currently allow for simulation of one or two fluchannels (a single channel for large BPHE
models). A study is hence conducted on the inflaeotc wall boundary conditions on the

thermal performance prediction for steady-stategmpressible turbulent flow conditions.

4.4.1 Inlet and Outlet

The inlet mass flow rate normal to the boundargpscified. A uniform mass flux is assumed
and is calculated from the integrated boundaryaserfor a given mesh resolution according
to

o = n/j dA (4.26)

A default turbulence intensity of 0.037 is used,alihis an approximate value for internal
flow in pipes (ANSYS 2006). The inlet turbulencendiic energy and dissipation rate are
calculated using this intensity. The static inkehperature is also specified. The average static
pressure is specified for the outlet boundary wifiicha given mesh resolution is found from

Popec =I Py dA/ A (4.27)

The integrated outlet boundary point pressuretisossthe sum of the specified pressure value
and the difference between the local node valuesthe average pressure over the entire
boundary. Hence the local pressure profiles caat flout the average value is limited to the
specified average static pressure.

4.4.2 Wall Boundary Conditions

No slip wall boundary conditions are used for ahey surfaces in the fluid domain. The
thermal boundary condition can be specified in sety of ways. Carlson and Glaumann
(2004) observed strong dependence of the preditteanal performance on the specified
wall conditions while using the FLUENT 6.1 softwaf@onstant heat flux and constant wall
temperature conditions were tried on two fluid aiels. The heat transfer in both cases was
under-predicted by around 60%. The simulation Iteswere then used to compare the
relative performance variation between the two $aed channels. Experimental data
suggest a difference of 7.6% between the two modeie constant heat flux condition
predicted a difference of 4.6% between the modéle constant temperature boundary
conditions predicted a reversed trend with a neggierformance variation of -4.2% and was
not recommended. The reason for such a strong depea of the thermal performance on
the wall boundary conditions was not discussetéir twork.

Simulations were conducted in a single fluid sectaf dimensions 80.5 x 58 mm. The
predictions obtained while using various thermalrmbary conditions are compared with the
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experimental data obtained from a 20 plate BPHH wiimilar geometric parameters. These
results are summarized in Table 4.3 and shownguarEi4.5.

When a constant wall temperature is specified)dbal heat flux is calculated as the product
of the local heat transfer coefficient and the terafure difference between the ambient and
near wall. The near wall temperature is calculaisthg Equation 4.25. Constant heat flux
boundary condition is also tested. Here a posiaiee of the specified heat flux represents
heat transfer into the domain. Alternatively aneemal wall heat transfer coefficient with
ambient temperature can be specified. The heattflar depends on the difference between
the ambient and wall temperatures. The wall tentpegas calculated from surface energy
balance for turbulent flows and from the predictemlindary temperature field in case of
laminar flows.

Conjugate heat transfer simulations in ANSYS CF}valfor inclusion of heat transfer
within solid domains which involves modeling of durctive heat transfer with the simplified
transport equation

%(pCpT) =div(kKIT)+ S (4.28)

The thermal boundary conditions are only appliedhencorrugated wall surfaces. The braze
junction surfaces which account for a small peragatof the total surface area are treated as
insulated walls in this study. The distribution feéat flux on one face of the solid plate
domain during conjugate heat transfer simulatisrghown in Figure 4.6.

In the post processing, the predicted heat transdefficient while using the constant heat
flux boundary conditions is calculated as

h=[[a,dd/ [[(T,~ Tu) 0 (4.29)

The bulk temperature is calculated as the meanaskrflow rate averaged temperatures at the
inlet and outlet boundaries. In case of other bampaonditions, the predicted heat transfer
coefficient is obtained as

h={[a,dA/ [[A T d (4.30)

The logarithmic mean temperature difference isudated using mass flow averaged inlet and
outlet temperatures, near wall temperatures andesantemperatures depending on the case.

External Wall

Constant Wall Conjugate Heat Constant
Re  Experimental Heat Transfer Coefficient o Sels e o
i i Temperature Transfer Heat Fhux
with ambient Temperature

387.49 19.20 15.80 15.96 15.04 16.02
774.98 29 39 21.76 2208 2037 2336
1162 47 38.80 2873 29.02 2657 3393
1549.96 47.24 35.01 35.16 32.02 44.67
1937.45 55.04 40.99 40.88 3855 56.57

Table 4.3 Comparison of thermal performandﬂau(Pry ) obtained from experimental data
and CFD simulations with various thermal boundaoyditions
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Figure 4.5 Comparison of thermal performance obthiinom a simulated fluid section using
various thermal boundary conditions
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Figure 4.6 Distribution of the heat flux observaeothe simulated stainless steel solid
domain wall in the conjugate heat transfer simafei
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The predictions from all of these methods undedigted the thermal performance. The
predictions while using constant heat flux varigd2lto 20% and from 15 to 30% while using
other type of thermal boundary conditions. The eacy for absolute comparison with the
experimental data is not of primary interest irs thiudy because, a number of factors such as
a deterioration of heat transfer due to flow dwmition in channels etc., are not considered.
The external wall heat transfer coefficient withkaemt temperature is of interest because the
results are closer to the conjugate heat transfate For smaller models, conjugate heat
transfer simulations provide additional benefitgtsas identification of hot and cold spots
(efficient heat transfer areas on the plates) agiteb accuracy in calculation of the mean
temperature difference.

4.5 RESULTS FOR CFD SIMULATIONS
4.5.1 Parametric Studies

Application based design discussed in section driathds an understanding of the relation of
the local plate geometric parameters and theiuénfte of local velocity, flow mixing, area
usage etc. A pattern database built with such knoglations would be of great use in
development of plate models that are adapted taifspeapplications and operating
conditions. Simulations of small fluid sections wbprovide such relations between thermal/
hydraulic performance and plate patterns. In thiglys three fluid sections with different
chevron angle and corrugation pitch are studied thedresults obtained are compared to
those obtained from experimental data for BPHEsuwith similar characteristics. The results
of this exercise are summarized in Table 4.4

Chevron Angle 67°, Corrugation Pitch 7 mm

MassFlow Re (MNuPr’v) (NuPr’v) (NuPr™y)  Friction Factor Friction Factor Friction Factor
(kg/sec) CFD Experimental Difference CFD Experimental Difference
0.01 321.06 13.51 16.02 -15.68 9.06 11.24 -19.39
0.02 642.13 20.76 2391 -13.17 7.56 10.13 -25.37
0.04 128425 33.34 3925 -15.06 6.53 9.13 -28.54
0.06 192638 43.60 5246 -16.89 6.14 8.70 -29.46
0.1 321063 61.11 75.59 -19.15 577 848 -31.96
Chevron Angle 32°, Corrugation Pitch 7 mm
MassFlow Re (MNuPr’v) (NuPr’v) (NuPr™y)  Friction Factor Friction Factor Friction Factor
(kg/sec) CFD Experimental Difference CFD Experimental Difference
0.01 321.00 998 884 12.89 0.94 0.94 032
0.02 642.13 13.03 12.50 4126 0.63 0.75 -15.67
0.04 128425 17.63 19.63 -10.19 045 0.59 -22.64
0.06 192638 21.61 26.30 -17.84 0.38 0.48 -19.29
0.1 321063 2872 38.02 -24.45 032 0.37 -13.26
Chevron Angle 66_5°, Corrugation Pitch 7.5 mm
MassFlow Re (NuPrv) (NuPr”v) (NuPr™y)  Friction Factor Friction Factor Friction Factor
(kg/sec) CFD Experimental Difference CFD Experimental Difference
0.01 307.87 12.42 1475 -15.83 6.71 8126 -18.76
0.02 615.74 18.79 2319 -18.97 553 7.01 -21.04
0.04 123148 2994 36.46 -17.89 475 6.24 -23.97
0.06 184721 39.03 47.51 -17.84 440 5.99 -26.50
0.1 3078.69 5431 6631 -18.10 440 5.69 -22.65

Table 4.4 Summary of comparison of CFD predictiand experimental data for small fluid
sections

64



The steady state simulations are conducted witht8Tllence models and external wall heat
transfer coefficient with ambient temperature sfedias thermal boundary condition. The

heat transfer and friction factor in these simolasi are under-predicted by 15-25% and 15-
30%., respectively. The relative performance vammtbetween various fluid sections is

however consistent and in good agreement with @xgeertal data. This suggests that the
simulation results of small fluid sections wouldvegjia reasonable estimate of how the
performance would change with small perturbationgaometric parameters of the plate.

Velocity Welocity
Channel StreamLines [m s*-1] Channel StreamLines [m s™1]

0.01 .23 0.45 0.67 0.8 0.0 0.60 1.19 1.78 2.36

Figure 4.7 Flow patterns in simulated channel sastwith chevron angles 32° and 67° at
inlet Reynolds number around 2000.

The simulation of small fluid sections also prowdesight into the relation of local flow
patterns on the geometric parameters of the plédte.influence of chevron angle on the flow
interaction of fluid streams in cross corrugatedruofels was studied by Dovic et al. (2002)
using dye-based visualization technique. Dominaongitudinal flow components
characterized by higher heat transfer and prestne are observed for high chevron angle
models. Criss-crossing flow pattern in the grooeégshe chevron pattern associated with
lower degree of heat transfer and pressure drop wieserved in low chevron angle models.
The dominance of the flow direction is then linkiedthe angle of interaction of the flow
streams and the resistance offered by the platevgso (corrugation pitch). These flow
patterns and flow interactions can be obtained gittat detail in CFD simulations. Influence
of chevron angle on flow pattern for fluid sectiongh different chevron angles obtained
from CFD simulations is shown in Figure 4.7. Thiformation will further help in
streamlining of local geometric parameters for nmgeapplication specific demands such as
increased local velocities, improved area usaggdothermal length etc.
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4.5.2 Simulation of entire channels

The influence of area losses in the distributiogior, enhancement of heat transfer due to
proprietary design features around ports etc.,natecaptured in the simulations of smaller
fluid sections. Several compensation factors neebet included for thermal and hydraulic

correlations obtained from experimental data ineortb compare with CFD predictions of

smaller fluid sections. For smaller BPHE modelsjsitof interest to simulate the entire

channel to incorporate these additional influendes.this study, a BPHE channel of

dimensions 192x73 mm is simulated. The corrugatdtem for this model is characterized

by a chevron angle of 65°, corrugation pitch of m@nd a pressing depth of 2 mm. Wall heat
transfer is modeled using a specified external heabsfer coefficient and ambient

temperature.

Carlson and Glaumann (2004) conducted simulatibesitire channels of similar dimensions
using SST turbulence models. The heat transferigireds in these simulations are sensitive
to the wall boundary condition and the thermal gpemiance is under-predicted by 40 to 50%.
Tsai et al (2009) conducted pressure drop studiefulb channels for gasketed plate heat
exchangers. The channel pressure drop was unddicte@ by 20% while using th&-¢
turbulence model in the Reynolds number range 6ft6QL700. The simulations reported by
Sundén (2007) on unitary cells with periodic bougdzonditions and a number of different
turbulence models over-predicted the heat transfeas much as 50%. The Fanning fiction
factor was under-predicted in most cases.

For CFD simulations in this work, an entire fluidamnel with approximate braze junction
modeling is used. The braze junctions are modekdguthree-dimensional fillets with
dimensions that are actually measured from cutisetof BPHE models. The mesh
recommendations listed in section 4.3 are usedfs®e resulted in a mesh size of around 3.8
million nodes and 11.8 million elements. The mdss frate at the inlet of the channel is
varied to cover a Reynolds number range of 3000@03 The results obtained from these
simulations and their deviations from experimentaervations are summarized in Table 4.5.

Pressure drop [Pa] vs Reynolds Number

. - S8T K-z ENG RSM

Re Experimental 58T K-z RNG RSM [Error %] [Error%)]  [Error %]
307 87 647 40 574.79 42522 370.80 11.22 3432 4273
61574 241237 187740 152346 1391 45 2218 3685 4232
1231 48 9004 .39 625475  5576.08 5595.16 30.54 38.07 37.86
184721 1944545 13009.70 1208540 1256950 33.10 37.85 3536
3078.69 5162708 3334630 3261600 34582350 3541 3682 33.01

(NuPr"y) vs Reynolds Number

- SS8T K- RNG RSM

Re Experimental SS8T K- RNG RSM [Error %] [Error %]  [Error %]
307.87 1826 1427 6.26 5.08 2183 65.74 7233
615.74 28 .84 2097 12.01 1163 2729 5835 3967
123148 45 56 32.06 20.06 2291 2964 5597 4971
184721 59.53 41.80 2877 3246 2978 5167 45 48
3078.69 83.37 62.68 46.95 51.2% 2482 43.68 38.53

Table 4.5 Summary of thermal and hydraulic perfarogobtained from CFD simulations
for entire fluid channel and comparison with expeental data
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CFD simulations using the SST turbulence model iptethe thermal and hydraulic

performance with the best accuracy. In these sitonis the heat transfer is under-predicted
by 20-30% and the pressure drop by 10-35%. At migteynolds numbers, the deviation in
predicted pressure drop was similar for all turbake models. Heat transfer predictions from

K=& RNG turbulence model and Launder-Reece-Rodi Ipatadion of Production (LLR-IP)
Reynolds stress model under-predict the heat wafgf 40-70%. Streamlines of flow in the
fluid channel colored by various variables are shawFigure 4.8.

Turbulence Eddy Desipaton [m*2 s*-3]

000 3526 7053 10579 14105

Figure 4.8 Streamlines in the simulated full chammoéored by local velocity, turbulent
kinetic energy and eddy dissipation rate at a Riesgnoumber around 2000
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4.6 DISCUSSION

The governing equations, eddy viscosity based tartme models, algebraic stress models and
various forms of the transport equation are bripflgsented. CFD has a major role in design
and development of modern application of specifatgppatterns. The effectiveness of heat
exchangers can be greatly enhanced by optimiziadoital geometric parameters and further
improvements made to existing plate features. Sitimais on small fluid sections provide an
excellent indication of performance variation ahowf physics with respect to geometric
parameters. For larger models, computational litoms restrict use of single fluid domain
and approximate thermal boundary conditions. Caatgidheat transfer simulations provide
benefits such as accurate determination of meampdrture difference, identification of
efficient heat transfer areas on the plate and eoisgn of flow patterns in alternate channels.
The SST turbulence model combined with specifieereal wall heat transfer coefficient and
ambient temperature predicted the pressure dropheatitransfer with reasonable accuracy.
Some of the variation in predictions can be atteduto the approximate modeling of the
braze junctions in the fluid domain. LES and DESwdations are not considered in this study
due to hardware limitations but are of great irdefer further research. Further studies are
also required to calibrate quantities such as inldiulence intensity and empirical constants
in the transport equations for turbulence terms.
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5.0 RESULTS - PERFORMANCE
ANALYSIS

The suitability of employing a generalized presseméhalpy based step wise
rating method for performance analysis and designboazed plate heat

exchangers is presented in this chapter. Genemliteermal and hydraulic

correlations derived for various applications arésa listed. The influence of
geometric parameters and flow configurations onghgormance predictions is
briefly mentioned. The influence of measuremeninigces and correlations
evaluation methodology employed on the reliabitifythe BPHE calculation

software is also discussed.

5.1 INTRODUCTION

Reliability and scalability are the principal dedite characteristics for heat exchanger
selection software. These characteristics depentthe@iguality and scalability of the thermal
and hydraulic correlations used in the design m®cBroduct specific thermal and hydraulic
correlations usually offer better reliability asngoared to generalized correlations for
performance scaling and prediction of off-test abads. Generalized correlations for thermal
and hydraulic behavior of brazed plate heat exchienm the literature are often limited by
lack of generality in definition of geometric parerars, limited test range, variation in
calculation methodologies and other uncertaintiesed by the manufacturer specific
production processes and design features. The latores in the literature, however,
highlight the influence of various factors on BPIid&rformance and outline ideas employed
by various investigators for tackling them. Theseld be in the form of rule of thumb or
correction factors that can be applied to basenthband hydraulic correlations.

Generalized correlations are however importanpfediction of performance of new designs
aiming at new applications and broadened operaiorelopes involving non conventional
process fluids and often, more stringent designsttamts. The developed generalized
pressure-enthalpy based rating method is used eaddkis for the development of such
generalized correlations. The generalized corwglatiare developed as functions of flow
arrangement and configurations, local fluid projsitgeometric properties and standard non-
dimensional numbers. The benefits and limitatiohthe developed calculation procedure for
various applications such as transcritical gasingpkondensing, evaporating, cascaded heat
transfer etc., are outlined. From the informati@merated from the discretized calculations,
further design constraints and solutions for hargdthem and listed for several applications.

The measurement data adopted in this study is baseseveral single phase and phase
change tests conducted at SWEP International ABri& description of the measurement rig
and uncertainty estimation is presented for vareqpdications. The testing methodology that
needs to be adopted to overcome the numerical sendrile using standard test data
evaluation methods is presented. Furthermore, #®& af the developed correlations and
outcome of the studies in Chapter 4 in designindtHB® for new applications is briefly
discussed.
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5.2 SINGLE PHASE TESTING

The generalized correlations derived and the metltexdlopment carried out in this thesis
work is based on the experimental data obtainech fRWEP International AB. Product
specific single phase thermal and hydraulic coti@mia are derived for all BPHE models
based on tests using Water and Water/Glycerin méxtlhese correlations are also used to
model convective heat transfer and friction pressliop in phase change calculations. BPHE
test objects are chosen so that a wide range oinehfiow Reynolds number is covered from
a possible mass flow range of 0.4 to 10 kg/s. Teatpees on the cold side usually vary from
20-40°C and those on hot side from 50 to 65°C.drealler BPHE models it is often required
to utilize parallel connected BPHE units for obtaghcorrelations at low flow conditions. The
sensors used are periodically calibrated. Thegesiram is generated by randomly varying
inlet temperatures and flow rates in order to elae hysteresis errors.

Temperature measurements are conducted usingaressttype PT-100 sensors with a
tolerance of £0.1 K. Measurements were conductednheters away from the ports and static
mixer is used on the outlet port to achieve tentpeeastabilization for high viscous fluids.
Rosemount differential pressure sensors with aaole of £0.025% in the entire span are
used for pressure drop measurement. Coriolis typssnflow meter with a maximum
tolerance of +0.2% is used for mass flow measuréraerthe cold side. An inductive type
volume flow meter with a tolerance of +0.25% is dier flow measurement on the warm
side. Test data from water tests are used foeladion evaluation in the Reynolds number
range of around 600 to 10000 and the data from nigdyeerin mixture is used for the
Reynolds number range of 10 to 300. The performameesmall intermediate portion of the
Reynolds number range is usually interpolated. $yonmetric heat exchangers (those with
similar channel characteristic on the primary aadosidary side), two tests are sufficient to
generate correlations for the entire Reynolds nunn@ege. For asymmetric models (those
with significant performance variation in the primand secondary channels), three tests are
required for generating channel specific corretatio

The high and low Reynolds number region tests lsyadld 30 test points which are further
filtered based on additional criteria such as epéaance, minimum temperature difference
and the measured values being in the range of #asunement equipment. Test points with a
minimum temperature difference lower than 3K aresoamted with relatively high
uncertainty in data reduction stage and hence sed.urhe data reduction is performed using
the methods outlined in section 2.2 for the coti@aevaluation and involves determination
of the empirical constants in the equations 2.1@ 2111. The worst case uncertainty of a

derived quantityR which is a function ofn measure quantitie(sxl, X5, x3....>§,)is determined
as follows. (Moffat 1982)

R=R( % %, %...%) (5.1)
OR oR oR
OR=|—0OX%|+|—O x| +...... —0 5.2

For the specified uncertainties in temperature fetbhtial pressure and flow rate

measurements and the criteria employed in quagififre validity of test points, the maximum
uncertainty in the prediction of overall heat tf@nscoefficient is calculated to be less than
1%. Data evaluation is conducted using the modiigidon plot method with combination of

direct search algorithms as elaborated in sectidn 3
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5.3GENERALIZED HYDR AULIC CORRELATION FOR SINGLE PHASE FLOWS

The generalized correlation for pressure drop aedt Hransfer predictions requires
consideration of geometric parameters together thighflow conditions. In the current stuc
a generalized pressure drcorrelation for chevron type heat exchangers isvddr The
geometric parameters considered in this study deluhe plate aspect ratio, corrugat
aspect ratio (ratio of pressing depth to the catiog pitch), influence of port dimensions ¢
port location, influence of additional geometric paramgeseich as corner passages aroun
ports, effective flow length and chevron angle fué torrugation pattern. The fiction fac
(Equation 2.9) curves for BPHE models with variguessing depth, corration pitch and
chevron angle ranging from 30° to 67° are usedtli@r development of the generaliz
correlation. Using the notations shown in Figurel, the pressure friction factor data
collected using the Darcy friction factmodel. Thi process is iterative @bhe low chevror
angle models usually contain a high chevron angtgian at the inlet and outlet ports -
improving the il-channel distribution. In the initial iteration, tidata from the high chevrc
angle models (> 45°) is consideredthe Reynolds number range of 10 to 1E+4 an ir
multivariate polynomial correlation is developedngsnor-linear regression.

|J ~
|~

Cd
B

= +
Dp Ld= Ld1 + Ld2

H Leff= Ld + Lht
Figure 5.1Characteristic lengths considered for calculatibaftective heat transfer are
corrections for port diametg, port locations and flow configurations ¢

In the subsequent iterations, the influence oftigd chevron angle region is reduced fr
the distribution regions in the low chevron angledels using the developed intermed
correlation. The frictionfactor data collected for the low chevron angle eieds thar
combined with the earlier data obtained for higkewbn angle models (as shownFigure
5.2) and a generalized multivariate polynomial modelthe friction factor as a function ¢
chevron agle and Reynolds number is deri\
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2D,

For mixed chevron angle models, the friction fagtocalculated by averagi and using the
various pattern lengths as weighing factors. Theection factor® is used to adjust tf
friction factor for various manufacturer specifieametric featureswhich are used for
enhancement of thermal performance and flow distioln, improved structural integrity et
The flow length used in ts definition encapsulates the influence of platpeas ratio,
location of the ports, flow configuration (true cder flow, partial cross flow etc), dimensic
of the ports and length of the patterns with vasi@hevron angles. Due to the sensi
natue of the information, the complete set of equaticharacterizing the used flow leng

and additional correction factors used for develgpgeneralized correlations could not
published in this work

I-f = Lf (Ld ! Lef'f ’ D D o) iout'B) (54)

Asz(

pin?

Joyve neg AT

T

Figure 5.2Approximate distance weighed least square surfaceéhe Darcy friction facto
data obtained as a function of Reynolds numbercandigation chevron an¢

The deviation of this correlation developed usinig hon linear regression from tfriction

factor data obtained from actual tests is preseirieBligure 5.4.The derived third orde
polynomial model for friction factor as a functioh Reynolds number and chevron angle
radians) is presented in equatior5 and shown in Figure 5.3r Re=200C A maximum
deviation of 15% is observed at low Reynolds nurs as shown in Figure 4. For most of
the models the maximum deviation for the full Regsamumber range is within 5

3 3 o

f=>>C,Re'p (5.5)
i=0 j=0

where,

Cy =-4.22589119 ¢ =27.7377952,C 8.2B16609 G, =28.1279198
C,, =-18143.5719 G =76176.204 ,C 97723.2447 G, =40321.8601
C, =4468489.72 ¢ =-18362697.3,C =965136 C, =-9363533.61
C, =-296126477 ¢ =1209974231,,C =22874203 G, = 611027491
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Figure 5.3Darcy friction factoras a function of chevron angle at Re=2000, while ut
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Figure 5.4Comparison of the derived polynomial based singiasp hydraulic correlatic
with the actual test data from BPHE models withous geometric paramete
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5.4 GENERALIZED THERMAL CORRELATION FOR SINGLE PHASE FLOWS

Using the methods similar to those used in sedi@n a generalized correlation for thermal
performance of BPHEs in the Reynolds number rarigDdo 1E4 is derived. The effective
heat transfer performance of various BPHE modelsbined from laboratory test data
(Equation 5.6). This performance also containsitifleence of flow distribution and other
additional geometric features. The correction fattas used to compensate for the influence
of plate aspect ratio and existence of passagemadrie ports on thermal performance. Due
to the sensitive nature of the information, thections describingy’ , effective heat transfer
area and used flow length are not presented intbik.

Nu
{F} = f (Re’ﬁht Bais kg ’Leff) W (5.6)
r effective

Using the iterative procedure outlined in the poesi section, the ideal values dfiy/Pr)

are obtained for models with chevron angles randmgn 30° to 67°. The approximate
surface contours for the collected data as funstmnReynolds number and chevron angle is
presented in Figure 5.5. The single phase heatfganorrelations for BPHEs exhibit a piece-
wise linear trend in log-log region. A compositgperent model (Equation 5.7) is evaluated
using non linear regression for deriving the gelim¥d single phase heat transfer correlations
for BPHEs.

W] (e rcprRen (G cor G REVS G 67

where,

C, =0.236853827 [C =-0.429914999 C0.#94375018 € =0.14617621
C, =-0.147253283 £ =0.236667683; C0.599681567 K =-0.2848291
K, =0.696216086 K =1.120898786

A maximum deviation of around 5% is observed fa teveloped model when compared
with the data collected for ideadu/Pr’ as shown in Figure 5.6. Thermal performance is also

observed to vary linearly with respect to the cbavangle. The variation in friction factor
occurs linearly until intermediate chevron angla®(nd 45°) from where the variation tends
to be exponential. Several authors published tremdbe ranges of chevron angles outside
this study. The summary of those studies is bripfgsented in section 2.2. The variation in
corrugation pitch and pressing depth influencedtiective heat transfer area and hydraulic
diameter and hence influence the overall heat fieartdefficient directly. The predictability
of thermal and hydraulic performance in low Reysatdimber region (Re<100) is associated
with a very high degree of uncertainty due to latkeliable measurement data and models.
For those applications, it is recommended to emplagnservative approach by adjusting the
correlations to offer a specified increase in puessdrop and decrease in heat transfer.
Investigations are also conducted on BPHE modefggysdates with mixed chevron angles.
Several authors (section 2.2) suggest using anageechevron angle for mixed plate
configurations. Heat transfer performance variedabymuch as 5 to 20% and friction factor
values by around 10% with larger deviations at loReynolds numbers, when predicting a
mixed plate model using the average chevron angle.
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with the actual test data from BPHE models witha@s geometric paramete
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5.5 CORRELATION ADJUSTMENT FOR MULTI-PASS HEAT EXCHANGERS

Multi-pass flow arrangement is often required tore@ase the thermal length of the BPHE
units when the pressure drop constraints are moigsht. As observed in Figure 5.7, this
arrangement results in opposite flow arrangemesbme channels at each pass. For counter-
current flow arrangement, some capacity is logha process of reverse heat transfer in the
co-current channels formed at the boundary of eyays, where the cold side becomes
warmer than the hot side locally as highlighted-igure 5.7 and elaborated in Wang et al.
(2007). These co-current channels also bring ddwroterall counter current effectiveness of
the BPHE unit.

60.00

"

55.56

51.11

46.67

|| 42.22
B | | 3778

3333

28,89

24.44

20.00
Figure 5.7 Temperature profile of co-current wéligw in alternate channels in a three pass
25 plate (8 channels per pass) brazed plate heatager

A BPHE unit of dimensions 694x304 mm with 25 platethree-pass arrangement is tested to
quantify the deviation from the methods of predictin current study for multi-pass heat

exchangers. In the developed rating method theamdlhydraulic correlations estimated from

water/water tests on a single pass unit are udeel clirrent rating method equates the multi-
pass heat exchanger to single pass heat exchaypgenbidering the channel flow rates and

number of channels in a single pass. The flow keagd available heat transfer are multiplied
by the number of passes. The process of reverdetdagafer and performance loss due to
counter arrangement in some channels is not caeside

A consistent deviation of around 6% is observetieat transfer and up to 15% in pressure
drop is observed while using the standard step vaitieg method as shown in Figure 5.8 and
5.9. The correction facto® in equation 2.1 equals 0.94 for the tested maoktek correction
factor approaches unity with increasing numberlafgs and decreasing number of passes. In
the tested case, 13% of the effective heat trarestes (3 plates out of 23 effective plates)
operates with reduced efficiency (co-current fleegulting in 6% reduction of total heat load.
This variation can be used as a general rule ahthwhen performing selection of multi-pass
heat exchangers. The variation in pressure drofeaattributed to approximate models used
for port pressure drop and other measurement/hidraarrelation evaluation uncertainties.
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Figure 5.8Deviation of heat load while calculating m-pass heat exchanger with curr
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Figure 5.9Deviation of pressure drop while calculating n-pass heat exchanger w
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5.6 DISCRETIZED RATING METHOD FOR TRANSCRITICAL CO ,; GAS COOLER
CALCULATIONS

5.6.1 Background

Revival of CQ as a commercial refrigerant and characteristicsvarious transcritical
refrigeration cycles are discussed in detail by $deét al. (2010), Cavallini (2004) and others.
The transcritical cycles are characterized by dtlewing distinct features. The heat rejection
taking place is a gas cooler is associated witirgel temperature glide and hence suitable for
hot water heating and steam production applicatidriee high side system pressure is
determined by the refrigerant charge and not byratbn pressure. Refrigerant buffer,
preferably placed on the low pressure side is requior controlling high side pressure. Due
to the relative high pressures in the system amgténdigh volumetric capacity, the system
components have significantly smaller volume. Thghér thermal conductivity of liquid and
vapor phases, large value of specific heat capdoitythe liquid phase, lower values of
kinematic viscosity and surface tension resultselatively higher heat transfer coefficients
for CO; circuits.

Exergetic and energetic analysis as well as opéiige of transcritical C® heat pump
system were presented by Sarkar et al. (2004).eBsoanalysis of a transcritical cycle
composed of an evaporator, expansion device, altémat exchanger, two-stage compressor
and a gas cooler is conducted. The study showghbanfluence of evaporation temperature
and exit gas cooler temperature influence the sysBOP significantly. For intermediate
evaporation temperatures, the internal heat ex@ragffectiveness has marginal influence of
COP. The optimum COP is obtained at higher evaporaemperatures, lower discharge
pressure and lower exit gas cooler temperatures system also has an advantage of offering
low COP runs offering simultaneous cooling and higimperature heating of about 100 to
140°C. Such heating temperature levels are typicalbt achieved by conventional
refrigerants.

The suitability of transcritical refrigeration cgclsing CQ@ as working fluid for intermediate
temperature chillers is studied by Yamasaki e{28l04). The circuit proposed contains a two
stage rotary piston type compressor with a herrsitiell design. The compressor design with
two pistons placed at 180° helps in low vibratiowd anoise. The intermediate pressure stage
was placed on the compressor shell side improviageliability against fatigue and reducing
the shell wall thickness by 35% compared to sirgjgge compressors. A suction line heat
exchanger is used to improve the cooling effect this would result in discharge
temperatures as high as 150°C. To overcome thislgorg an appropriately sized intercooler
was employed between the two compression stagekimgsin a discharge temperature lower
than conventional HFC-refrigerants. Fin and rouubet type heat exchangers are used as
evaporator, gas cooler, inter cooler whereas a-iubagbe type heat model was used for
suction line heat exchanger. The study shows vienjlas pull down time of refrigeration
equipment as compared to the R134a chiller sugggestmilar cooling performance. The two
stage CQcompressor consumed 20% less power compared tdaRIBnpressor.

5.6.2 BPHE as Transcritical CQ gas coolers
BPHEs are used as G@eat exchangers in domestic and industrial heaippwater heaters,

transport refrigeration systems and other commierefageration systems etc. G@as been
widely used for Propane/GCand R134a/C®cascade cycles in applications such as low
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temperature refrigeration systems. Transcritica-coolers used in hot water applications
associated with additional design requirements Wwhicclude withstanding of highe
operating pressure high as 140 bar, provide close temperature approaclverekit gas
cooler temperature, compactness anc weight, doubl-walled design for leak proofing ai
additional limitations on the water side pree drop. Conventional BPHE units we
reinforced using internal and external frames fathstending high operating pressures
shown in Figure 50.

Figure 5.10Examples of framed and n-framed BPHE models used as transcritica, gas-
coolers (adapted from product sheets of SWEP latenmal AB’

The large thermal length required for cases opegatt pressures close to the critical pres
and stringent pressure drop limitations on the waide required using multiple pe
configurations. Using adaptive designs at the regiwhgere large stresses and deforma
exist, the modern designs are capable of operainggher pressures without the neec
additional reinforcement. Using asymmetric designg application specifiplate patterns th
required thermal effectiveness and secondary hyidrparformance is achieved in a sin
pass configuratio

5.6.3 Test Conditions

A modular test rig where various brine to waterthgamps can be plugged into a sin
secondary mode with a capacity range of 82 kW is used for transcritical cycle testing. 1
water flow rate inthe evaporator and the gas cooler are controlled usim circulation
pumps and electronic three way valves. Temperatmethe water side are controllusing
an external cooling water circuit and auxiliary heachangers to utilize the rejected h
from thegas cooler fc the evaporator secondary side. Additionally, a largek thuffer with
additional heating possibilities and mixing cirdidga pump i: used for water entering tt
evaporator. The tests conducted represent the agx \weating case from 17°C to 65°C. -
discharge temperature ranges from 98°C to 120°@. eitit gas cooler temperature depe
on the BPHE effectiveness. Water is cooletm 10° C to 5° C in the evaporator. Varic
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discharge conditions are obtained using compredsequency control and charge
optimization. Refrigerant flow rate is measuredngsCoriolis type mass flow meter with a
standard tolerance of 0.03%. Temperatures on sacpnside and refrigerant side are
measured using PT 100 and Thermocouple- Type Toseneespectively, both having an
adjusted tolerance of 0.05 K. The absolute aneifitial pressure drops are measured using
Rosemount transducers which have a tolerance & thhlhe measurement span.

A non-framed BPHE unit with 14 plates is used a&stdst object. The optimum performance
of the transcritical cycle depends strongly ondiseharge pressure, and this relation varies in
a non monotonic fashion. For a fixed exit tempegtthe change of enthalpy at the inlet and
outlet of the gas cooler varies at different ratésnce, a unique optimum pressure exists for
each exit gas cooler temperature that correspandsakimum efficiency. The experimental
data presented in this section is tested in a presange of 9 to 12 MPa.

5.6.4 Step wise rating method for transcritical CQ calculations

A few discretization schemes for transcritical gasler calculations for BPHESs are presented
in the open literature. Martinez et al. (2010) preed a generalized discretized scheme
(discussed in section 3.2.2) for gas cooler perémae calculations. This method involved
two-dimensional discretization and considers lamgjital wall conduction. However, the
stability in this approach might be an issue beeaais the boundary temperatures are not
specified for performance calculations. Corradile{2006) presented a discretization scheme
rating calculation method for fin and tube gas eo®lwith arbitrary tube layout. The
developed step wise rating method has strong gitirelewith the above method.

Based on the findings in section 3.3.4, the distagbn scheme of 100 sections is used for
the transcritical gas cooler calculations. Thertrarlength requirement for a transcritical gas
cooler depends strongly on the operating pressAtehigher operating pressures the
temperature pinch lies at the exit of the gas aooleat the water inlet in counter flow
arrangement. Due to relatively large available loemperature difference, the thermal length
requirements are minimal and the main constraintBieHE design would be the pressure
drop on the water side. At lower pressures (clas¢hé critical pressure) the temperature
pinch would move to an intermediate location altmgflow path and a significant amount of
area is consumed in this low temperature differeageon.

The step wise rating method is used to generatdotted temperature profiles in the gas
cooler at 9 and 12 MPa for tap water heating appbo. The water temperature is varied
from 15°C to 65°C for a total heat load of 10 kWheTpredicted temperature profiles along
the length of the heat exchanger are plotted agaresa required in Figures 5.11 and 5.12. For
each section, the local GQvater and overall heat transfer coefficients lsarobtained. The
heat transfer coefficient on the water side is abi@rized by relatively low variation along
the length of the heat exchanger. These variattamsbe attributed to variation of thermo-
physical properties and to some extent the vanaitioratio of bulk to wall viscosity. The
single phase heat transfer coefficient on,&@le is relatively low at the gas cooler inlet
where the larger temperature difference exists. [@fge variation in heat transfer coefficient
on CQ and water sides highlights the need for an asymenBPHE design for gas cooler
applications. The distribution of heat transferflioent at various sections in the discretized
counter current scheme is shown in Figure 5.13 thighgas cooler inlet placed to the left.
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Figure 5.11Calculated temperature profiles along the lengthhef heat exchanger plott
against the requirc areafor gas cooling with Ci, inlet pressure of 9 MPa
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Figure 5.12Calculated temperature profiles along the lengthhef heat exchanger plott
against the requirc areafor gas cooling with Ci, inlet pressure of 12 MPa
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Figure 5.13Calculated C(, water and overall heat transfer coefficients atouwsisection
alongthe length of the heat exchanger in a 10 kW tagmagating applicatic

For verifying the salability of the developed stwise rating method, two sets of transcriti
cycle tests are conducted in the pressure rangés) & to 10.5 MPa and (2) 10to 12.5
MPa. The test data obtained from tests at relatikgh pressures is used for creating a sii
phase correlation (Equation 2.9) fthe local heat transfer coefficient using the met
outlined in section 3.5. The least square methogl@yed far developing the correlatic
resulted in a maximum deviation of around 2% betwi®e tested and predicted heat lo:
The pressure drops on the ; and vater sides are © evaluated by fitting the te data and
local pressure drop relations (Equation1). The local bulk fluid properties in ea
discretized section are determined at the avereggspre and entlpy of the inlet and outle
nodes of fluidelements. The local wall fluid properties are deieed at the average
pressure and averaged tenature of corresponding wall element as outlineseation 3.3. A
very low error (less than 0.5% ithe tested pressure enthalpy range) exists in cap
calculations and determination of -dimensional numberbecauseéhe methods outlined i
section 3.4.2 are used for fluid property calcolagi

The evaluated singe phase thermal and hydraulieladions derived from tests with higt
CO; inlet pressure are than compared to the test diéitaG@; inlet pressure rating from 9
MPa to 10.5 MPa. The comparison of the tested aadigted heat transfer correlations
presented in igures 5.4 and 5.15A maximum deviation of around 5% is observedha
predicted and measured heat load for the low pregssts. A pcion of the difference can t
attributed to the measurement errbecausehese tests were required lte run at a very
close temperature approach due to high effectiseotthe tested BPHE unit. The validity
using generalized local heat transfer pressure drop correlations for cases with lar
varying temperature profiles and local fluid prdjees prove the robustness of the develc
stepwise rating method for transcritical gas coosdculations

82



ANwWPr v)Model ONw/(Pr"v)Test

1000
100 a1
R A8
i
L
&
z
10 a | [ |
il
1
100 1000 10000
Re

Figure 5.14 Single phase correlation evation for C(; gas cooler tests conducted at
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5.7 DISCRETIZED RATING METHOD NON PHASE-CHANGE PROCESSES WITH
SIGNIFICANT FLUID PROPERTY VARIATION

The discretized calculations are essential in cadese the thermo-physical properties of the
process media change significantly during the traatsfer process (for example, in industrial
and engine oil cooling, heat recovery applicatiets). Lumped analyses usually assume a
reference temperature for each side, such as a teegyerature, for determining the fluid
properties required to estimate the overall therarad hydrodynamic behavior. In case of
large variation of physical properties from inletdutlet or from wall to the bulk conditions, a
discretized scheme would model the process withtively better generality and accuracy.
An attempt is made to compare the averaged pregedi various fluids with properties
determined at a mean reference temperature. Thew@ustemperature range for most of the
fluids is from 0°C to 100°C. This range is dividedo 5000 sections and the average of
properties such as density, dynamic viscosity,nti@rconductivity and specific heat for all
these sections are determined. These values arectimepared to reference properties which
are determined at the mean value of the observegheature range. Table 5.1 lists the
variation of a few fluids used in the process avatifindustry.

Minimum Maximum Mean Density Dynamic Thermal Sl;:::c Maximum
FluidName Temperature| Temperature | Temperature | Variation Viscosity | Conductivity Variation -\-’a riation
[°C] [°C] [°C] [%] Variation [%]|Variation [%] (%]
Rapeseed Qi 0.0 100.0 50.0 0.0 4573 0.1 0.2 457.3
Engine Oil 0.0 100.0 50.0 0.0 316.1 0.1 0.0 316.1
Olive Qi 0.0 100.0 50.0 0.0 240.7 0.1 0.2 240.7
Coconut Oil 0.0 100.0 50.0 0.0 2103 0.1 0.2 2103
Glycerine 85% + Water 15% 5.0 85.0 45.0 0.0 129.0 0.0 0.0 129.0
Water 0.0 100.0 50.0 0.3 249 13 0.2 24.9

Diesel Qi 11.9 100.0 55.9 0.0 19.7 0.0 0.0 19.7
Kerosene 0.0 91.9 45.9 0.1 10.2 0.1 0.1 10.2

Petrol 0.0 46.9 234 0.0 0.9 0.0 0.0 0.9

Table 5.1 Absolute variation of averaged and refeggmean) thermo-physical properties of
various process fluids over a temperature range

Such a comparison could be used as an indicatiotihéovalidity of adopting lumped analysis
for representing the process. Using a lumped aisalys evaluation of thermal and hydraulic
correlations from test data involving fluids witir¢e property variation should be eliminated.
As observed from Table 5.1, the dynamic viscosésias significantly between the averaged
and mean properties compared to other properties.variation of dynamic viscosity would
influence the determination of local Reynolds amdnétl numbers and hence adversely
influence the heat exchanger rating and correlai@iuations.

Moreover, large variations in dynamic viscosity ateserved for high viscous fluids which
would usually offer the main heat transfer and guwes drop limitations in the heat exchanger
selection process. Large variation in BPHE selestiare observed while using the lumped or
discretized analysis for processes involving fluidgth significant dynamic viscosity
variation. A comparison of the lumped and discegtianalysis for processes involving heat
transfer from Engine Oil to Water and from Diesel ©©0 Water is presented in Figure 5.16
and 5.17. The flow rates on the oil sides are dafiem 0.1 to 1 kg/s with inlet temperature
ranging from 100°C to 90°C. On the Water side,ftbe rate is varied from 3 to 4 kg/s with
inlet temperature varying from 10°C to 20°C. Thi#edence in the pressure drop/heat transfer
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prediction using lumped and discretized analysismigse evident while involving fluids wit
largely varying dynamic viscosi
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5.8 MINIMUM RESOLUTION REQUIRED FOR DISCRETIZED CALCULATIONS

The minimum required resolution for the stepwisectitization scheme depends on
refrigerant, type of calculation and operating dtions. It is important to resolve the suj
heated and subeoled regions with sufficient resolution for detéming conditions such &
onset of boiling or condensation at the walls daodlfproperty variation. Typically, a sup
heat of 5K and sub coog of 2K are maintained in evaporators and conden3drese sing|
phase regions only account for 1% to 3% of thel twapacity. The total required resoluti
for the discretized schemes depends on the resolutsed in these areas. The total ¢
requred in a condenser with a sub cooling of 2K fooadensation temperature of 42°C ¢
refrigerant inlet temperature of 70°C is plotteciagt the cells used in the minimum capa
region (sub cooled region in this caseFigure 518.
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Figure 5.18 Minimum cell resolution required for modeling comnders for variou
refrigerants with a sub cooling of 2K, condensiegperature of 42°C and refrigerant ir
temperature of 70°

The required resolution increases linearly withréasing cells in theminimum capacity
region. However, larger cell resolutions are corapanally expensive and hence increase
calculation time significantly in selection calctidens. In order to encounter this, low
resolution for minimum capacity regions in chosel fluid properties are averaged witt
these cells. Stability in the calculation resuisaiso considered in setting the maxim
resolution as outlined in section 3.3.4. Furthke tells in the regions where the satura
temperature is crossed arether resolved as described in section 3.3.3. Is $tudy, ¢
maximum resolution of 200 cells is used which worddult in 3 to 4 cells in sub cooli
region in the condenser calculations and 6 to Tsdel the super heated region in -
evaporator caldations for the standard operating conditions. Eascade calculations, t
total number of cells is set based on the condesskr operating conditions and me
resolution studies conducted with common refrigegyamder standard operating conditic
For all operating conditions, the topology functibtyais further adjusted such thea
specifiedminimum resolution is achieved in the minimum capa®gions.
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5.9 AVERAGED HEAT TRANSFER COEFFICIENT IN PHASE CHANGE
APPLICATIONS

5.9.1 Testing of Brazed Plate Condensers and Evaporaso
The estimation of averaged refrigerant heat transtefficient and the calibration of the

stepwise rating method for phase change calcut@wa carried out using the experimental
data obtained from SWEP International AB. The corsee and evaporator test data for
R410A, R407C and R134a is obtained from two teg with varying heat load ranges but
similar design (Figure 5.19). A cooling heat loadge of 15 kW to 190 kW is obtained using
2 to 4 hermit scroll compressors with frequencyemaers. Helical oil separators are used for
each compressor to minimize the oil circulatiorthe system. For R134a tests, twin screw
compressor connected in parallel with integratédeparators are used.

(il seperators

OOq>

Condenser

Expansion valve

@ Temperature Sensor
@ Three way valve

Pressure gauge @ Sub cooling control valve
é) Differential pressure measurement (V) Volume flow meter
E] Refrigerant filter @ Refrigerant mass flow meter

Figure 5.19: Schematic of the test rig used for G®&4R134a/R407C condenser and
evaporator tests

A separate water circuit with three way valvesssdito set the sub cooled liquid temperature
before the expansion valve, condenser inlet tenyrerand super heat at compressor inlet.
Electronic expansion valve from Siemens togethén wiPID controller is used for control of
super heat. Refrigerant mass flow rate is deterthusgng a Micromotion Coriolis mass flow
meter. The volume flow rate on the secondary sglelatermined using Kohne Ecoflux
volume flow meter with an accuracy of +2%. Typehk€imocouples with an accuracy of +0.5
K are used for temperature measurement. Local ales@ressure and pressure drop are
measured using Druck pressure transducers and Ros¢mifferential pressure transducers
with an accuracy of +2 kPa. Test points are logggdg an in-house developed program at a
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desired frequency. The test points are logwhen tensequential observations have
guantities such as heat load, temperatur¢ pressures within specified limits. The capabi
tests done on these test rigs using variouscondition« and several BPHE samples of sg
model showed a maximum deviation of around +0.3katuration temperature fa given
heat flux.

5.9.2 Condenation in brazed plate heat exchange

The overall heat transfer coefficient for a givefrigerant during condensation in plate
exchangers is strongly dependent on the overall fidg degree of subcooling, refrigere
inlet temperature, loctemperature difference between the refrigerantsmedndary side ar
the secondary flow rates. The refrigerant chanmesgure drop is significantly lower th
during evaporation at lower pressures and do nwee lsgnificant influence on the loc
tempeature profiles. It is a common practice to predéet performance of condenser us
the temperature approach versus heat flux curnethelse curves, the heat flux represents
size of the heat exchanger and the temperature@agprepresents the ndensing pressul
and hence acts as a measure of COP of the refigsgstem. However, the princig
drawback in such a representation is that theseesuaire only unique for a given operat
condition As shown in igure 5.20 several curves might brequired depending on ti
participating media, operating conditions and flamangement

< T ref in = 70°C, Tsecondary = 40°C
OT ref in = 70°C, Tsecondary = 30°C

T ref in = 70°C, Tsecondary = 30°C
X T ref in = 70°C, Tsecondary = 40°C

-45°C, Sub Cooling = 2K
- 35°C, Sub Cooling = 2K
- 35°C, Sub Cooling = 2K, Co Current
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Figure 5.20 Representation of a condenser performance usaa fux vs. temperatul
approach curveat various operating conditions and flow arrangets

This approach is purely relative in nature and could identify the principle constraints
the condensation process and hence could not eaifsetively in developing generaliz:
correlations and also for enhancing existing dessi¢ym thissection, arapproximate averag
heat transfer coefficient for condensation is d=tivased on the operating conditions wi
could be used to isolate contributions from theigefant and secondary sides and
provides away to compare the performance while ig various refrigerants. The ma
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limitation in deriving the overall heat transferefficient in phase change applications is
lack of definition for the mean temperature diffece. In current study, an averaged LMTL
calculated from the LMTDs of arious refrigerant zones (sujheatel gas, phase chan
region, subooled liquid) using a weighing method presentedalmer (2000

LMTD,,, = Qora (5.8)
[(UA), +(UA), +(UA), |

The localUAvalues are calculated using the heat load anditbgac temperature differenc

of each of these zones. The overall heat transigficient is then determined

U.,, =Q/(ALMTD,,) (5.9)

avg
The averaged refrigerant heat transcoefficient can then be derived considering aved:
secondary side heat transfer coefficient and atb&istances using standard definition of
overall heat transfer coefficie

Uavg = I:hr_;-f + r.gelcondary-l_ Wr:l (510)
In the above equatiorhe secondary side heat transfer coefficient isrdeted as a lumpe
value at the mean secondary temperature. The deaweragerefrigerant phase change h
transfer correlation includ the contribution of the local heat transfer coedints and ala
consumed by the subcooled liquid region and thesgated gas regions. However, suc
definition could be used ( to identify the relative thermal resistances on tHfegerant anc
secondary sides for improving BPHE designsfor comparison of osrall performance c
various refrigerants and (3) for validating emmfiteat transfer models against labora
data. The magnitude of the averaged refrigerantlQR¥ and secondary heat trans
coefficient in a condenser (86 plates) operating ityfical chiller conditions (Refrigerai
inlet temperature 70°C, Water temperature 40°C3tC4 sub cooling of 2k is shown in
Figure 5.21 The single phase heat transfer coefficient is 8 times larger than the avera(
refrigerant heat transfecoefficient calculated using equation 2. This indicats that the
major thermal resistance in brazed plate condensemn the refrigerant side and hel
asymmetric designs are more suitable for thesacapioins

& Water OR410A
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Figure 5.21 Comparison of magnides of averaged secondary and refrigerant heagfén
coefficients in a typical water chiller operatingnclitions in i brazed plateondense
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An alternative approach is also used to compar®wsioperating conditions and refriger.
performance in (ndensers. The liquid Reynolds number for the coselenhannel flow i
determined using liquid refrigerant propertiesha saturation pressure. For a heat flux re
of 4 - 12 kW/m?, this value is determined to be in thegenf 500 to 2000 (which ispically
in the transition&full turbulent single phase flow region). The exjgecsingle phase he
transfer coefficient corresponding to this liquidyRolds number is determined. The ratic
the calculated average refrigerant side heat teansbeffiient (Equation 5.0) and the
corresponding single phase heat transfer coeftiaepresented as a function of the lig
Reynolds number. This parameter is termed as thledfecement of averaged refrigerant t
transfer coefficient” or just “enhancem” in the following section:

The enhancement of R410A and R134a in a BPHE modils chevron angle of 61
pressing depth of 2 mm and a cell aspect rati3.5 are presented in figure 2. R134a
shows a relatively constant enhancement of 1.9.XarRheat fluxes greater than10 kW/r
The enhancement in R410A is strongly dependent hen liquid Reynolds number ai
asymptotically approaches 1.5 at higher heat fluXes different operating conditiol
(secondary temperature changing from 30°C to 35t the same heat exchanger,
influence of flow arrangement on the enhancemeabserved for the R410A and R134a. ~
enhancement in ~current arrangement is lower than for the counterent arrangement at
given channel flow rate, and the variatirate seems to be constant for both refriger
(Figure 5.23. The enhancement in R410A for condensation aesaperating conditions |
BPHE models with different chevron angles are camban Figure 5.24 Similar trends ar
observed in all the BPHE mcls, but with asmall deviation in 58° chevron model at hig
heat fluxes.
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Figure 5.22 Comparison of enhancement of averaged refrigesidetheat transfer coefficie
for R410A and R134a in a 61° chevron angle heathaxger (Secondary temperat
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Figure 5.24 Comparison of enhancement of averaged refrigesidetheat transfer coefficie
of R410A for BPHE models with chevron angle of 5&t; and 67
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The enhancement of averaged condensation heatferaocgefficient in symmeic and
asymmetic models (models with different hydraul@ndeter on the refrigerant and seconc
sides, usually with lower hydraulic diameter on teé&igerant side) is compared Figure
5.25 Considerable deviation in enhacement is obseatesame opeating conditions. Thi:
could be attributed to the variation in condensati@haviour at lower hydraulic diamet
and also due to influence of the refrigerant pressirop on the local temperature profil
The enhacement in R407C in BPHE models witfferent chevron agles is presented
Figure 5.26 The enhacement trends are similar to R410A wigihdr enhancement at low
flow rates. The ehancement in R134a condensationeps is shown ilFigure 5.27. The
trends in models with chevron angle 65d 58° agree with each other while consider:
deviation is observed in the model with 45° at loilew rates. This could be principal
attributed to the lack of accurate single phaseiptien models at low flow rates for the us
45° model.

In the studiedange, the contribution of the gravity controlleshgponent for the averag:
condensation heat transfer coefficient is verygnsgicant. The dominating compant is the
shear controlled condensation and is many ordergedathan the gravity coniled
component. The current study approximates thegefant heat transfer cofficient withc
considering the contribution from the subcooled aogher heated regions. However,
trends observed in the enhacement of various egfigs in a single BFE models and th
trends observed for each refrigerant across modéls different geometric pramete
highlight the possibility of development of gené&eadl correlations for condensation h
transfer coefficients in BPHE
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Figure 5.25 Comparison of enhancement of averaged refrigesidetheat transfer coefficie
of R410A for symmetric and asymmetric BPHE mod
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5.9.3 Evaporation in brazed plate heat exchangers

The estimation of thermal and hydraulic charactiegsof brazed plate evaporators requires
consideration of several parameters other thampleeating conditions. On one hand, overall
heat flux, degree of super heating, temperaturieréiice and flow rates on the secondary
side, operating pressure and refrigerant inlet vapality directly influence the local heat
transfer coefficients. On the other hand, the perémce of the evaporator is quite sensitive to
the primary and secondary flow distribution. Unifordistribution within the channels
improves the available area and local temperatifferences and hence reduces the area
required for super heating.

Non-uniform distribution from the port manifolds tine individual channels results in
excessive area usage for the super heating seetmzhgrossly reduces the thermal efficiency
of the evaporators. Unlike the condensers, thagesfint at the inlet of the evaporator is
usually gas-liquid mixture with vapor quality ofl0to 0.3 and void fractions ranging from 40
to 80%. The flow regimes and the velocity of thérigerant govern the degree of flow
separation in the port manifolds to some extenpagsed flow regimes at the inlet, larger
plate packages, excessive port pressure drop ipaason with the channel pressure drop are
some of the principal reasons for non-uniform gefrant distribution. It is of common
practice to employ some sort of auxiliary distribatdevices to improve the refrigerant flow
distribution. One of the common approaches forrowmg refrigerant distribution involves
direct expansion of the refrigerant into the indiwal channels from the inlet port using fixed
orifice distribution rings. This mechanism prevetite by-pass of separated gas in the port
manifold through the initial channels by partiadiiminating paths of minimum resistance.
The amount of non-uniformity in refrigerant disutibn (or maldistribution) is usually a
function of the ratio of the difference of refrigat port pressure drop and the channel
pressure drops. The quantification of the influerafe maldistribution on the thermal
performance, design of the plate geometry to erdnanea utilization etc., is beyond the scope
of this work. However, the presence of the stragigtronship between refrigerant distribution
and evaporator performance suggest that produdtifEpeorrelations are more apt than
generalized correlations for evaporator calculaioRurther, correction factors for these
product specific evaporator correlations might &guired for larger plate packages and while
using different auxiliary distribution devices.

The refrigerant pressure drop in the channels iaperators is larger in magnitude as
compared to the condensers at the same refriglcantrate. The refrigerant pressure drop
also influences the local temperature differenced hence has very large impact of the
required heat transfer area. For instance, 10 KRafogerant pressure drop during R134a
evaporation would decrease the local temperatdifereince by as much as 1K. Similar to the
condensation process, the larger thermal resistdndeg evaporation process lies on the
refrigerant side. The averaged heat transfer aoeffi in a typical chiller operating condition
(Water temperature changing from 12°C to 7°C, supeat of 5K, sub cooled liquid
temperature between 35°C to 40°C) calculated usiatihhod outline in section 5.9.2 is shown
in Figure 5.28. The secondary heat transfer caefficis 4 to 6 times larger than the
refrigerant heat transfer coefficient. This calls Asymmetric channel designs to boost the
refrigerant heat transfer characteristics whilesidering the temperature difference penalty
due to additional refrigerant pressure drop. Ofir@rcipal design features that are desirable
for improving the performance of the evaporatordude the distribution and temperature
difference utilization in the super heating arameahsioning of the outlet port for easy exit of
super heated gas. For heat pump applications,vilygoeators usually operate at lower heat
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flux. Due to low operating temperatures, brineshsas alcoh«-water mixtures or glyc-
water mixtures are used on the secoy side. The heat transfer process in these condiig
characterized by low Reynolds number flow are simihermal resistance on primary ¢
secondary side:

O'Water OR410A
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Averaged Heat Transfer Coefficient [W/ (m? K)]

Figure 5.28 Comparison of magnitudes of averaged secondatyrefnigerant heat transf
coefficient in typical water chiller operating cotwins in ¢ brazed platevaporato

The enhancement of the averaged refrigerant heaasfer coefficient is observed to

relatively independent of the chevron angle dumoegdensation. The influencof chevron
angle on this enhancement during evaporation ispeoed for various refrigerants in Figui
5.29, 5.30and 5.1. In all the cases, the enhancement tends to iserat lower chevro
angles. During the calculation of the enhancemantof, theinfluence of the refrigerar
channel pressure drop on the local temperatureilggoflong length of the BPHE

considered. Higher chevron angle models are adedoveth higher refrigerant pressure di
and hence, close temperature profiles along tngth of the heat exchanger. This wo
lower the evaporation temperature to attain a givesat load and results in low
enhancement factors. The evaporator performan@se strongly dependent on the fl
length; flow width and pressing depth of theate pattern as these parameters stro
influence the refrigerant pressure drop. Increasirggflow width and minimizing the flo
length would reduce the refrigerant pressure drdgpamuld severely influence the-channel
flow distribution and local Fat transfer coefficients. In wider heat exchangtrs,ir-channel
distribution can be improved by having the strs crosseonnected (full counter flow in tr
middle of the channel but cross flow in port regpnFor all refrigerants, the over
enhancment of averaged evaporation refrigeration heaistiex coefficient is observed to

in the order of 1.5 to 3, which is similar to tlserved during the condensation proc
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Figure 5.31 Comparison of the enhancement of averaged re#ngeside heat transf
coefficient of R407C for BPHE models with chevraomgbe of 58°, 61° and 67

The evaporation heat transfer enhancement is cadgar symmetric and asymmetric BPI
models with same outer dimensions and operatirgjnaitar conditions in Figure 52. The
enhancement for the asymmetric model is relatil@her at low flow conditions and high
than the symmetric model at the higher capacitiesyvever, due to enhanc single phase
flow characteristics of the refrigerant channelsyrametric models are very suitable
evaporation of refrigeranwhich have relatively lower temperature pena AT, /AP,,,) for

a given channel pressure drop. These asymmetriel¢ehd to enhance the refrigerant t
transfer coefficient to the same order as the s#gnheat transfer coefficient, increasing
overall heat transfer coefficier

Similar to the condention process, the enhancement in th-current evaporation process
lower compared to that of counter current evaponafiFigure 5.3). This is valid compariso
for cases with relatively higher degree of supeating. For conditions without superhing
the counter current and -current performance tends to be similar. For refagts witr
larger temperature penalty for a given channelgumesdrop, such as R134a, it is desirabl
operate in caurrent arrangemeiwhen nosuper hei is required. h those conditions, due
better temperature profiles, -current arrangement offers better thermal efficyeras
compared to counter current flow arrangem

97



& SymmetricModel [OAsymmetric Model

rJ
<

Enhancement oftheaveraged refrigerant heat
transfer coefficient

200 400 600 800 1000 1200 1400
ReLiquid

Figure 5.32 Comparison of the enhancement of averaged refmgeside heat transf
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5.9.4 Stepwise condenser rating calculations

The developed step wise rating method is testegddiorming condenser rating calculations.
Laboratory condenser test data involving BPHE nm®deith different chevron angles for
refrigerants R410A, R407C and R134a is used. Basethe estimation in section 5.8, a
minimum discretization resolution of 200 cells sed resulting in a minimum of 3-4 cells in
the sub-cooled region. The cells in which the sdion temperature is crossed by are further
discretized to isolate the single phase and coradiemsregions.

The local condensation heat transfer coefficierthanphase change regions is determined as
the root mean square value of local gravity cotgcbbnd shear controlled condensation heat
transfer coefficients. The correction fact@¥ is a function of the flow arrangement,

refrigerant and chevron angle of the BPHE model.

he, = Qc(hér + hﬁh)o's (5.11)
hy =1.1CoRgy** (5.12)
Co= 4 [ﬂ? / (Pf LPr = ] 9)]_0'333 (5.13)

The shear controlled condensation heat transfefficieat is determined using the single
phase heat transfer coefficient determined at iheid only Reynolds number. For the
generalized model, the correction facty is set to 1.3. The two-phase refrigerant pressure

drop is determined using methods outlined in sacfidb. For each cell, the overall heat
transfer coefficient and hence, area required fohniewving the assigned heat load are
determined. The value of area required per cetuither integrated to determine the total
required area for the specified heat load. Theoratithe area available to area required is
returned by the rating program as the over-surfao®@. The local heat transfer coefficients
are area averaged to determine the averaged mafnigand secondary side heat transfer
coefficient. The heat transfer coefficient profite a typical counter current condensing case
in a 58° chevron angle BPHE is shown in Figure 5.3he water temperature varies from
30°C to 35°C and R410A condenses at 38°C at aflieadf 11 kW/m2. The degree of sub-
cooling is set to 2K and the refrigerant inlet temgiure to 90°C. The local heat transfer
coefficients on the refrigerant and secondary sice plotted against the area required for
various zones in the BPHE. As shown in Figure 51tB&, de-superheating area consumes
around 30% of the area in the BPHE. The local lweaisfer coefficients are several times
lower than the secondary heat transfer coefficiast®bserved in section 5.9.2 for standard
chiller conditions.

Using the general correction factor 0f = 1.3, the model is used to rate the laboratosy te

points of various BPHE models and refrigerants. Tikat load, and hence the overall heat
transfer coefficient, for all these points is potedd with a maximum deviation of £15% as

shown in Figure 5.35. Using product and refrigerspecific correlations, the accuracy of

predictions can be further improved. For instan@ng product specific correction factors,

the error in prediction of overall heat transfeeffimient is reduced to less than 5% (Paper-4).
This corresponds to max error of 0.4 K in the satan temperature prediction at a specified
heat load.
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5.9.5 Stepwise evaporator rating calculations

Stepwise evaporator method is developed for evémorating calculations and an attempt to
generalize the super-imposition model (EquatiomRf8r local evaporation heat transfer
coefficient is made. For this reason, the predidirom the rating method are compared to
experimental data for various refrigerants and BRhtitlels with various chevron angles. A
minimum resolution of 200 sections is employed llova for sufficient cells in the super
heated region.

The local two-phase evaporation heat transfer wnefit is determined as a linear super
position of contributions from saturated nucleatéitbg and convective boiling.

hfg = Qe(hNCB+ F hCB) (514)

The correction factof, is a function of BPHE geometry, refrigerant udéaly arrangement

and other factors influencing the primary and sdeoy distribution. The convective boiling
enhancement factor is derived as function of thetikli parameter and the empirical
constants of the single phase channel pressure doogelation. The nucleate boiling
contribution is derived from Chen based in-housgeatation and is a function of reduced
pressure and local heat flux.

Pes = hNCB( P, q) (5.15)

The local heat flux during wall temperature itesag is determined based on calculated cell
area from previous iterations. Due to the sensitiadure of the information, the exact

correlations used for modeling local evaporatioathieansfer coefficient cannot be published
here. The two-phase refrigerant pressure droptesméed using methods outlined in section
2.5.

The local heat transfer coefficient profile agaittet area required for various zones in the
BPHE with 58° chevron angle during stepwise evagmmmacalculations is shown in Figure
5.36. For this example, a standard chiller condi{iBefrigerant inlet quality: 0.3, Degree of
superheat: 5K, Water temperature varying from 18C7°C, Evaporation temperature of
4°C) is used. The shown values correspond to awiise heat flux of around 11 kW/mz2. As
established in section 5.9.3, the refrigerant r@atsfer coefficient is several times lower than
the local secondary heat transfer coefficient fuller operating conditions. However, in heat
pump applications operating at lower heat flux, thermal resistance will be of same
magnitude on refrigerant and secondary sides.

The results of the rating calculations while usangeneral correction factdR, of 0.7 are

shown in Figure 5.37. As observed from the secbdh3, the evaporator performance is
strongly dependent on the BPHE model as well agdheerant. Test data with relatively
low number of plates is used in this study to atiaté the influence of flow maldistribution
on thermal efficiency of the heat exchanger. Theegalized model predicted the performance
of several tests with an accuracy of around +30%s Talls for optimization of specific
correlations dependent on the BPHE model, refrigeeand flow arrangement even while
using the stepwise rating method. The value ofttireection factor typically lies in the range
of 0.6 to 1.1. These values are derived from oatmon of test data obtained for various
BPHE models and refrigerants.
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5.10 DISCUSSION

The application of developed step wise rating fimgle phase, condenser and evaporator
calculations is presented. Test methodology empldge obtaining single phase and two-
phase test data is briefly mentioned. Generalizegles phase thermal and hydraulic
correlations developed as function of flow condisoand BPHE dimensions can be used
effectively for prediction of virtual products witla safety margin of 15%. However,
improvement for these generalized correlation arpiired for asymmetric models and non-
chevron pattern plate designs. Additional correctiactors are required for multi-pass
arrangements. Stepwise rating method improved #éheukations with largely varying fluid
properties. Due to its generality, the same catmraoutines are successfully used for single
phase, transcritical, evaporation, condensation ea&taded applications. Condenser and
evaporation applications call for product, refreyerand flow arrangement specific correction
factors for determining local two-phase heat transbefficients.
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6.0 CONCLUDING REMARKS

6.1 CONCLUSIONS

The current work aimed at exploring various methofithermal and hydraulic performance
estimation of compact brazed heat exchangers apgriat several applications. Simplified,
fast and order reduced modeling techniques areiresjfior modeling BPHESs in selection
software and in refrigeration system simulationgoamns. An attempt was made during the
pre-study of this thesis work (Gullapalli 2008) nmdel the BPHEs as fluid systems. That
method facilitated the modeling of complex flow lp@atvith fluid elements extended between
nodes. The fluid elements were characterized bylthe rate and pressure drop whereas the
nodes were characterized by local enthalpy andspresThe 1D finite volume approach was
successful in modeling complex flow arrangementsltirstream arrangements and to some
extent the flow maldistribution in BPHEs. Howevdue to computational limitations, such a
model could not be successfully implemented in BRidEction software.

In the current study, a further simplified, yet ttnoous, general and robust rating method is
developed for implementation in BPHE selection wafe. The pressure-enthalpy based
method is general and the same calculation framlewan be used for all applications. The
developed model is chosen to be a rating modelb@iindary temperature specified). This
improved the stability and improved the convergerat@aracteristics of the iterative
calculations. The sub routines used for single @laasl phase change thermal and hydraulic
correlations are chosen to be continuous. High edegf accuracy is achieved by using
simplified and continuous correlations and prodspecific correction factors. However,
being a 1D model, additional correction factors aggquired to handle multi-pass flow
arrangements, maldistribution in refrigerant ancbselary sides, cross flow arrangement and
other influential factors. The suitability of thewkloped method for various single phase
applications, transcritical GQOcalculations, condenser calculations, evaporasbcutations
are presented in the previous chapters. The deselopethod is currently implemented in
SWEP BPHE selection software for transcritical ;C€lculations and cascaded BPHE
calculations. Currently, work is ongoing to extehe developed method for condenser and
evaporator rating calculations.

A new finite grid interpolation based method is eleped for fast and accurate retrieval of
fluid properties. The method involves creating @y maps in pressure enthalpy domain
based on standard databases as NIST REFPROP. dihatsaenaps can then be used for
determining fluid properties by local finite elenteinterpolation (resulting in first order
continuous properties). Using efficient data swoes and indexing, excellent speed is
achieved in fluid property retrieval. The size bktdata maps are optimized aiming at a
maximum deviation of 1% from standard databases.

Several other calculation software applications @egeloped during the thesis work for
dealing with requirements such as data import/ gxplata visualization, curve fitting using
non linear regression and single objective optitiora Software for single phase and two-
phase test data evaluation is developed which emplarious search techniques and meta-
heuristic techniques for determining empirical danss in product specific thermal and
hydraulic correlations. The generalized single phthermal and hydraulic correlations were
developed using non-linear regression technique.
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The suitability of using commercial computationalid dynamics (CFD) codes for prediction
of single phase thermal and hydraulic performarfcplate heat exchangers is investigated.
CFD based methods play a major role in new prodegtlopment, particularly of modern
non-chevron type, application oriented asymmetiateppatterns. In the current work, a brief
introduction to the governing equation of fluidloRANS turbulence models and near wall
treatment is presented. Guidelines for fluid cand Aoundary meshing are presented based
on mesh independent studies on channel fluid geasetvarious wall thermal boundary
conditions are investigated and the simulationsiltesare compared with experimental data
and results from conjugate heat transfer simulatidParametric studies on fluid sections
characterized by various chevron angles are coaduahd the results are compared with
experimental data. The influence of choice of tlehoe models is determined using
simulation of entire channels. Furthermore, thealization of flow patterns while using fluid
sections having different chevron angles is alssg@nted.

The results observed for the condenser and evapocaiculations using the developed
stepwise rating method suggests that the heatféraasd pressure drop in BPHEs could be
predicted with reasonable accuracy using produetip correlations in the most commonly
used operating conditions. Further work is requiedalibrate models at very low Reynolds
number conditions and during asymmetric loads inaldgircuit heat exchangers.
Investigations of CFD simulations showed that comuia¢ CFD codes could be useful for
determining relative performance variation of diffet plate designs and for improving plate
designs for better in-channel flow distribution.
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In this paper, the thermal and hydraulic characsétids of corrugated fluid channels of

compact brazed plate heat exchangers are investigély computational fluid dynamics

(CFD) simulations using the commercial CFD softwafdSYS CFX 14.0. The influence of
geometry parameters of the corrugated pattern saglehevron angle and corrugation pitch

on the BPHE performance is investigated on smaidi fsection geometries. The influence of
various types of wall heat transfer boundary codig on the simulation results is also

studied. An entire fluid channel is simulated usmagous turbulence models in the Reynolds
number range of 300 to 3000. The CFD predictions also validated using data obtained

from laboratory experiments. The simulations @ émtire fluid channel under-predict heat

transfer and pressure drop by 20-30% and 10-35%ee8vely. The results from the small

fluid sections suggest that the CFD simulations barused as a reasonably effective tool in
determining the relative performance variation afieus plate patterns.

INTRODUCTION

A compact brazed plate heat exchanger (BPHE) ii¢ bpiby a plate package of corrugated
stainless steel channel plates brazed togetheg umsaterials such as copper and nickel in a
vacuum brazing process. During this process, aeljtaxction is formed at every contact point
between plate material and brazing material resyitn very strong units that are suitable for
operation at higher pressures. The corrugated lzdatain four apertures at corner points.
Alternate plates are arranged at 180° to each dthehe plate package resulting in the
formation of inlet/ outlet ports and two separateups of channels. Compact brazed plate
heat exchangers have been widely used in a vasfetypplications such as air-conditioning
and refrigeration, district heating and coolinggdgorocessing and industrial applications etc.
Close temperature approach, lower refrigerant ehaagility to withstand higher operating
pressures, compactness and scalability make thesd&=Bnodels suitable for a wide variety
of applications. The performance of the plate heathanger is governed by the
characteristics of the pressed pattern on thegldtee chevron or the herring-bone pattern is
the most commonly used pattern. The principal gegnmarameters influencing the thermal
and hydraulic performance in the chevron patteciuote the chevron angle, corrugation
pitch, pressing depth of the plate pattern etc. dievron angle of the corrugation pattern is
defined as half of the included angle of the coatigp pattern. Extended details on the
construction, materials and applications of BPHE& lsa found in Wang et al. [1].
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The thermal and hydraulic behavior for the crossrugated channels have been wid
studied on various designs for several investigaiGorrelations proposed in the literature
single phase flow characteristics in plate heahargers are summarized in Wang et al.
and Ayub. [2]. Muley and Manglik [3] studied mixgdiate arrangeents for chevron angle
30° and 60° using vegetable oil and water as thdianéleavner et al. [4] studied water flc
in mixed plate heat exchangers with a number ofvidre angle combinations. Tt
experimental data was used to develop empiricaletadicns for heat transfer and press
drop with dedicated correlation constants for albbdels. Focke et al. [5] presented
empirical correlation for models with various chavrangles in Reynolds number range o
to 16000. By increasing the chevron anfrom 0° to 80°, the pressure drop increased by
orders of magnitude and the heat transfer increayged factor of 4 to 10. Effect of pla
aspect ratio (flow length to flow width ratio) ordt transfer and pressure drop was stu
by Lee et al. [6] Three different models having aspect ratios 2,a2d 4 and a chevron ang
of 35° were studied in the Reynolds number rangenf600 to 3200. An increase in h
transfer and decrease in pressure drop were olusaritle an increase in plate aspect r:
Dovic et al. [7] investigated the flow mechanismcioss corrugated channels with chev
angles 28° and 61° using a number of dye basedlzstion tests in the Reynolds numi
range of 0.5 to 300. Visualization tests revealesl presence of two s-streams flowing
along the furrows on the opposite plates. These«streams interact and the channel fl
pattern is characterized by how these interactemesinfluenced by the channel geome
However, the reported thermal and hydraulic coti@ig ae not general because there a
number of other parameters such as variations @edance in manufacturing methods ¢
proprietary geometric features that influence tbevfcharacteristics in plate heat exchang
significantly.
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Figure 1: Corrugied fluid channel with braze junctions used for GiRbBdeling
The demand for higher efficiency, increase in tppligation range and operating envelc
for BPHEs require development of new plate desigisese designs are characterizec
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localized patterr which are developed for meeting the varying requeets set by th
application along the length of the plate. The lquterns can hence cater for requirem:
such as improved thermal length, enhanced heaftnaarea usage, effective drainage @t
transfer media, improved local flow velocities 8d=D simulations play an important role
the evaluation of the thermal and hydraulic chamastics of these modern plate patterns.
understanding of single phase flow behavior caro dle used or estimating relativ
performance improvement in phase change appliat@snwell because the evaporator
condenser heat transfer correlations usually irevaleminating convective terms which
usually represented as enhanced single phaserhesfer terms. Several investigations
CFD simulations of flow in plate heat exchangers aeported. Sundén [8] presen
simulation methodology involving application of fmelic boundary conditions on a sing
volume cell formed between the braze juncs. However, the repeatable volume approac
not possible for high efficiency plate patternshaldrge design variations along the lengtt
the plate. Carlson and Glaumann [9] conducted sitimris on entire fluid channe
representing two different BFE designs using various turbulence models, bour
conditions and mesh densitit

Figure 2: Unstructured tetrahedral mesh with pigyers used in this study, also shown
crosssectional view of the me
The channel flow rates for a given gsure drop were ov-predicted by 35% to 40% and t
channel heat transfer is un-predicted by 40%. However, the suitability of usi@§D
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simulations for relative performance variation @frious plate designs is identified in this
study. The pressure drop in an entire fluid chawed simulated by Tsai et al. [10] for a
Reynolds number range of 600 to 1700. The CFD sitimris under-predicted the pressure
drop by around 20% and this deviation was obseteetle independent of the employed
turbulence model. In the current study, CFD simaregt are conducted on small fluid sections
and entire fluid channels and comparison experiaiedfata of BPHE models with
corresponding design parameters is provided. Tability of CFD simulations in relative and
absolute performance predictions of various chevroorrugation patterns and in
understanding of channel flow characteristics v@stigated.

EXPERIMENTAL PROCEDURE
Data Collection

Single phase tests have been carried out at SWE®Hemmeat exchangers with different
geometric parameters relevant to this study. Twuaisde tests were carried out for each
BPHE unit, water to water tests for the turbuldotwfregion and water to water/ glycerin
mixture (15/85% by mass) for the transitional aahihar flow regions. Around 30 test points
were registered with random flow in the range df Kg/sec to 10 kg/sec and temperatures in
the range of 20°C to 60°C. Temperatures were medsusing calibrated PT-100 type
resistance sensors with an accuracy of 0.1 K eipgfitial pressure sensors with an accuracy
of £0.025% in the span of 10 kPa to 200 kPa wessl dsr measurement of pressure drop.
Coriolis mass flow meter and an inductive volumaMlmeter were used to determine the
flow rates on the cold and warm sides, respectivehe flow measurement devices have an
accuracy of around +0.2% in the entire span. Eashpoint was logged when the temperature
is stable within £0.2 K and the mass flow ratesen&@able within £0.05 kg/sec over a period
of 180 seconds.

Data Evaluation

The measured temperatures and mass flow ratesuserketo determine the energy balance
over the warm and cold sides for each test poihe feasured test points with an energy
balance deviation greater than 7% and the mininemperature difference less than 3K were

discarded. The measured pressure drop on eaclinsiddes contributions from the friction
losses in the channels and the pressure drop iooiits.

AP =ARy, +AP, 1)

The pressure drop in the port is modeled as
ports —

2
AP . = K'O—;P (2)

where Up is the mean port velocity. The loss coefficientis determined iteratively based on

the port and channel pressure drops to accoufiokermaldistribution along the length of the
ports. The channel pressure drop is defined usiadparcy friction factor model
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2 < 2
ARy, = f2n L _ ¢ Ml (3)
2 Den  2DppAG,

where f is the channel friction factor. The effective fldangth L is usually considered as
the distance between the centre of the inlet artletoports with corrections for plate aspect
ratio and other manufacturer specific geometri@itet The hydraulic diameteb., in this

study is defined as twice the pressing depth ottireugation pattern. The channel flow area
is defined as

Ach =0.5W, Dy (4)

The channel friction factor is evaluated as a ewatus function of channel Reynolds number
with different correlation constants for laminagrtsition and turbulent regions.

f =bRe ™ (5)
The channel Reynolds number is defined as

_ 2Iikh
Re——Wch ﬂ (6)

The correlation structure due to Bogaert et al] [$lused for evaluating a heat transfer
correlation in the single phase flow as

z
j:&:%:cRen(Lj (7)

The Prandtl number exponent and the viscosity raxipponent are derived as functions of
Prandtl number and Reynolds number, respectively study involving large sets of single
phase experimental data of various BPHE modelsluBtian of heat transfer correlations
involves determining the empirical constants in #fwve equation for laminar, transitional
and turbulent regions while maintaining continuity.

COMPUTATIONAL MODELING

The influence of the plate geometry parameters sasckhevron angle and the corrugation
pitch on the thermal and hydraulic performancetiglied on small single fluid sections of

dimensions close to 125 mm x70 mm. Simulations adse conducted on an entire fluid

channel including the distribution areas at theetirdnd outlet ports for comparison with
experimental data. The computational domain reptesg the entire fluid channel is shown

in Figure 1. Commercial CAE tools such as ANSYS ipedModeler and other dedicated

CAD software are used for the geometry creationprAgpimate modeling using three

dimensional variable radius fillets is employed fepresenting the braze points in the fluid
domain.

The unstructured tetrahedral mesh generation witknplayers is performed in ANSYS
ICEM CFD. The flow in the BPHE channel is charaizied by secondary flows, boundary
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layer separation and fluid stream interaction ie tlolumes available between the braze
junctions. Features of the fluid channel such asugation crests, corrugations faces and
braze junction surfaces are grouped into differegions for application of varying mesh
dimensions in order to represent the actual flomditions in a better manner. The
requirement of the near wall mesh resolution igespnted using a non-dimensional length

scaley”. A y* value of less than 2 is maintained for all the Inessin this study. An example

of the surface mesh and the corresponding voluniiedesribution in the channel cross
section is shown in Figure 2. Mesh independencylystior BPHE fluid sections was
conducted by Gullapalli [12]. Various meshes witiryng tetrahedral sizes and number of
prism layers were developed in fluid section of emsions 80.5 mm x 43 mm. CFD
simulations with shear stress transport turbulenodel in the Reynolds number range from
450 to 1800 were conducted. Stable results werairgddd when the maximum tetra size was
set to 1/7 of the corrugation pitch using five prism layefsmaximum surface deviation of
0.05 mm is recommended for all features in thedfleihannel. The current simulation uses
similar mesh resolution for the corrugation facAsmaximum element size of 0.1 mm is
chosen for the braze junction surfaces for obtgitietter mesh quality at the walls. A growth
ratio of 1.1 is used for the prism layer with thels in the last prism layer having similar
volume as the adjacent tetrahedral cells.

Simulations are carried out in ANSYS CFX 14.0 paogrsetting the flow as incompressible,
constant property, steady state and turbulentrButance intensity of 10% is used at the inlet
for which the ratio of turbulent viscosity to bulkscosity is set as 100. Three different
turbulence models available in CFX are used fordineulation of flow in the full channel.
The RNG ke model is a relatively inexpensive two-equation elodefining the eddy
viscosity as a function of turbulent kinetic enemgyd turbulent dissipation rate. The shear
stress transport model (SST) with automatic watiction is a blend of the &-and ke and
has improved accuracy at wall and free stream ¢iondi The Reynolds stress turbulence
models (RSM) are based on the transport equatamalifcomponents of the Reynolds stress
tensor and the dissipation rate. The models sawéhke transport of Reynolds stresses in the
fluid and do not use the eddy viscosity hypotheBse Launder-Reece-Rodi Isotropization of
Production (LRR-IP) Reynolds stress model is usethis study. It uses a specific algebraic
relation for the pressure strain correlation. (ANSMc, [13])

Uniform mass flow rate with constant static inleimperature is specified at the inlet.
Constant pressure boundary condition is used abthiet of computational domain. The

influence of employing various methods of specidyithe wall boundary conditions is

studied. Due to computational limitations, it isntmon to simulate a single fluid channel.
This requires specification of constant wall tenapeare, constant heat flux or an external wall
heat transfer coefficient with ambient temperatase the wall boundary condition. The

prediction of the thermal performance using thesghods is compared with studies on
conjugate heat transfer simulations with fluid afas and a solid plate domain with stainless
steel properties. All the simulations are conduateda Windows HPC cluster with two

computing nodes with Intel Xeon 2.67 GHz CPU and GB of random access memory.

RESULTS AND DISCUSSION
Influence of Wall Boundary Conditions

The influence of the choice of various heat tranbfaundary conditions on the prediction of
the thermal performance is studied in a fluid sectof dimensions 80.5 mm x 58 mm. The
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corrugation pattern used is characterized by ardmeangle 5 of 61°, corrugation pitch of
mm and apressing depth of 2 mm. The results obtained ampeoed with experiment
correlations and results from conjugated heat tesrsmulation using two fluid domains «
either side of a solid plate domain with stainlet=el characteristics. The experntal data
used for comparison is obtained from single phaséston a 20 plate BPHE unit witk
chevron anglef of 61° and dimensions of 470 mm x 113 mm. The caompa of the
thermal performance prediction for various heangsfer boundary conditions is shown
Figure 3.

For the constant wall temperature, external walhthansfer coefficient with ambie
temperature and conjugate heat transfer (CHT) sitiom, the averaged channel heat tran
coefficient at a given flons determined in the post processao

oo
AT, A

The logarithmic mean temperature difference isrd@teedusing the mass flow rate averag
inlet and outlet temperatures of the two fluid daman case of CHT simulations. Const
wall temperature and ambient temperature are usedalculation of LMTD in single flui
domain simulations. The film coefficie in case of constant heat flux boundary conditio
calculated as

 fa
" ﬂ (Tw ~ Toui) dA ©)

100

----- Experimental

—#-External Wall Heat
f Transfer Coefficient

Constant Wall
Temperature

Nu/ Pry

—&— Conjugate Heat Transfer

Constant Heat Flux
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Figure 3: Comparison of channel therrperformance predictions while using various
transfer boundary conditio
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The bulk temperaturdy,, is calculated as the mean value of the mass fates averaged

temperatures at the inlet and outlet boundaries. &tperimental evaluation shows a change
in trend for heat transfer around Reynolds numk@ @&hich is also found in the CFD
simulations. The predictions while using constagditiflux varied by 2 to 20% as compared
with experimental data. The remaining methods l&ese predictions with a deviation of 15
to 30% from experimental observations. However ahsolute comparison with experimental
data is not fully justified due to additional inflaces such as effective heat transfer area loss
in the distribution area close to the ports etce Da the approximations made for the local
bulk temperature, a constant heat flux conditiomas reliable. Based on the stability and
observations in a number of other studies, extemadll heat transfer coefficient with ambient
temperature is used as thermal boundary conditichdr in this study.

Simulation of Fluid Sections

The design of BPHE requires understanding of tlieience of geometric features on the
thermal and hydraulic performance at various opggatonditions. In this study, prediction of
the relative performance change by CFD for vamatiochevron angle and corrugation pitch
is studied using smaller sections of the fluid ctedlngeometries. The recommended mesh
configurations result in huge computational domavhde simulating entire channels of large
BPHE models. Hence, it is of interest to deterntireevalidity of scaling up the performance
predictions on small fluid sections for flows intie@ channels. Three fluid sections with a
pressing depth of 2 mm, different chevron angles @srrugation pitches are considered in
this study. The SST turbulence model with an exeheat transfer coefficient boundary
condition is used to simulate the flows in the Ragisa number range from 600 to 3000. The
simulation results are then used to evaluate theeledion constants in Equations 5 and 7.
Table 1 lists the correlation constants for theadabtained from CFD simulations and
laboratory tests of various BPHE models with simjjaometric parameters.

Table 1: Empirical heat transfer and pressure tairo@ constants obtained from
experimental data and CFD simulations of fluid med with various geometry parameters

Chevron Angle [°]  Pitch [mm] Source c n b m
67 7 CFD 0.2983 0.6588 27.64000.1980
67 7 Experiment  0.3075 0.6794 23.13300.1270
32 7 CFD 0.6963 0.4561 12.95500.4630
32 7 Experiment  0.2124 0.6376 9.4443 0.3950
66.5 7.7 CFD 0.3045 0.6449 19.37700.1920
66.5 7.7 Experiment 0.3506 0.6527 20.15100.1610

The heat transfer in the simulated sections isratdlb to 25% under-predicted for all the
geometries while the pressure drop is under-prediby 15 to 30% in the range of Reynolds
number from 600 to 3000. Similar trends in all gmulations also indicate the validity of
using CFD simulations as an efficient tool for detming the relative performance variation
between different geometries. The simulations & fluid sections are also useful in
understanding the influence of geometric parametaisthe flow characteristics. The
influence of the chevron angle on the flow intei@ctof the fluid streams following the
corrugation pattern on opposite plates was discugséDovic et al. [7]. The visualization
experiments in their study indentified dominantdauadinal flow components characterized
by higher heat transfer and pressure losses in d¢tighron angle model and a criss-crossing
flow pattern in the channel furrows characterizgddwer heat transfer and pressure drop in
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low chevron angle ptern. Figure 4 demonstrates these flow componesitgyuthe strear
lines in the simulated fluid sections with cheviamgles 32° and 67° at a Reynolds nun
around 2000.

d
L. -

Figure 4: Stream lines in the simulated fluid smtdiwith chevron angles 32°d 67° at
Reynolds numbe= 2000
Full Channel Simulation

Heat transfer and pressure drop characteristies @ntire fluid channel are determined us
CFD simulations with various turbulence models. RHE model with dimensions of 192x
mm and a chevrc anglep=65° is considered for this study. The effectiv@nmllength whictk
is the distance from the center of the inlet tdedyport is 154 mm. The corrugation patt
for this model is characterized by a pressing depth mm and a corrugation pitch 7 mm.
For the experimental data, single phase testsarducted on a 20 plate unit using wate
test fluid in the range of channel Reynolds number from 1Qa000. A uniform turbuler
region trend is observed in heat transfer andidnctactor cuves at a Reynolds numk
above 300.

-----Experimental --SST -+ K-eRNG -=RSM - Experimental —-SST -+ K-eRNG -#-RSM
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Figure 5: Comparison of channel thermal and hydrgérformance determined usi
experimental and CFD simulatio

For CFD modeling, an entire fluid channel with appmate braze junction modeling is us
The meshrecommendations listed earlier are used and tlessdted in a mesh size of aroL
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3.8 million nodes and 11.8 million elements. Thellweeat transfer is modeled with .
external heat transfer coefficient and an ambiemiperature. The simulations aionducted
in a Reynolds number range of 300 to 3000. Figush&wvs a comparison of the therr
performance and pressure drops obtained from erpetal data and CFD predictions

various Reynolds numbers. CFD predictions using &8bBulence model areosest to the
experimental observations. Heat transfer is L-predicted by 2B0% and pressure drop

underpredicted by 1-35% while using the SST turbulence model. The presgrog

predictions are independent of the turbulence mosletl. The heat insfer is under predicte
by 40-70% while using -e RNG model and LLR RSM turbulence models. The loeddbcity

distribution in the mid plane of the simulated ch@lngeometry at a Reynolds number aro

2000 is shown in Figure

Velocity
Channel Mid plane [m s”-1]
0.00 0.61 1.23 1.84 246
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Figure 6: Local velcity in the channel mid plane for simulation usirtgar stress transpc
model at R=2000

In the simulation performed on a full channel afesketed plate heat exchanger by Tsai ¢
[10], with similar dimensions as the geometry usedhis study, th channel pressure dr
was under predicted by 20% while using the realez&-¢ turbulence model in the Reynol
number range of 600 to 1700. However, the geonfetryhe gasketed plate heat exchar
does not have large braze junctions or flow arotihe corner of the secondary ports. 1
approximate modeling of the braze junctions, mactuféng tolerances in the laboratc
tested units, modeling of wall heat transfer witnstant ambient temperature and exte
heat transfer coefficient would coniute to some extent to the differences observeddst
simulated and measured thermal and hydraulic pedoces

CONCLUSIONS

The thermal and hydrodynamic characteristics oflistiigd sections and an entire channel
BPHE have been investigated us CFD simulations and experimental data. The infleeoik
heat transfer boundary conditions while simulatsiggle fluid domain is investigated. T
simulations using constant wall temperature, exemall heat transfer coefficient wi
ambient temperare and conjugate heat transfer simulations prosidelar predictions fo
the averaged channel heat transfer coefficient. €iRlilations in fluid sections under prec
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the heat transfer by 15-25% and pressure drop 30%b. This trend is commonly observed
for all the simulated fluid sections suggestingttttee CFD simulations are a reasonably
effective tool in determining relative performaneariation for various plate patterns.
Furthermore, simulations of smaller fluid sectioase useful for observing the flow
interactions in the fluid channels. These simutaican be used to identify and correct bad
geometric features which could result in enhanceméreffective heat transfer area, local
velocity profiles and distribution within the fluichannel. The full channel simulations using
the shear stress transport turbulence model prédcheat transfer and pressure drop closest
to the experimental data. For the entire channelulstions, the heat transfer is under
predicted by 20-30% and the pressure drop by 10-39% choice of turbulence models has
limited influence on the pressure drop predictiddggh mesh resolutions containing 3 to 4
million nodes in the computational domain are useall the simulations with each case
requiring an average simulation time of 2 to 5 Isolm the current study, the braze junctions
in the fluid sections are modeled approximately hwitariable radius fillets. Further
improvement is required in the geometric represemtaof braze junctions for improving the
accuracy of the CFD simulations.

NOMENCLATURE

A Cross sectional area or effective heat trarsstsa [m?]
b,c Empirical correlation constants

D  Hydraulic diameter [m]

f  Channel friction factor

h  Convective heat transfer coefficient [W/(m2K)]
j  Dimensionless heat transfer group

L  Effective flow length [m]

m, n Empirical correlation constants

Nu Nusselt number

m Channel mass flow rate [kg/sec]

Pr  Prandtl number

g Wall heat flux [W/m?]

Re Reynolds Number

T  Temperature [°C]

u  Velocity [m/sec]

w  Channel flow width [m]

y, Z Empirical correlation constants

Greek Symbols

B Chevron angle

k  Loss coefficient for ports

A Fluid thermal conductivity [W/(m.K)]
M Dynamic viscosity [Pa sec]

p©  Density [kg/m3]

AP Pressure drop [Pa]

Subscripts
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bulk Bulk conditions
ch  Channel
Im  Logarithmic mean

p Ports
w  Wall
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ABSTRACT

The design of plates used in compact brazed platd bxchangers is traditionally performed by
selection of geometric parameters suitable for mgahermal and hydraulic requirements of a set of
applications. The influence of each of the georogierameters on heat transfer and pressure drop is
generally available to the designer in form of dmues obtained from laboratory and field tests.
Geometry parameters such as chevron angle, predsipifp, corrugation wave length, plate aspect
ratio, port diameters are usually optimized for widely used herring bone plate pattern. In recent
days, many high efficient plate patterns are degedowhich vary significantly in structure and flow
characteristics compared to traditional corrugapdate patterns. The lack of generality in the
definition of geometric parameters and variatioflawv characteristics limit the use of aforemengédn
prediction equations for design of modern plateégoas. Commercial CFD codes are widely used in
industry today for verifying the performance of nplate patterns in the design stage of new product
development. However, this process is limited lsyés such as complex and large CAD file handling,
large geometry aspect ratios, approximation ofufieest in fluid geometries and turbulence modeling.
The current article discusses the choice of CFaupaters, such as mesh characteristics, turbulence
models, boundary conditions etc on the accuracpretlictions. Examples where simple geometry
changes resulted in significant improvement of grenbince are presented.

1. INTRODUCTION
Compact brazed plate heat exchanges (BPHE) areusinlg a plate package of corrugated stainless
steel channel plates brazed together with matesath as copper or nickel. During the vacuum
brazing process, brazing points are formed at ewemntact point between the plates and braze
materials. Plates are arranged in the plate paciesgdting in the alternate formation of hot andtico
channels. Further information on the constructimaterials and applications of BPHE can be found
in, for example in Wangt al. 007).

@ l’v.—.m

i

Figure 1. Plate and schematic of plate packagecomngpact brazed plate heat exchanger

The thermal and hydraulic performance of plate resathangers is influenced by plate geometry
features such as chevron angle, pressing depthygadion pitch, plate thickness, port diameters etc
The influence of the individual parameters on pernfance is widely available in literature, for

example, in Wangt al (2007) and also in form of in-house correlatibased on experimental data

for commercial organizations. The design of hea@hargers for a given application usually involves
choosing the appropriate geometry features whitiefgahe desired thermal and hydraulic duty. The
operating envelope, applications range and eff@ieequirements are increasing rapidly for BPHEs.
The standard design methodology is not applicatmedésign of BPHE in new operating envelopes
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and for drastically different plate patterns. Thmuld be due to lack of reliable correlations ie
desired rage, scaling of only a few geometry parametersadditional problems such as flc
distribution introduced in the new applications.eTéiemand on increasing efficiency results in
usage of non standard plate patterns. Computdtiahdynamics (CFD)ools play a major role in th
situation to predict the performance of new desigtmvever, a number of simulation parameters :
as mesh characteristics, turbulence models, boyrmarditions, simulation methods etc should
tested before using CFDols in the design process. The current articlegmsscomparison of son
of these simulation paramete

2. COMPUTATIONAL PROCEDURE

2.1 Mesh Optimizatior

The simulated flow passage between adjacent plames copper braze points is complex v
thousands of surfaces and large aspect ratio. §ecmetry is developed in advanced CAD syst
using 3D plate models and approximate braze pomtleing. Due to he large aspect ratio a
varying flow diameter along the length of the chalnachieving a good quality and reasonably s
mesh is a challenge. The flow in the channel igaittarized by secondary flows, separation
interaction of fluid streams icells formed between the braze points. The walioregcorrugatior
crests and corrugations faces should be resolvédd avifine mesh in order to capture the fl
interactions in the fluid channel. The influence roésh resolution and mesh types for plheat
exchangers is briefly mentioned in studies by Limgret al (2009) and Carlsoet al. (2004)

The current study employs three different tetraliledresh resolutions (low, medium and high’
determine the required parameters for mesh indegensilution. A rectangular channel secti
(chevron angle 61°) of dimensions 80.5 mm x 43 mithaut any ports is used for this purpose. E
mesh resolution is further classified into threerentypes based on the prism layers at the bour
(0, 5, 10 layers)This resulted in 9 different mesh sizes with nedms ranging from 300000 to
million. Single phase steady state simulationscameducted using ANSYS CFX 12.1.Th-w SST
turbulence model with automatic wall function iosbn for these simulationeat transfer at the we
is applied using an ambient temperature and eXtémat transfer coefficient boundary conditio
Three different inlet flow rates corresponding ® &ound 450, 900 and 1800 are simul

The following non dimensional valuare used to present the res

Nu = aTDh (1)
— CoH
Pr = ) (2)
m
Re = w_u (3)

where Nu, Pr and Re represent the Nusselt, PrandtReynolds numbers respecti
The hydraulic diameteiDy,) for this study is defined as twice the pressing deptheplate. Figure
summarizes the thermal and hydraulic performanedipted using the different mesh si:
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Figure 2.Nusselt number (left) and pressure drop (rightpietd using different mesh sizes ¢
channel flow rate

Considerable deviation from reference values (higéolution with 10 prism layers) is obsen
without prism layers even at high resolution. Thaximum deviation in heat transfer and pres:
drop are found to be around 30% and 20% respegtared occurs at higher channel flow rates.
results suggest that a high resolution mesh witpriSm layers at boundary should be used
Re=1000 and with10 prism layers for Re around 2000. Figure 3 shdwes channel flow pat
resolution using various meshes and its influenceh® velocity counters on a cut section. St
results are obtained when the flow path is resolgdg ¢-12 tetrahedral cells apt from the 10 prisr
layers. A maximum surface deviation of 0.05 mmhat ¢orrugation crest and a maximum tetra siz
1/7" the corrugation pitch resulted in such a mesh. i&nprgrowth ratio of 1.1 is used. The br:
points are discretized with maxim surface deviation of 0.03 mm and minimum of demeents ir
gap. Using features in the meshing program ICEND (e final prism layer is set to be of simi
size as the adjacent tetra eleme

Figure 3. Prism and tetrahedral elements in alane for low, medium and high resolution mest
Velocity counters in a plane obtained using thesshmas at same inlet flow are shown b

The requirement of the near boundary resolutiogpicified using a non dimensional length s
(y™), which depeds on the first and second grid points at the {An) (Tannehillet al. 1997). Ay*

value at least less than 2 is recommended foraWweReynolds number-o turbulence model. Th
scalable wall function is used with th-e turbulence model and CFX defines a soy™* for this case.
Solvery* is calculated usinAn/4 and is limited to a minimum of 11.06 (ANSYS Ir&906). All the
meshes with prism layers used in this study hay* value close to or less than 2 as sh in figure
4,
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Figure 4.Averagey*value of used meshes at wall boundary with heastes
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3. SIMULATION OF SINGLE FLUID CHANNEL
This section presents the simulation of an entio&l fchannel including the port area using the
recommended mesh parameters from a previous stubigat exchanger channel geometry having a
flow length of 192 mm, flow width of 72 mm and chem angle of 65° is used. Flow rates
corresponding to Re in the range of 500 to 1400sareilated. A high resolution mesh containing
around 4 million nodes with 5 prism layers is uskaet boundary condition with a constant mass
flow rate normal to the boundary is used. The tlathece intensity is set to 10% which corresponds to
a viscosity ratio (turbulent viscosity/ bulk visay$ of 100 (ANSYS Inc, 2006). Static pressureleut
condition is used. Because a single channel islateui the heat transfer boundary conditions arg onl
approximate and do not fully represent the lab grpmts conducted on brazed plate heat
exchangers. While simulating a single channel, Wwalindary conditions such as a constant heat flux
condition results in excess temperature variatimtally. Constant wall temperature conditions
greatly under predict the thermal performance fatepheat exchanger channels (Carlsbal.,, 2004).
Wall boundary conditions with specified heat tramstoefficient and an ambient temperature are
used. This boundary condition in CFX can be usedntael the thermal resistance outside the
computation domain. The wall temperature for thismdition is calculated using surface energy
balance for turbulent flows and is set to the baupdemperature field calculated by solver in cafse
laminar flows (ANSYS Inc, 2006). The experiment® aisually conducted with similar flow
Reynolds humber on warm and cold side. The ovheat transfer coefficient depends on factors such
as distribution within the flow rate in externalacmels when comparing with experimental data,
where the performance is not tested. These factm@mmend the usage of conjugate heat transfer
simulations with multiple channels and plates tedixt the thermal performance with better accuracy.

The choice of turbulence model is selected basetheractors such as flow complexity, boundary
layer separation etc. Theekis based on eddy viscosity concept and definey &tktosity as a
function of turbulence kinetic energy (k) and tudmce eddy dissipation rate).( This two equation
model is relatively computationally inexpensive. dscussed earlier CFX employs scalable wall
functions with a solvery* definition which allows fine near wall grids. TIRNG k< is developed
based on the renormalization group analysis of &a8tokes equations and involves different model
constants compared to thecgkmodel in transport equations for turbulence kmethergy and
turbulence dissipation rate. Theokmodel defines turbulence viscosity as a functibriudbulence
kinetic energy and turbulent frequenay)( The Wilcox ke model also involves two additional
transport equations and has simplified near walittnent. However, the core flow modeling using
this model is very sensitive to the value of tudmde frequency value specified at inlet. The SST
(shear stress transport) model is a blend ofikd ke» models and is reasonably accurate at wall and
in free stream conditions. In the current study $&3del, standard k- model with automatic wall
function and RNG ke models with scalable wall function are tested. 8M$ Inc, 2006, Liu Fung et
al., 2009, Carlsoet al,, 2004)

The experimental heat transfer coefficient for préed models is determined by laboratory testing
with water as hot and cold media. Temperature nmreasents are performed using PT-100
temperature sensors having an accuracy of + 0.¥KssBre drop is measured as an average of
readings from three differential pressure sensaits an accuracy of £0.025% in a span of 100 to 200
kPa. Coriolis flow meter is used on cold side amtlictive volume flow meter is used on hot side for
measurement of flow rate. Both devices have anracgwf £0.2% in a span of 0.4 to 10 kg/sec. Data
is logged when the temperature is stable at +Oahé flow rate at +0.05 kg/sec over a period of 180
seconds.

Figure 5 shows the stream lines in the simulateahicll domain. The heat transfer coefficient and
hence the Nusselt number are calculated using glekwown LMTD method (Wangt al, 2007).

The strong longitudinal flow component and floweirgtction in the cells between the braze points
indicate high heat transfer and pressure drop ctemstics. Table 1 compares the results obtained
from the full channel simulations using variousbtulence models to the thermal and hydraulic
characteristics determined using laboratory teBf® deviations in heat transfer and pressure drop
while using the standardds-model and SST model range from approximately 2%-8@pending on
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the Reynolds number. The predictions using thesemw@dels are very similar. The RNGeknodel
predicts the heat transfer with a difference of68% and pressure drop with a difference of around
40%. The ke» models prove to be better in accuracy comparelddgd< under the current simulation
conditions. The current simulations show that thei@e of turbulence models, approximate boundary
conditions, approximations in the fluid channel getry and other factors results in substantial
deviation in the prediction of absolute heat transind pressure drop characteristics.
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Figure 5. Stream lines in the simulated full chdnfie the right flow vectors around some braze

points are shown.

Table 1. Comparison of heat transfer and presswge redictions of various turbulence models to

experimental data

k- Shear Stress Transport Turbulence Model

Re NuPr0.4Lab | NuPr'04CFD | Diff (%) | AP Lab [kPa] | AP CFD [kPa] | Diff (%
5542 2378 18.24 233 1.98 1.56 21.0
769.7 2962 2209 25.4 3.70 276 253
085.2 34.94 2532 27.5 591 4.25 281
13238 42 57 30.48 28.4 1040 115 31.3

ENG k- Turbulence Model with Scalable Wall Function

Re NuPr0.4Lab | NuPr'04CFD | Diff (%) | AP Lab [kPa] | AP CFD [kPa] | Diff (%
5542 2378 9.03 62.0 1.98 1.25 36.9
769.7 2962 13.59 54.1 3.70 230 377
085.2 34.94 16.19 537 591 3.66 381

13238 42 57 2129 50.0 1040 6.38 38.7

k- Standard Turbulence Model

Re NuPr'04Lab | NuPr'04CFD | Diff (%) | AP Lab [kPa] | AP CFD [kPa] | Diff (%)
5542 2378 18.18 23.6 1.98 1.55 21.3
769.7 2962 217 26.7 3.70 275 25.6
085.2 34.94 2537 27.4 591 4132 26.9

13238 42 57 30.16 201 1040 142 28.7

4. SIMULATION OF INFLUENCE OF GEOMETRY PARAMETERS
The approximations made in boundary conditionsiflgeometry and additional factors showed the
limitations in using CFD tools for predictions dfsolute performance. The current section shows a
study made on two rectangular channel sectionptedicting the relative variation in performance.
Such method is extremely useful while designing péate patterns by modifying one or two design
parameters on a reference plate model. The infeiariccorrugation chevron angle of plates on
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performance is studied here. The chevron anglefined as the corrugation inclination angle to
main flow direction. The channel sections withalo@ angle 67° and 32° are simulated. Adnal
geometry parameters such as pressing depth, ctiongatch etc are kept constant. SST turbule
model with high mesh resolution and ten prism layat the wall boundary are used for th
simulations. The following non dimensional quaestiare sed to compare the thermal and hydra
characteristics.

Nu

J = roage0e (4)
__ 2APD,
f=" (5)

Figure 6 shows the comparison of heat transfer @mdsure drop parameters obtained from (
simulations with experimental daiHowever, the comparisons made in these chartsetveebn the
performance of channel sections and experimental@afull channels. The influence of channel f
distribution, port dimensions etc are not considdaresimulation of channel sections. Hoer, the
difference in predicted absolute heat transfer@nedsure drop values and experimental data iss
large as in the simulation of full channels. Theiatton in performance between two channels u
CFD simulations and experimental datalow Reynolds number of 5000 is presented in TablEh2
prediction of enhancement of performance charastiesi by using chevron angle 67° as compare
chevron angle 32° is predicted with an accuracy.4% for heat transfer and 15.2% for pressurp.

Table 2. Comparison of relative enhancement of traasfer and pressure drop observed in (
simulations and experimental d

| Comparison of Channel Performance at RE=5000

j 67" j32e j67°/j32" fore fize fo7e/f32°
LAB 0.27 0.13 1.98 8.29 1.99 4.17
CIrD 0.29 0.15 1.94 71.51 1.56 4.80
DIFF (%) 1.54 10.18 -2.40 -9.47 -21.43 1522
THERMAL PERFORMANCE HYDRAULIC PERFORMANCE
——CFD3 —W LAB3F —4—CFD6F —o LABGT | [ ~o-CFD3>* —8—1AB3° & CFD6° —0—LAB6T

160 4 12 4

140 - 10 1

NU/(Pr~0.4)
=
L=
Friction Factor
L=

10
2000

T 1 T 1 T T 1
3000 6000 7000 2000 2000 4000 6000 2000

T
3000

4000

Reynolds Number Reynolds Number

Figure 6.Comparison of performance obtained from CFD sinfadf channel sections al
experimental data on full chann

The simulation of channel sections also providesuaderstanding of the influence of individi
design parameter on the flow characters. Dovicet al (2002) discussed the influence of chev
angle on flow interaction within the channels basadvisualization experiments. Their work shc
that the fluid streams following the corrugatioritpen in surrounding plates interact in celltween
the braze points. The resultant flow vector in casaigh chevron angle will be in the longitudit
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direction due to strong interaction of flow streanms case of low chevron angle channels, the flow
continues in the channel furrows due to weak floteraction. The longitudinal flow component is
characterized by more mixing and boundary separatial results in more heat transfer and pressure
drop. Figure 7 shows the resultant longitudinamwfland furrow flow components observed in
simulation of 67° and 32° chevron angle channdices.

Figure 7. Principle channel flow directions for ehen angle 67° and 32° observed in CFD
simulations
5. CFD FOR CHANNEL DISTRIBUTION

The performance of a heat exchanger is signifiganfluenced by the flow distribution within the
fluid channels. The influence of plate aspect ratiothe performance and channel distribution is
discussed in, for example in Le¢ al (2000). The channel distribution is also influeddy issues
such as placement and size of braze points. Lasagetpoints result in bad flow distribution andslos
of effective heat transfer area. Similarly, narrbew regions formed in the channel offer large flow
resistance and hence prevent flow passage. CFDaions can be used to identify these features.
Figure 8 shows an example where the thermal pediocm of a prototype is improved by 5% by
implementing slight modifications on the bad geamétatures identified using CFD simulations.

.

Kl (L
Figure 8. Effective heat transfer area usage befodeafter slight modifications of a prototype
geometry

6. CONCLUDING REMARKS
The work aims at highlighting the role of CFD irettlesign of compact brazed plate heat exchangers.
The mesh independence study shows the requirerhdaigto resolution meshes due to the secondary
flows and complex flow interactions in the channélsese values need to be investigated further for
modern channel geometries usually characterizetbwyhydraulic diameters and greater velocities.
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Simulations on single fluids channels highlight #ygproximations in such approaches. Simulations
using turbulence models such as Reynolds StresselBl@hd LES are to be investigated for these
cases. Conjugate heat transfer simulations withiptellchannels and plates would provide better heat
transfer boundary conditions. The CFD simulatiamsgredicting the relative performance of various
fluid geometries is widely used. However, these hods need to be continuously improved by
comparison with experimental data due to lack afvensally applicable boundary conditions and
turbulence models. Direct benefits in heat exchardgsign can be obtained by using CFD for
improved channel distribution and for better usafevailable heat transfer area and temperature
difference.
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8. NOMENCLATURE
Specific heat at constant pressure [J/ (kg K)]
Flow length [m]
Mass flow rate [kg/s]
Pressure drop [Pa]
Flow width [m]
Convective heat transfer coefficient [W/(m? K)]
Thermal conductivity [W/(m K)]
Dynamic viscosity [Pa s]
Density [kg/m?3]
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ABSTRACT

Compact brazed plate heat exchangers
(BPHE) have been widely used since many
years in a variety of applications such as
district heating and cooling, food

processing, industrial applications etc.
Close temperature approach, relatively low
refrigerant charge, ease of installation and
ability to withstand high pressure make
them very suitable for refrigeration and air
conditioning applications. The

performance analysis of the heat
exchangers is usually done in different
ways depending on the application, for
example, lumped methods are used for
single phase applications and discretized
methods for two phase applications etc.
The lumped models are not suitable for
applications where there are significant
variations in heat transfer and pressure
drop characteristics at various regions in
the channel flow. For this reason, one-
dimensional discretized schemes are
usually used in rating calculations for

applications involving phase change and
strong fluid property dependence on local
pressure. The use of various rating
methods for different operating conditions

introduces discontinuities and cause
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convergence problems in iterative system
solvers where the system variables in
different iterations trigger different rating
methods. The present article presents a
generalized pressure and enthalpy based
rating method which can be used for a
wide variety of applications. The
developed method is general and
continuous and hence very suitable for
integration into calculation programs used
for heat exchanger design, system
simulation etc. The use of the developed
rating method for supercritical CO2 gas
coolers is demonstrated.

1.0.INTRODUCTION

1.1 Compact brazed heat
exchangers

Compact brazed plate heat exchanges
(BPHE) are built using a plate package of
corrugated stainless steel plates brazed
together with materials such as copper or
nickel. The alternative plates are arranged
at 180° to each other resulting in the
formation of ports and two separate fluid
circuits. Compact heat exchangers offer a
number of advantages such as small
internal volume, scalability, high heat

transfer coefficients, ability to withstand

plate



high operating pressures etc. Further
information on the construction, materials
and applications of BPHE can be found,
for example, in (Wang et al., 2007)

1.2 Heat exchangers sizing and rating

The rating of heat exchangers involves
calculation of the suitability of a heat

exchanger for a given thermal and
hydraulic requirement. In the LMTD

method, the rating calculations involve
calculation of area required for the
specified heat transfer duty, which depends
on factors such as flow conditions, fluid
channel and plate characteristics and local
temperature profiles. (Wang et al. 2007)

A’equired = Q/(U'ATLMTD) (1)

In lumped models, the logarithmic mean
temperature difference is calculated using
end temperatures and the overall heat
transfer coefficient is determined at a mean
reference temperature. The suitability of
the heat exchanger is then stated using
parameters such as over surfa@s)(

Aavailable - Arequired . 100
Axvailable

0S= )

The total pressure drop in the brazed plate
heat exchanger includes contribution of
pressure drop in connections, port
manifolds, and distribution devices and
fluids channels. The pressure drop in the
fluid channels influences the heat transfer
area requirement in case of applications
where there is strong dependence of fluid
properties on local pressure. The sizing of
the plate heat exchangers involves iterative
rating calculations to determine the
number of plates, flow arrangement and
passes for specified heat transfer and
pressure drop requirement. The lumped
models are not suitable for applications
where there are significant variations in

heat transfer and pressure drop
characteristics at various regions in the
channel flow. For this reason, one-
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dimensional discretized schemes are
usually used in rating calculations for
applications involving phase change and
strong fluid property dependence on local
pressure (Wang et al., 1999). Other
performance calculation methods
involving 2-D flow paths are proposed for
better modeling of flow maldistribution,
multiple pass configurations etc. However,
these methods are computationally
expensive and have convergence problems
at low flow rates and close local
temperature approaches (Gullapalli 2005).

2.0 GENERALIZED
METHOD

RATING

Rating calculations are widely used in

thermal and hydraulic system simulation

programs. lIterative algorithms in the

system simulation programs require

continuous and fast calculation of heat
exchanger performance. The use of various
rating methods for different operating

conditions introduces discontinuities and

cause convergence problems in system
solvers where the variables in different

iterations trigger different rating methods.

Scalability is also a desired characteristic
of rating methods. It is generally not

possible to calibrate heat transfer and
pressure drop correlations in a wide range
of operating conditions. The rating method

is expected to handle additional influences
by parameters such a local temperature
difference and sudden variation of fluid

properties at certain operating conditions.
The current study involves developing a

continuous and robust plate heat exchanger
rating method which can be applied for a
wide range of operating conditions.

2.1 Calculation Procedure

The generalized rating method involves

one dimensional discretization of the plate

heat exchanger into cells of equal heat load
as shown in Figure 1. Each cell is

characterized by two fluids elements

representing two sides of a heat exchanger
and a wall element representing the local



plate. The fluid elements are extent
between two fluid nodes which rresent
the local enthalpy and pressure. Fl
elements are used to determine local |
transfer coefficients and pressure drc
The fluid properties in a fluid element ¢
determined at the mean pressure
enthalpy. The rating calculation involv
determining the area required at each
iteratively by adjusting the loc
temperature and pressure profiles.
convergence of this iterative rating mett
is governed by the convergence of v
node temperature

(P, h) (P, h)

T

wah‘ 1 wall,2

HHP ‘HHH

(P, h} (P, h)

Figure 1: Schematic of thdiscretization
scheme used in generalized rating met
for counter current flow arrangeme

The steps involved in this generaliz
rating method are listed belc

Step 1 The supplied inlet pressure a
end temperatures for a BPHE rat
calculation ae applied as presst-
enthalpy boundary conditions at the ¢
nodes. The enthalpy at the outlet
determined using a trial value for press
drop.

Step 2 The discretized cells are assigne

local heat load(,,) which is determined as

Q,=Q/N 3)

where ‘N’ represents the number
discretized sections. The fluid eleme
connected to each of these cells
assigned the mass flow rate correspon
to specified or calculated flow rates
their side. Trail values are set for press
drop in fluid elemats and for temperatu
in wall nodes during the first iteratic

Step 3 Using the energy balance, t
enthalpy at various nodes is determir
The heat transfer coefficient and press
drop in each element are calculated.
choice of heat transfeand pressure drc
correlations is based on the mean pres:
mean enthalpy and the wall temperat
Further discretization of the cell is requit
in case of phase change in the fi
elements of a cell. This is done by splitt
the cell where the satafion temperature |
crossed. Fluid properties at the wall
determined at wall temperature. The &
required for each cell is determined us
the following equations.

(i, e )
Un _(aEl + aEZ + R\Nallj (4)
Aequired, n = Qn/( U rTATLMTD n) (5)

Step 4:The wall temperatures in each ¢
are then determined using energy bale
as follows

Toai -I_-El . (_El_TEZ) (6)
E1

Toanz = _Ez_CLrJn (_EZ_TEI) (7)
E2

Step 5: The total area required for tl
specified rating case is then calculatec
sum of the area required by each cell.
pressure drop calculation in each «
requires the flow length. This is set to -
product of total flow length and the ratio
area equired in each cell to the total ai
required. The outlet enthalpy

recalculated using the updated pres:



drop on each side. All the calculated rating
parameters such as flow rates that are
initially set based on the energy balance
are recalculated using the updated end
enthalpies. The wall temperature residue is
calculated as a root mean square variation
of all wall node temperatures during the

iterations. The calculation continues until

the wall temperature residue reaches a
specified minimum value.

2.3 Heat transfer correlations

Thermal and hydraulic characteristics of
plate heat exchangers depend on a number
of geometry parameters such as chevron
angle, pressing depth, corrugation pitch,
plate aspect ratio, port dimensions etc. A
number of general correlations for heat
transfer and pressure drop published for
single phase applications are summarized,
for example in (Wang et al., 2007). The
lack of generality in the definition of
standard geometry parameters, rapid
improvements in plate design for better
distribution etc does not support the
development of generalized correlations.
Empirical constants such as performance
enhancement and suppression factors are
evaluated for each product based on
experimental data. The single phase heat
transfer correlation due to Bogaert and
Bolcs is generally suitable for single phase
applications (Wang et al., 2007)

Nu= G Re™ PP ¢ (8)

The empirical constantC and C, are

evaluated from laboratory data. The
Prandtl number exponent ‘y’ is defined as
a function of Prandtl number itself. The
correction factor ¢ accounts for the
variation of dynamic viscosity in the core
of the fluid channel and at the wall.

Heat  transfer coefficient  during
evaporation is defined by equations that
have been suggested by Chen (1996). The
local heat transfer coefficient is a weighted
average of the contributions of convective
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and nucleate boiling. Convective boiling is
determined from single phase heat transfer
characteristics and nucleate boiling
coefficient is dependent on local
temperature difference, wall temperature
etc. Heat transfer coefficient during
condensation is calculated as a root mean
square average value of contributions from
the gravity and shear controlled regime as
suggested by Thonon (1995)

3.0. FINITE GRID INTERPOLATION
METHOD FOR FLUID PROPERTIES

Saturated and bulk refrigerant properties
are necessary to calculate the local heat
transfer coefficients and friction factors in
BPHE rating calculations. Thermodynamic
properties such as pressure, enthalpy,
temperature, density, specific heat and
transport properties such as thermal
conductivity, dynamic viscosity are usually
obtained from standard databases such as
NIST REFPROP. The direct use of
REFPROP can be unsuitable in heat
exchanger selection tools due to the large
computation delay caused by (a) the
iterative methods used by REFPROP for
solving the equations of state, particularly
for refrigerant mixtures and (b) direct
reference limitations of other programming
languages with REFPROP libraries.
Polynomial fitting and other non linear
regression methods are often used for
modeling individual fluid properties but it
is often not possible to use a single model
for the entire pressure-enthalpy domain.
Hence separate models are required in
various regions. Such models are faster and
simple to use in calculation software, but
they introduce discontinuities at the region
boundaries and can cause problems in
iterative calculations.

Heat exchanger selection involves iterative
use of rating calculations which in turn
make numerous calls to the fluid property
libraries. For robust rating calculations it is
required that the fluid properties obtained
are accurate, fast and continuous. A



method  involving  discretization  of
pressure-enthalpy domain and saturation
curves using 1D and 2D finite grid
elements is developed. The local fluid
properties are then obtained by linear
interpolation using the shape functions of
the containing element.

3.1 Data Mesh
Generation

A rectangular pressure-enthalpy domain is
initially defined for mesh generation. The
current method provides fluid properties as
functions of independent variables,
pressure and enthalpy. An initial mesh is
formed using straight lines extended at
various pressures and enthalpy levels as
shown in Fig. 2. Such a mesh is comprised
of linear one-dimensional elements that
represent the saturation line, two-
dimensional quad and triangle elements
representing sub cooled, super heated and
super critical regions.

Collection and

10000000

m

o

o

1000000

200000 400000 600000

Enthalpy (J/kg)

Figure 2: Example of generated 2D mesh
in pressure-enthalpy domain.

3.2 Mesh Refinement
Values

The desired properties at the nodes are then
collected from standard databases. The
used pressure and enthalpy levels are
stored in separate vectors and their indexes
are added to the nodes. This is done for
reduction of used memory and for index

based searching. The accuracy between all
pressure and enthalpy levels are checked
and further levels are added if the

and Missing
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minimum accuracy levels are not met.
Lagrange interpolation method is used with
a minimum of six surrounding points
where data cannot be obtained from
standard data sources. The interpolated
value L(x) at independent variable is
determined usingh data points X;,y;) in

the vicinity.

_\ AX)
Lix)=) —2~Y 9
() go:(x—x)qd(x)y' ©)
Where,
AX) = (x=%)( %= %)...{ x X%)
FX) = @ (10)
dx X=X
|
Local derivative based Hermite's

interpolation method is used when the
missing values are at the boundaries.
Special care is exercised while indexing
the mesh on the dew saturation line to
eliminate duplicate enthalpy levels. The
local refinement of the mesh is therefore
governed by the required accuracy and the
shape of the saturation dome.

3.3 Search Methods and Local
Interpolation

When a fluid property value needs to be
determined, the first step involves finding
the element containing the specified
pressure and enthalpy. For this purpose,
the mesh elements are saved according to
the pressure levels and thermodynamic
state. Binary search method is used on the
pressure and enthalpy level vectors to
quickly identify the containing element.
The search method is expected to have a

maximum of Log, N-1trials and the time
taken is in the order @f[LogN].
(Cormenet al2009)

Once the containing element is determined,
the fluid property £€) is determined using
linear interpolation of the property values
at the element nodes;{ as shown below.



(11)

The shape functionsS{) depends on the
type of element and have the property

_[Lita=i)
SJ()S’ y)_{o,ifﬂij)

Higher order continuity can also be
obtained by using appropriate elements
such as six-node triangle and eight-node
guad element but this involves additional
memory usage and more complex

topology.

(12)

3.4 Improvements obtained using the
developed method

Grids of various fluids are developed
which with grid refinement aiming at a
maximum deviation of 1% in the entire
pressure-enthalpy domain. Accuracy is not
determined at locations close to the critical
point where no reliable data is obtained
from standard databases. Using custom
compression techniques, the data stored is
limited to an average size of around 200
kilo bytes for each refrigerant. Additional
techniques such as saving the elements
nearby the previously queried element in
memory etc improved the speed of
searching the containing element. All the
thermodynamic and transport functions are
determined in a single step since they use
the same element shape functions. Table 1
compares the time required for calculating
5000 properties in various states using the
local interpolation method and using direct
reference of a Microsoft .net application to
NIST REFPROP library. The results show
many fold improvement in the time
required to obtain fluid properties.

Table 1: Time required (sec) for

calculating 5000 fluid properties in various
states
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INTERPOLATION NIST

REFRIGERANT
CO2 033 1.9
R134a 0.52 24
R22 0.49 28
R410A 0.54 32
R407C 0.53 34
4.0 APPLICATION OF THE
DEVELOPED METHOD FOR CO2

GAS COOLER CALCULATIONS

4.1 CO2 gas cooler applications

CO2 is currently an interesting working
fluid in applications such as a heat pump
water heater due to factors such as
environmental friendliness, low price and
safety factors. Thermodynamic properties
like large refrigeration capacity, very high
volumetric efficiency and large adiabatic
index support the wuse of CO2 in
refrigeration applications. The CO2
transcritical cycle operates at higher
pressures with rejection temperature
greater than the critical temperature. The
heat rejection process is characterized by a
large temperature slip and close
temperature approaches in the heat
exchanger demanding large thermal length,
particularly at operating pressures close to
the critical pressure. At higher operating
pressure, steeper isotherms result in
reduced refrigerating capacity. Close
internal temperature approaches, abruptly
varying fluid properties, large temperature
slip and phase transition from super critical
state to liquid state require a discretized
and continuous rating calculation method
for transcritical gas coolers.

4.2 Experimental data and Data
Reduction

The transcritical CO2 tests are conducted
in a test rig with approximately 4-12 kW
heating capacity. The water flow rate in the
evaporator and the gas cooler are
controlled using two circulation pumps and
electronic three way valves. Temperature
on the water side are controlled using an
external cooling water circuit and
additional heat exchangers which transfers
rejected heat from gas cooler side to the



evaporator secondary side. A large t
was usedor water entering the evapora
to obtain smooth control of inl
temperature. Refrigerant mass flow
measured using a Coriolis type mass f
meter with an accuracy of 0.03%. PT]I
sensors with an adjusted accuracy of (

K are used for temperatumeasurements.

Electromagnetic volume flow meter wi
an accuracy of 0.25% is used to mea:
water flow rate. The absolute a
differential pressure drops are meast
using electronic Rosemount transduc
with and accuracy of 0.10% of the sf

The measred test points are used as in
to a rating calculation and ov-surface is
obtained using Equation 2. The correls
Nusselt-Prandtl number ratio is calculat
using Equation 8. The experimen
NusseltPrandtl number ratio is calculat
as

Pr ., LPr ./ 100
The thermal evaluation involvi

determining the empirical constants
equation (8) that corresponds to minim
root mean square value of o-surface for
all test points.

4.3 Results

The two sets of transcritical CO2 tests
conducted using different inlet pressui
At elevated pressures the pinch point lie
the water inlet in counter flo
arrangement. The temperature profile fc
10 kW heat load at 3K temperatt
approach is sbwn in figure 3.
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Temperature profile in the gas cooler at inlet
pressure of 120 bar and 3K approach

@ CO2 Temperature @ Water Temperature
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100 K
80
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Figure 3: Temperature profile
transcritical CO2 gas cooler (120 bar ir
pressure) as obtained from the rat
method

The empirical constants in model for 1
local heat transfer coefficient (equation
are then determined usi test data at
elevated pressure.

Thermal Performance evaluation for gas

cooler test at operating pressure> 100 bar
BENuw/(Pry)Test A Nuw/(Pr'v) Model

1000

n oY

100

Nu/ Pr ™y

100 1000 10000

Reynolds Number

Figure 4: Thermal performance evaluat
of gas cooler test data at high pressure
bar)

Additional test was conducted with C(
inlet pressure ranging from (-100 bar).
For these cases, the temperature pinc
movel to the center of the heat exchang
and significant area is required

overcome the low temperature differen



Temperature profile in the gas cooler at inlet
pressure of 90 bar and 3K approach
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Figure 5: Temperature profile in gas coc
with inlet pressure of 90 bar showing 1
internal pinch poir

The reliability of the ratig method is
established by using the evaluated mc
of local heat transfer coefficient from t
test data at elevated pressures for the r:
of test points at lower pressures. Figur
shows an excellent match for tested
modeled local heat transicoefficients.

Thermal Performance verification for gas

cooler test at operating pressure< 100 bar
ENw/(Pr'y) Test ANu/(Pr'v)Model
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100 sl
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o
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Reynolds Number
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Figure 6: Performance verification of Ic
pressure transcritical CO2 test

5.0 CONCLUSIONS

A generalized presst-enthalpy based,
wall temperature linked iterative ratil
method is developed for compact bra
plate heat exchange Using a robust
discretized scheme, continuous fl
properties, heat transfer and pressure
correlations, the rating method is pro\
reliable for single phase applications w
largely varying fluid properties, such
heat recovery applications, anscritical
CO2 gas coolers, oil coolers etc. Excell
accuracy in fluid properties is obtain
using the finite grid interpolation meth:
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Using efficient algorithms and sear
methods, the time required for discreti:
calculations and fluid property Iculation
is reduced greatly. The developed met
is currently used in commercial he

exchanger selection software with
discretization steps for each rati
calculation.

6.0 NOMENCLATURE

A Area [m?]

h Enthalpy [J/kg]

N Number of 1-D cells

P Pressure [Pa]

Q Heat Load [kW]

R Wall resistance [(m2 K)/ W

U Overall heat transfer coefficient [W/(r
K)I

y Prandtl exponent

a Heat transfer coefficient [W/( m2 K
NU Nusselt number

Re Reynolds number

Pr Prandtl number

Subscripts:
LMTD Logarithmic mean temperatu
difference
n Cell
E,, E, Element
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ABSTRACT

Performance analysis and selection of plate
heat exchangers for specified duty involves
iterative use of rating calculations. The

rating method determines the suitability of

a heat exchanger for a given thermal duty
and pressure drop requirement. A

generalized and continuous discretized
rating method is described in detail in this

paper. Standard and continuous forms of
heat transfer correlations that are used with
this method are presented. The developed
method together with experimental data is

used to evaluate empirical constants in heat
transfer correlations.

1.0INTRODUCTION

Compact brazed plate heat exchangers
(BPHE) are increasingly used for

condenser and evaporator applications in
process and refrigeration industries. These
heat exchangers are associated with
benefits such as high thermal performance,
refrigerant charge reduction, close
temperature approaches and ability to
handle higher operating pressures. The
working  principal, construction and

materials used in these units are described
in Wang et. al (2007). The thermal and
hydraulic performance of BPHE is
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dependent on a number of parameters
which include the geometric features of the
plate, fluid properties, flow rates and
thermodynamic parameters. The
distribution of heat transfer media in the
heat exchanger port manifolds and within
the channels also has significant influence
on the performance. Various correlations
are available in literature for local heat
transfer coefficient and pressure drop
during condensation and evaporation in
plate heat exchangers. These correlations
are used with a wide range of design
algorithms and definitions of non
dimensional numbers. The use of multiple
correlations introduces discontinuities in
the rating calculations which in turn pose a
problem for iterative programs used for
system level simulation, heat exchanger
selection etc. The lack of generality in the
model for various phase change
applications such as  evaporators,
condensers and cascaded heat exchangers
limits the extendibility of the model to
various operating conditions.

A continuous and general wall temperature
linked discretized rating method for
condensation and evaporation in plate heat
exchangers is presented in this paper. The
pressure enthalpy based rating method is
general for all applications and employs



appropriate heat transfer and pressure drop
correlations based on local conditions.

Continuous empirical correlations which

can be evaluated for individual heat

exchangers are used.

2.0 USED HEAT TRANSFER AND
PRESSURE DROP EQUATIONS

2.1 Single phase heat transfer

On the brine side, single phase heat
transfer coefficient of the form suggested
by Bogaert and Bolcs is used (Wang et. al
2007)

Nu= C Re™ Pr ¢ (1)
The empirical constants in this equation
are derived for individual heat exchanger
models from single phase tests.

2.2 Condensation heat transfer
coefficient

Condensation in plate heat exchangers is
classified into two types: gravity controlled
condensation with very low relative
velocity between vapor and liquid film
(typically Re<800) and shear flow
condensation where significant shear stress
is induced by high velocity vapor stream
on condensate film (typically Re>1000)
(Thonon et. al. 1995)

Thonon et. al., suggested using a root mean
square value of gravity controlled and
shear  condensation heat  transfer
coefficients. The gravity controlled
condensation equation in this model uses
standard Nusselt condensation equation
with enhancement factor for plate heat
exchangers. Enhanced liquid only single
phase heat transfer coefficient is used for
shear controlled region.

hy, =1.1E M} )
a(a-n)9
- pl 0.5
L=Fh[1+x 2 -1 3
wernf2all e
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In plate heat exchangers, values for
enhancement factdf in gravity controlled
regime equation for different chevron
angles are presented in Gullapalli (2007).

2.3 Evaporation heat transfer coefficient

Saturated flow boiling model similar to
one proposed by Chen (1996) is used.
Contributions from nucleate boiling and
convective evaporation together with
suppression and enhancement factors are
used to determine local evaporation heat
transfer coefficient.

ho = thcb+ﬁhnb (4)
The convective contribution is enhanced
due to the presence of bubbles and
nucleation contribution is suppressed since
the liquid flow deteriorates bubble
nucleation. The enhancement factdf,)(
and deterioration factorf] depends on
local friction pressure drop, channel flow
rate and local fluid properties. The
convective heat transfer coefficient is
calculated from single phase correlations
for each BPHE model and an equivalent
nucleate boiling model is derived for plate
heat exchangers from existing correlations
for evaporation in tubes.

2.4 Two phase pressure drop

The two pressure drop in each element
includes contributions from acceleration
pressure drop, friction pressure drop and
pressure drop due to static head. These
pressure drops are calculated using
standard equations mentioned in Wang et.
al, 2007 (pp 65- 67). Lockhart- Martinelli
model is used for calculating the two phase
friction pressure drop and a value of 16 is
adopted for empirical constant in Chisholm
correlation.

3.0 CALCULATION PROCEDURE
3.1 Rating Calculations

A continuous discretized one dimensional
rating method which is general for single



phase and phase change application
employed to determine the o-surface
(area available/ area required) for a
exchanger for a given thermal duty. 1
discretiation scheme and subsequ
iterative calculation procedure for sing
phase applications is explained in detai
Gullapalli et. al, (2011)

The rating calculation involves modeli

the heat exchanger as a collection of-

dimensional cells with eql heat load. The
cells are described by -D elements
representing each sides and a wall eler
representing local wall conditions. Ee
element extends between inlet and ot
nodes which are characterized by Ic
enthalpy and pressure. The rat
calcuation involves the following stef

1) Assign equal heat load to each cell
apply the boundary conditiot
(pressure, enthalpy) to the end noc
The mass flow rate on each side
assigned to the elements on each ¢
Trial values are set for local psures
and wall temperature

The enthalpy and hence temperal
profile in all cells is calculated usir
energy balance. In the initial iteratic
the pressure drop in the elements is
considered.

The local heat transfer coefficients i
determined bad on the local
saturation pressure and the b
temperatures. The pressure drops ir
elements are calculated. Based on
thermodynamic state, appropriate h
transfer and pressure drop equati
are used.

Based on the calculated heat tran:
coefficients and pressure drop, i
local bulk temperatures and w
temperatures are recalculat

The iterations continue un
convergence is obtained in w
temperature profile. The area requi
for each cell is calculated using t
assigned local heat load, calcula

2)

3)

4)

5)
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local overall heat transfer coefficie
and mean temperature differe

The totd area required is calculated
the sum of areas in individual cel
The over surface and pressure drop:
each side are presented as output
the rating calculation.

6)

3.2 Cells where Saturation Temperature
is Crossed

Since the cells are discretizesing equal
heat load, situations arise where satura
enthalpy is crossed at mean pressure
cell. Such cells would require furth
discretization and are split at the satura
enthalpy. An example for furth
discretization during the condensatiis
shown in figure 1. The local heat trans
coefficients, wall temperature and hen
area required are recalculated based
new discretization scheme. Furtl
splitting of cells might be required whi
modeling cases with phase changes
both sides, sth as cascaded applicatic

hin Pin
x=1

Arearequired for
de-supetheating

Refrigerant

= element
Tref=T sat
at P mean

Arearequired for
condensation

y

hout, P out
0=x<1

Figure 1: Schematic of a cell in whi
saturation  temperature IS  Cros:
(condensing of super heated gas in cou
flow arrangement)

3.3 Performance Calculation

In order to determine the saturati
temperature at a giv heat load,
refrigerant inlet quality, super heat a
brine temperatures, an iterative algorit
is used together with the rating calculati
This method iteratively searches
saturation temperature corresponding
the 0 % over surface.



3.4 Fluid properties

A finite grid interpolation method
described in Gullapalli et al, (2011) is used
to obtain fluid properties. Bulk and
saturated properties are obtained in each
cell as a function of local pressure and
enthalpy. The method involves retrieving
fluid properties using local interpolation on
finite element property maps in pressure
enthalpy domain. The initial data for
creating these maps is obtained from
standard sources such as NIST REFPROP.

4.0 EXPERIMENTAL SETUP

The experimental equipment used for
measuring the performance of condensers
and evaporators is demonstrated in figure
2. R410A is used as refrigerant and water
is used as the secondary refrigerant. Twin
hermitic scroll compressors with frequency
invertors from Copeland together with
helical oil separators are used. By varying
the frequency of the tandem compressor
package, a capacity range of 15 to 60 kW
is obtained. An electronic expansion valve
from Siemens together with a PID
controller is used for control of super heat
in evaporator. A separate water circuit with
three way valves are used to control the
sub cooled liquid temperature before the
expansion valve, inlet temperature to the
condenser and the suction super heat.
Coriolis mass flow meter from
Micromotion is used for measuring the
refrigerant flow rate and Ecoflux volume
meter from Kohne with accuracy of 2% is
used for measuring secondary volume flow
rate. Type-K thermocouples with an
accuracy of +0.5 K are used for local
temperature measurement. A static mixer
is employed after the evaporator for better
determination of super heat. Pressure
transducers from Druck and differential
pressure transducers from Rosemount with
an accuracy of + 2 kPa are used for local
pressure and pressure drop measurements.
An in-house program is used to obtain the
data from logger with a user specified
frequency. Test points are obtained when

144

at least 10 samples from a sequential
reading will have heat load, temperatures
and pressures within user specified limits.

(il seperators

@

o

o O

Condenser

Expansion valve

Temperature Sensor
@ P @&  Three way valve
® Pressure gauge ® Sub cooling control valve

é) Differential pressure measurement @ Volume flow meter

Fefrigerant filter

Figure 2: Schematic of the test rig used for
condenser and evaporator tests

@ Refrigerant mass flow meter

5.0 DATA REDUCTION

In order to compare the measured and
calculated performance, the overall heat
transfer coefficient is determined in
condensers and evaporators as a function
of liquid Reynolds number that is
calculated at saturation pressure. The
current method indirectly compares the
measured and calculated total heat transfer
(heat load) obtained for a given heat
transfer area. The available area is divided
into zones contributing to sub cooled
liquid, super heater vapor and phase
change heat transfer. The secondary
temperatures on the boundaries of these
zones are calculated using energy balance
and averaged fluid properties on the
secondary sides. The logarithmic mean
temperature difference (LMTD) in each of
these zones is calculated using standard
equations. The overall LMTD is calculated
from the LMTD’s of each zone using the



weighing method presented in equation 5.
(Palmer 2000). The variation of
temperature profile due to channel pressure
drop is considered in two phase zone while
determining two-phase LMTD.

Q
LMT - total 5
total [(UA)I + (UA)V +(U,A)IV:| ( )
__Q
A I"vlTDtotal (6)
6.0 RESULTS

6.1 Condensation

Two compact brazed plate heat exchanger
(BPHE) models having chevron angle 67°
with 86 plates and 58° with 30 plates are
tested in counter current mode. The
chevron angle is defined as the included
angle of the chevron pattern with respect to
the flow direction. The inlet and outlet
water temperatures are maintained at 30°C
and 35°C approximately, inlet temperature
of the refrigerant varies between 60°C to
70°C and sub cooling is maintained at 2 K
approximately. The plate condenser
performance depends on a number of
geometric parameters of the plate such as
chevron angle, port diameters, plate aspect
ratio and plate thickness and application
parameters such as local heat flux,
refrigerant distribution, condensate
drainage etc. Therefore, it is not possible to
derive a general condensation heat transfer
correlation valid for a number of heat
exchanger models that can predict
performance with reasonable accuracy.
Figure 3 shows the comparison of tested
and predicted overall heat transfer
coefficient for the various test points.
Shear controlled condensation
enhancement factors of 1.4 and 1.2 are
used for 67° and 58° models respectively.
The absolute difference in overall heat
transfer coefficient is below 5% which
corresponded to maximum saturation
temperature difference of 0.4 K for all test
points.
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Figure 3: Comparison of tested and
predicted overall condenser heat transfer
coefficient for two BPHE models

6.2 Evaporation
A BPHE model having a chevron angle
67° with 30 plates is tested in counter
current mode. A sub cooled liquid
temperature of around 40°C is maintained
before the electronic expansion valve. The
inlet and outlet temperatures on the water
side are maintained around 12°C and 7°C
respectively.
A superheat of around 4K is maintained in
the evaporator. For the test points an
excellent curve fit is obtained for local heat
transfer coefficients by slightly adjusting
the convective boiling enhancement factor
in the equation 4. The maximum absolute
difference in predicted and measured
saturation temperature is around 0.3 K.
The influence of non uniform refrigerant
distribution is not considered due to the
lower number of plates and reasonably
high heat flux. However, further
deterioration factors should be used for
low heat flux conditions and for large plate
packages.
Heat transfer coefficient (W/m2.K)
Lab Data OPredicted with modified chen type correlation

3300 ‘

=Lk

3000

2500

2000 o
]

1500

1000 ‘

4000 6000 8000 10000 12000

Re-Liquid

14000 16000 18000

Figure 4. Comparison of tested and
predicted overall evaporator heat transfer
coefficient



7.0 CONCLUSIONS

A general and continuous pressure
enthalpy based rating method is presented.
The developed method is suitable for use
in iterative  calculations such as

performance prediction, BPHE selection
and simulation of systems containing

BPHE components. The simplicity of the

used correlations prevents discontinuities
which would suit iterative algorithms.

Continuous methods are also used to
obtain fluid properties. Due to general

nature of the method, it is possible to use it
for rating cascaded applications where
phase change occurs on both sides of the
heat exchanger. By using optimum

algorithms and limiting the number of

sections to 50, a decent speed of
calculation and grid independency is

achieved. The developed method needs to
be improved further in areas such as
accurate prediction in a wide envelope for
plate evaporators, considering factors such
as refrigerant distribution in  port

manifolds, flow regime changes in the heat
exchanger etc.

8.0 NOMENCLATURE

A Heat Transfer Area [m?]

g Acceleration due to gravity [m/s?]

h Heat transfer coefficient [W/ (m2 K)]
k Thermal Conductivity [W/ (m K)]

Q Heat load [W]

U Overall heat transfer coefficient [W/ (m?2
Kl

x Vapor quality

u Dynamic viscosity [Pa s]

¢ Wall viscosity correction factor

p Density [kg/ m3]

Nu Nusselt number
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Pr Prandtl number
Re Reynolds number

Subscripts

b Boiling

cb Convective boiling

lv Two phase region

gr Gravity controlled condensation
[ Liquid

lo Liquid only

nb Nucleate boiling
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ABSTRACT

Condensation in compact brazed plate heat exchanigeinfluenced by a number of
parameters, such as, geometry of the plate (cheangfe, pitch), Reynolds number of the
flow and condensate drainage effect etc. Nussetirthof condensation over a flat plate along
with the intensification factors gives a reasonagproximation of the heat transfer in brazed
plate heat exchangers in gravity governed regimethbbls using two phase multipliers and
enhancement factors are used in evaluating thettaeetfer coefficient in the shear controlled
regime. This paper presents a comparative studyaobus correlations used to obtain the
local heat transfer coefficient and the influenéeghe plate geometry on these correlations.
Performance of the compact condenser is obtaineallyoby dividing the flow path into a
number of elements.

Keywords: Condensation, Brazed plate heat exchangers

1 INTRODUCTION
1.1 Compact brazed plate heat exchangers

Compact brazed plate heat exchangers (CBE) ardrootesd by brazing together a series of
corrugated plates in vacuum. Stainless steel phatés four apertures serving as inlet and
outlet ports are pressed to the designed pattenesel plates are then arranged to form
alternate flow passages with spacing of 1.3 to & [5]. During the vacuum brazing
process, a braze joint is formed at every contatttfpbetween the base material and brazing
material, usually copper or nickel. The brazinggass results in a strong unit which is
suitable for operating pressures above 30 bar.dJsithick frame, the CBE can be used up to
operating pressures of 120 bar in supercriticaliegions. The close temperature approach
(1-2 °C), small internal volume, higher heat transfoefficients, compactness, elimination of
cross contamination, lower cost and the abilitymithstand higher operating pressures etc
favor the use of CBE’s in refrigeration applicasoriThe required heat capacity can be
obtained by adjusting the number of plates. Asymimetate packages are also used to meet
the demand of heat transfer rate and allowed pressop.
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1.2 Single phase heat transfer and condensation jiiate heat exchangers
The single phase heat transfer coefficient is dated using the following correlation [3].

N

A correction factor §) is used to account for the differences in bubicesity and viscosity at

the wall. The single phase correlations are usethé vapor and sub-cooled regions in
condenser performance calculations.

The condensation in plate heat exchangers carabsiiiéd into two regimes.

» Gravity controlled regime, where the relative véipdetween vapor and condensate
film is close to zero.Re<800 approximately)

» Shear controlled regime, where relative velocitywaen the phases is greater than
zero (Re > 1000)

The classical Nusselt theory of condensation oveerdical plate suggests the following
correlation for obtaining average heat transfeffaent. [4]

2 1/3
H _ 13
=147R 2
{m ¢ —mg} ? @

Co:a'g

Shaw proposed a general correlation for local heisfer coefficient applicable to steam,
refrigerants and organics in shear controlled regii3|

0.04

a,D, 0s 3.8¢"(1-x)

0.38
P

=0.023.Ré&° P?“[( % x) (3)

WhereP is the local reduced pressure

Cooper (1987) suggested the use of local condemshtat transfer coefficient by Ananiev
for condensing steam at elevated pressures.[2]

a=a |2 (4)

Where p is the mean density of the liquid/ vapor phaseafaone

Thonon et al (1995) suggested that the condenshgan transfer coefficient in gravity and
shear controlled regimes can be obtained as follf@3
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For a smooth transition between the two regimesp@ mean square average value
calculated from the gravity and shear controllegime

— 2 2
arms Y agr + ash (7)

1.3 Influence ofplate geometry on condensation heat transfer coetient

The thermal and hydraulic properties of CBE ardnlyiglependent on geometric properties
the chevron plates, namely the corrugation angke corrugation pitch and the plate pres:
depth.

Chevron angle(8): A plate with high chevron angle (around 65°)utes in higher hee
transfer associated with higher pressure drop, @dsra plate with low chevron angle -
40°) provides low heat transfer with low pressdrep Combining plates with high and lo
chevron angles, intermediate characteristics caoltained. Figure (1) shows the relat
betweenNu/Pr*** as a function of Rg for heat exchangers with chevron angles ¢, 61°
and 677 The area averaged condensation heat transfer deeffis used in calculating tl
Nusselt number and all the tests are performedyuRitB4a as the refrigerant. The influel

of the chevron angle is higher in the shear coletlalegime corpared to the lower Reynol
numbers.
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Fig 1. Comparison of averaged condensation heasfiea coefficient for channels wi
various chevron angle
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Pressing deptlid): The pressing depth is the characteristic lenged to define the hydrau
diameter and hence, the Reynolds number of the fldne following definitions of hydrauli
diameter, Reynolds number and pressure drop dinetion are used in this sty.

_G.D,
H

Re, , D=4 (8)

_ Fe.- 10001

AP, = p where, = E(Re ) (9)
|

Corrugation pitct (A): In this study, plates with a corrugation pitdh7omm are used. Tk
corrugation pitch influences the surface enlargdrfastor whicl is the ratio between the he
transfer area and projected plate ¢

Thonon et al (1995) discussed the intensificatibthe of heat transfer coefficient in grav
controlled regime due to condensate drainage sff@dte factor of intensification hdbeen
related to the modified bond number which usescireugation pitch as the characteris
length.

2
N_u' =a.Bd', Bo= 9pA” (10)
Nu 0,

Where NU' is calculated by the Nusselt theory, Equation ®)e Figure (2) shows tt
compares the area averaged condensation factor dxparimental results to that obtair
from Nusselt theory foRe , <1000.
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Fig 2: Influence ocondensation drainage effect in gravity controtegime

The intensification is observed for Reynolds nurslistween 300 and 1000. The consa
is dependent on the plate geometry and can be aedlufrom laboratory tests. Ithe
comparisons above the valuearanges from 1.1 to 2..

Other factors such as the number of plates, inhet autlet port diameters, distributi

devices, flow optimization patterns in the correghplate, connections, flowrangement,
fouling, plate coatings etc influence the thermad dydraulic performance of brazed pl
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heat exchangers. The parametric study of influesfcgeometry can be obtained from, for
example, [1] [6] [9]

2 CALCULATION PROCEDURES
2.1 Calculation of area averaged heat transfer coiient

The weighted method suggested by Palmer (200%dd to determine the area averaged heat
transfer coefficient. [7] The total heat load i® teum of heat loads in condensation, de-
superheating and sub-cooling zones.

Qtotal = .sub+ : cond+ Qdesu (11)

The log-mean temperature differenddTD, for the entire heat exchanger is determined
from the weighted average bMTDs for each segment.

LMTDan = Q;otal'l:( Q j +(L) +[Lj ] (12)
LMTD b LMTD cond LMTD desun

2.2 Discretized performance analysis of condensers

The flow path in the both sides of the heat exckang divided into one-dimensional
elements. Each element is characterized by thertwas flow rate and extends between two
nodes. The nodes are characterized by local eythadpssure and vapor quality. A system of
nonlinear equations are developed applying theviollg set of equations at each element and
node, which are then solved using a semi-explieithmd.

For each element representing the flow in channels,

d 2
d_ z (T _Telemen) (13)
n=1
EzAP +AP, +AR, (14)
dZ f ar a

For each node,

Z (m) phases: O (15)

The acceleration, gravity and friction componemtsthie total pressure drop are evaluated
from standard definitions of two phase friction ttacmultiplier, void fraction and mean
density. The fluid properties are obtained locally functions of the thermodynamic state
parameters in elements and nodes. VijayaSekhabjXiygested that using the knowledge
of the thermal and hydraulic behavior of individu@dBE components, the discretized
performance analysis can be used for an accuratelmg of temperature and mass flow
mal-distribution in heat exchangers. [11]
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3 RESULTS

Laboratory testing was performed using R134a e refrigerant in the primary side a
water in the secondary side. Three models witredbfiit plate areas and chevron angles
tested at a varying heat capacity correspondirtgetd flux between 8 kW/mz2 and 15 kWi/r

The evaporation temperature in

rig is maintained between 0 °C and 5 °C. Tests \

performed at inlet gas temperatures varying from °€5to 95 °C. The condensati
temperature is maintained between 40°C and 50° h@. Water temperature difference

condensers is maintained arouncC.

The applicability of Nusselt theory, Equation (23, tested initially and a heat trans
coefficient enhancement facF,, is defined for gravity controlled regime. Tableidtd the

enhancement factor obtained along with the geomgtarameters of the tested h

exchangers.
Fa' - acorr (16)
aNusseIt
Table 1: Tested CBE model specificati
Chevron Heat Transfer

Model Angle Area Pitch D, F,

(m) (m) (m)
CBE (a) 47.5 0.124 0.007 | 0.004 1.58
CBE (b) 61 0.04 0.007 | 0.004 1.67
CBE (c) 67 0.063 0.007 | 0.004 2.24

Figure (3) compares the param Co, Equation (2), as a function Reg_,. As shown in the

table above, the enhancement facF, is a function of the corrugation angle. As sugge

by Thonon (1995), the average heat transfer coeffian gravity controlled regime can
predicted using the Nusselt theory and enhancenfetors. It is observed that t

experimental coefficiens lower than Nusselt coefficient Re , < 200,

I ok
Lab

> 0

Nusseit

e = Niscah 4250
== Nusselt +25%

Co
>

(
/
{

01

Fig 3: Experimental and Nusselt heat transfer eaefits in gravity controlled regir
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The discretized method is used for performanceyaisabf condensers and the correlati
proposed by Shaw, Cooper (1987) and Thonon (1985used for obtaining the local he
transfer coefficients. The enhancement facF, obtined in previous section is used in
Thonon correlation in gravity controlled regime. eTHollowing figures present tf
comparison of correlations for area averaged haaster coefficient for CBE (a) and CE
(c) models in Table
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Fig 4: Local ondensation heat transfer coefficient for 47.5teplesing various correlatiol
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Fig 5: Local condensation heat transfer coefficfen67° plate using various correlatit
4 CONCLUSIONS

The study presents the influence of condensatealyei effect and enhancement of |
transfer coefficient in gravity controlled regime a function of the plate chevron angle. -
enhancement factors are then used to calculaté Heed transfer coecient in a discretize
performance analysis tool. Correlations propose@bgper (1987) and Shah over predict
heat transfer in condensers. Using the evaluatdédreement factors, the general de:
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method proposed by Thonon (1995) is suitable fedjating local heat transfer coefficient for
Reynolds numbers under 1500. However, deviatiavbgerved at higher Reynolds numbers.
Further study would involve studying applicabiliy Thonon correlation at higher Reynolds
numbers and using the discretized performanceftoglide refrigerants etc.
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NOMENCLATURE

A Heat transfer area m2

Bo Bond number -

C Constant -

Co Condensation Number -

C, Specific heat capacity J/(kg.K)
D, Hydraulic diameter m

d Pressing depth m

F, Enhancement Factor -

G Mass flux kg/ (s.m?)
g Gravitational acceleration m/s?

h Specific enthalpy J/kg

hy Latent heat J/kg

k Thermal conductivity W/(m.K)
LMTD Log-mean temperature difference K

m Mass flow rate kg/sec

n Constant -

NU Nusselt number -

P Pressure Pa

Pr Prandtl number -

P Reduced Pressure -

Q Heat load w

Re Reynolds Number -

T Temperature K

U Overall heat transfer coefficient W/(mz2.K)
X Vapor Quality -

y Prandtl exponent -

z Coordinate m

a Heat transfer coefficient W/(m2.K)
A Corrugation pitch m

Y7 Dynamic viscosity Pa.s

@ Viscosity correction factor

M Perimeter m

Yo, Density kg/m3
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o Surface Tension N/m
o Chevron angle °
Index

a Acceleration component

cond Condensation zone

desur De-super heating zone

elemen Averaged value in discretized element

f Friction

ar Gravity controlled regime

I Liquid

LO Liquid only

rms Root mean square

sh Shear controlled regime

sub Sub-cooled zone

v Vapor

W Wall
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