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Abstract. The conductance of heat pipes is different from line to line inside a heat exchanger bundle. For the purpose
of pre-designing heat pipe heat exchangers, it is possible to assume that the heat pipe conductance is homogeneous
along the bundle. For a detailed design, it is recommended to split the bundle modeling into sub-bundles, for assessing
heat pipe conductance in several temperature levels.

Another application of sub-bundle models is the designing of heat exchangers that are constructed with two or
more sub-bundles that have different physical characteristics, such different fins, geometric arrangement, working
fluids, heat pipe diameter, etc.

This work proposes a multi-bundle model for heat pipe heat exchangers, implemented in Engineering Equation
Solver (EES) using a matrix structure. This structure allows the user to change the model complexity in a fast way, by
only changing the size of the matrix, and consequently the number of sub-bundles that are being considered.

The model showed itself an useful tool for designing heat pipe heat exchangers. The model was also linked to a
genetic algorithm routine for obtaining optimal synthesis of heat exchangers.
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1. INTRODUCTION

Increasing the energy efficiency is today an imgutrtchallenge in all kinds of process industry ergy, oil,
chemical, siderurgy, food and others. The heataxgeér is the key equipment for energy saving addaieg thermal
pollution. Energy savings can be increased by ublegt Pipe Heat Exchangers (HPHES). When properbjgded,
they may have reduced life cycle costs in comparigith conventional heat exchangers.

Proper thermal design of a Heat Pipe Heat ExchaitfeHE) is essential to ensure economic viabiftgor design
can lead to oversized or subsized equipments. Sme®ia technically adequated thermal design campeoved by
means of finding a cheaper design solution thatditthe same thermal load.

On designing thermosyphon heat exchangers, the langhber of design parameters result in severaledsgf
freedom. Several configurations that satisfy omaesaet of design restrictions can coexist.

Heat Pipe Heat Exchangers can be cheaper than rdiona heat exchangers, upon a life-cycle costyaisa
depending on the application. On designing theriplosy heat exchangers, the large number of desiggneders
result in several degrees of freedom. Several gardtions that satisfy one same set of designicistrs can coexist.

For instance, lower price and/or compact and/orumight equipment configurations can be found lbgvehg the
use of higher pressure losses. Using dense stabgarelles geometry can result in cheaper equipniemsmparison
with disperse and aligned bundles, both of thenplsiimg the same thermal load.

1.1.Heat Pipe Heat exchanger design

The importance of a multi-parameter model for theigh of HPHE's is recognized by literature. Sibtein (1992)
proposed a simplified design method where the sdesign parameters is modified manually and therdependent
variables are recalculated in an iterative proceds a technically satisfactory solution is fourd.a review of HPHE
design optimization Faghri (1995) found only mutilable design simulation models, one of them cedigb an
orthogonal regression analysis method for postatipétion. Bejan (1996) suggests a proper compldgityhe thermal
simulation model to be used on multivariable optiation, in order to avoid excessive computationatkwBorges &
Mantelli (2007b) proposed and implemented a sitgiedle model (written in Visual Basic and Ms-Exaaupled to a
mathematical programming algorithm for prescribogimal HPHE design solutions. Borges, Mantellab{2007b)
proposed a Multi-objective programming model foraliteg with conflicting objectives in HPHE designjch as
equipment weight and flow head loss.

1.2.The need for a multi-bundle model

One of the use possibilities for the multi-bundledal is the design of heat exchanger with uncomgemmetry, as
different fin density for each row in the bundls,well as different transversal pitch, HP diametesrk fluid on heat
pipes (HPs), etc. In this way it is possible toateea heat exchanger more compact and cheaper.

For example, it is known that water is a largelgdisvorking fluid for thermosyphons, because it igreat and
cheap working fluid but the working temperature reatrexceed, or even approach, the critic tempezatfithe water.
This occurs because when this limit is reached, whaéer do not condenses, acting like a non-conddmsgas,



decreasing the equipment performance. So, to cotidi problem we could take some actions, amoegthchange
the working fluid on heat pipes or reduce the stéammperature inside the heat pipes. As no othekinwgrfluid is so
cheaper than water, selecting another one couétbeomically impracticable, so reducing the steamperature is the
alternative. This can be done through reductiothefexternal tube convection coefficient, in ottverds, changing the
heat pipe geometry. Because this, we would have todses with a big transversal pitch, small extiedie@meter, etc. In
this case we use the multi-bundle model, so wedcaelect different bundle settings for each rowsueimg the
maximum performance for a heat exchanger, as veetha costs reduction. Another design strategytter same
problem is to use different finning density in eachw of heat pipes. For this, a multi-bundle modeklso very
necessary.

In this work, a multi-bundle model is proposed amplemented. As will be seen further on, the periance of
each bundle is calculated using a single-bundlealaghd the multi-bundle model is a matrix linkagjesingle-
bundles.

2. SINGLE BUNDLE ALGORITHM

The model considers the heat exchange between atte@m and a cold stream through heat pipes tlat a
organized in regular bundles, i.e., in a row-anblhzm rectangular geometry. Each heat pipe worksa dseat
superconductor. This modeling is based on a codlwer heat exchanger, as it is known this type afifiguration is
more effective than parallel flow.

2.1.The Heat Pipe Bundle

For a heat exchanger with thermosyphons the HPleusidnodeled as counter-flow (Figure 2) througtine tubes.
In this case four types of setting are possibl&, 88°, 60° and 90°. This last is called aligneldetuows, while the
others are called staggered tube robvg 90°).
The Figure 1 illustrates the heat exchanger settasywell the work fluid flow, transversal pitcht)xand
longitudinal pitch (xI).
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Figure 2 - Schematic view of a heat exchanger withermosyphons.

For the proposed single-bundle model the assungptdopted were:
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e Turbulent boundary layer

e  Steady state

* Incompressible and viscous external flow

e Thermal losses through heat exchanger walls nétgigi

2.2.Heat pipe bundle external heat transfer coefficient

External convection correlations for plane and dishibundle tubes were used, with option for stagbarel aligned
bundles. The external convection coefficient of trge depends on geometrical configuration of titéeebundle, and
some correction coefficients are applied when & feav rows. These correlations were obtained frarkaziskas (apud
Incropera 2003).

2.3.The Thermal Resistances of a Thermosyphon Heat Pipe
Heat pipes considered in this work, are thermosiphdhey don’t have a porous structure so the aw®tefluid

returns to evaporator by gravity. Due to this sifigation, thermosyphons have a better performahea heat pipes.
For a thermosyphon, the thermal resistances caedein the Figure 3:
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Figure 3 - Thermosyphon resistances diagram

Were the thermal resistances are:

R:1 Rg convection outside the evaporator and condersspectively.

R> Rs conduction through the evaporator and condenatts wespectively.

Rs Ry boiling and condensation, respectively.

R4, Rs interface liquid-vapor in the evaporator and amgkr. According to Brost (1996) these resistances
are small and can be neglected.

Rs pressure drop in the working fluid flow. Thisigtance is small and will be neglected.

Rio axial conduction, considering steam temperatorestant along the heat pipe, this resistanceidigp

and can be neglected.

Empiric correlations found in lecture were used fois model. The implemented convective correlaidor
evaporator are from Kaminaga (1992a), Kaminaga Zhg9Stefan & Abdelsalam (1980) and Borishanski6@)9 For
the condenser, were used correlations from Kami(s@@2b) and Groll & Résler (1992).

Radial thermal conduction for round tubes here s&the thermal conduction equation found in Incrag2003).

2.4.The Overall Heat Transfer Coefficient

For the determination of overall heat transfer ficieint are necessary the determination of thenlaéresistances,
see Figure 3. Then we can calculate the overatltheesfer coefficient as an inverse of the resista sum.



2.5.The Adopted Algorithm

The algorithm considers the four tube rows setfargthermosyphons, as well the external conveatésstances,
the radial conduction resistances in heat pipeswalid the boiling and condensation thermal resisgim evaporator
and condenser, respectively.

As one of the assumptions was turbulent boundamr)dhe used equations are not adequate to laméganen. In
finned heat pipe case, it was implemented theffiniency calculus, as well as its interferencehe reduction of the
transversal section in the exchanger, resultirgniincrease in maximum speed of the work fluid leetwthe heat pipe.

On this algorithm were also included several catiehs for the calculus of the thermosyphons théresistances,
which can be selected by the designer, as necessary

In Figure 4 is shown the algorithm implemented &8SBackage.

DATA INPUT: CALCULATIONS (I1):
*Tci, Thi *Number tubes per array and
g G Th GUESSES: il tpas Y
Hot side mass flow *Inicial values for Tco, Tho and Tv joa’ tbes
*Cold side mass flow i ’ *Maximum speed and
“Work fluid N Initial \_/alues for thermal Reynolds number
1 properties of substances *Internal and external

*Bundle geometry
*Number of arrays convection coefficients

*Cold and hot stream *Thermal resistances and
composition overall heat transfer coefficient
*Pressure drop

*Inicial values for internal and
external resistances

CALCULATIONS (11):
*Tho, Tco and Tv
*Values for thermal
properties of substances
*Values for internal and
external resistances

Did all guesses values
converge?

OUTPUT:
*Tco
*Tho

*Pressure drop

Where:
Tho: Outlet temperature of the hot side of the heat exchager
Tco: Outlet temperature of the cold side of the heat exchanger
Tv:  Steam temperature inside the thermosiphon

Figure 4 - Algorithm diagram
3. MULTI- BUNDLE ALGORITHM

Each sub-bundle inside the multi-bundle modelinthiss same as the model created for the single-bundiless
some changes in the calculus of the correctiorofador external convection, that are based orl tot® number and
total heat pipe number.

Since it is an iterative and recursive problemhwdata interchange between the sub-bundles, itpragosed a
matrix model implementation, to improve the accyracmodeling. Also, the matrix model allow onevary quickly
the number of sub-bundles modeled, either improtiregdata input, because a worksheet could be ¢dpen other
programs.

A schematic of this multi-bundle modeling is pretseinin Figure 5.
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Figure 5 - Flow information diagram for 3 sub-bundles of 8 arrays.
3.1. Matrix Model

The proposed mathematical modeling uses a unique data for each created sub-bundle, as showigyimd-6.

Tci Tho

1 1 1 1 1 1 1 1 1 1 1
[Pl Pz o Pn ] [D1 Dz Dn] [TCI THI Tco THO Tv]
2 2 2 2 2 2 2 2 2 2 2
[Pl P2 Pn ] [Dl D2 Dn] [TCI THI Tco THO Tv ]
i i i i i i i i i i i
[P1 Pz e R1 ] [D1 Dz Dn] [TCI THI Tco THO Tv]
m m m m m m m m m m m
[Pl Pz o Pn ] [Dl Dz e Dn ] [ a THI Tco THO Tv ]
Where:
m = array size
Pn',= Fixed array parameters
D, = Dependent array variables or calculated parameters -
Tci = Inlet temperature of the cold side of the heat exchanger Thi

Thi = Inlet temperature of the hot side of the heat exchanger
Tco = Outlet temperature of the cold side of the heat exchanger
Tho = Outlet temperature of the hot side of the heat exchanger
i=[2;m-1]
Figure 6 - Matrix algebra of the model.

In this modeling were assumed that the inlet teatpees in cold side (condenser) and hot side (aaam), as well
as the row number are prescript by user.

The hot side inlet temperature for each bundld&éshiot side outlet temperature from the later beiaaid the cold
side inlet temperature for each bundle is the sald outlet temperature from previous bundle, asvshin Figure 6.

The proposed model requires unique input datadoh &reated sub-bundle. Thus, one can model aekehainger
with m-sub-bundles and x-rows in each sub-bundaighé case that x=1 angdh each sub-bundle modeled is indeed
one row of the heat exchanger, and we have theoeww calculations.



4. MODEL IMPLEMENTATION

The model was implemented in EES (Engineering BEgaaolver) package. This choice was made becauseai
Engineering-dedicated equation solver, facilitatthg iterative and recursive calculations, withoaks reasonable
database of thermal properties. The graphic interéd the program is shown in Figure 7 and Figure 8
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Figure 7 - Input interface for global parameters.
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Figure 8 - Input interface for matrix parameters.
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One should notice that due to model implementatisite an equation solver, it's possible to quiakiyange which
are the input and which are the output variabldsS EEan fast exchange variables among the deperaenthe
independent variable groups. This is a good fedrgost-design analysis, since is possible tcsdme sensitivity
analysis of heat exchanger performance with regpedntet streams variations.

There are some implementation details for linking-bundles. For instance, when staggered bundéessad, it is
necessary to follow the j, j-1, j, j-1 ... sequendéheat pipes per row. The implemented code autaaitidoes this
sequence.

5. CASE STUDY: AIR PREHEATER
A case study of designing a heat exchanger foiilaefmery was proposed. The design data are sHowrmable 1.

Table 1 - Design data.

Units Cold side Hot side
Fluids - Air Flue gas
Flow rate kg/h 175,270 261,070
Inlet temperature °C 27 390.6
Max. Pressure drop mmwWC 120 120
Allowable width m 9 9

A base-case design was proposed, using the modelasign tool. For this base-case propositiorers¢\design
parameters was choose by relying in the authoclsnieal feeling. Further in this article, this dgsiconfiguration will
be optimized.

As the steam temperature inside the thermosyphonhottest side of the exchanger were close tocatiti
temperature of water, the designing needed to lieirsio two bundles, because it was necessarystanother work
fluid inside the heat pipes apart from water. Tdiigsion was made to reduce the cost of the heehanger. So, it
would be two bundles, one operating until a setemgperature (Tv) for the water as an working fl(id<300°C) and
another operating with naphthalene (Tv>300°C).

Executing the program, we have the results in Table

Table 2 - Design results from the multi-bundle mode

First bundle (water) Second bundle (naphthalene)
Units Cold side Hot side Cold side Hot side
Fluids - Air Flue gas Air Flue gas
Flow rate kg/h 175,270 261,070 175,270 261,070
Inlet temperature °C 27 NA NA 390.6
@ Outlet temperature ~ °C NA NA NA NA
I|-I_J Staggered - 30° 30°
] Number of HPs - 2271 4899
= Lengthh m 25 3.5 2.5 35
g:: Tube outer diameter mm 38.1 38.1 38.1 38.1
o Transversal pitch  mm 75 75 75 75
Fin step mm 10 10 10 10
Fin step thickness mm 1 1 1 1
Fin height mm 15 15 15 15
& Inlet temperaturg ~ °C 27 322 245 390.6
3 Outlet temperature  °C 245 188 357 322
@ Pressure drop mmwC 23 32.42 68 81
o HPHE mass ton 182.0

In the Table 3 we can see the results for row-te-gdesign.

values for first and last row temperatures.

As it would be too many values, we wilt pnly the



Table 3 - Output data from multi-bundle model with row-to-row calculations.

Multi bundle model (row to row)
Parameters Units Cold side Hot side
Fluids - Air Flue gas
Flow rate| kg/h 175,270 261,070
Inlet temperature (first row) °C 27 200
Outlet temperature (first row) °C 43 191
Inlet temperature (last row) °C 350 390.6
Outlet temperature (last row) °C 352 389.5
Pressure drop mmwC 91 113.42
Staggered 30°
Tube numbef - 2271 (water) + 4899 (naphthalene)
Length m 2.5 3.6
Tube outer diameter mm 38.1 38.1
Transversal pitch mm 75 75
Finstep mm 10 10
Fin step thickness mm 1 1
Fin hightf mm 15 15

Graphically we can see the results for row-to-ralcelus in Figure 9 where, Tci is the cold sideeintemperature,
Tco is the cold side outlet temperature, Thi ishbesite inlet temperature and Tho is the hot sigltet temperature.

680
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580
530
% 480
430
380
330
280

Row #

Figure 9 - Inlet and outlet temperatures for each ow (the bundle is representative).

In Figure 10 we can see a plot of overall heatsimcoefficient (UA) as a function of cold and Isate mass flows,
respectively mand m. These flow rates through evaporator and condersmigs between 50% above and under the
design specification flow rates, so the variatidnth@ overall heat transfer coefficient is showraasurface. This kind
of variation could be seen in transient calculajowhere the flow rate could change with time. Tesign UA

calculated is 201.825 kW, the flow rate through ¢vaporator is 261,070 kg/s and the flow rate thhocondenser is
175,270 kg/s.

UA (HPHE) [%]
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Flow rate (condenser) [%]
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Flow rate (evaporator) [%]
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Figure 10 — Sensitivity of HPHE conductance with rgpect to flow rate perturbations.
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5.1.Optimization

A synthesis model was implemented for proposingnugdtdesign of HPHESs. This model was set usingib-tsu
genetic algorithm routine from EES package. Thedilve was to find the design configuration thi¢ads to the load
at minimal cost. In HPHES, the cost is proporticieathe weight of equipment (that reflects the ofssteel) and to the
number of HPs, that reflects the intensity of maotiring operations, such as drilling, welding amthpower used. A
very rough cost function taken from Borges et 8l0(2a), was used in this work. The design parametavose for
optimization and its box constraints are shownabl€ 4.

Table 4 - Variables and its box constrains.

Variable Guess Lower Value Upper Valug Unit]

Fin Height (condensef) 0.02244 5.00E-03 max height m

Fin Width (condenser) 0.00144 5.00E-04 0.005 m

Fin Step (condenser) 0.01 5.00E-03 0.015 m

Fin Height (evaporator) 0.02244 5.00E-03 max height m

Fin Width (evaporator) 0.00144 5.00E-04 0.005 m

Fin Step (evaporatof) 0.01 5.00E-03 0.015 m
Transversal pitch  0.05 4.00E-02 infinity m
Number of tubes 2000 1.00E+00 infinity -

The proposed synthesis model was to minimize eqeiprost subject to the following restrictions:
e Total pressure drop at the hot side of equipmesst tikan 120mmwC
e Total pressure drop at the cold side of the equipness than 120mmwWC
e Outlet stream temperature equal to 357°C
e Temperature of water (as a working fluid of heagigs) under 300°C

[P P

The optimization routine had to perform 562 simolatcalls, since the population was 16 and the rermdjf
generations was 32. The resulting optimal desigghown in Table 5.
Table 5 — Configuration changes in HPHE optimizatio.
Base-case Optimized
1 Bundle 2" Bundle 1 Bundle 2" Bundle Units
(Water) (Naphthalene) (Water) (Naphthalene)
* Transversal pitch 75 75 94.84 94.84 mm
Diameter 38.1 38.1 38.1 38.1 mm
Condenser lenght 2.5 2.5 2.5 2.5 m
” Evaporator lenght 3.5 3.5 3.5 3.5 m
% * Number of tubes 2271 4899 851 3402 -
E * Fin Heigth (cold side 15 15 24.21 20.15 mm
s * Fin Width (cold side 1 1 1.59 1.10 mm
é * Fin Step (cold side 10 10 12.34 9.94 mm
= * Fin Heigth (hot side 15 15 5.22 12.98 mm
* Fin Width (hot side 1 1 1.31 1.91 mm
* Fin Step (hot side 10 10 1.62 7.20 mm
HPHE width 9 9 9 9 m
HPHE height 6 6 6 6 m
Inlet temperature (cold sidg) 300 518 300 401 K
Outlet temperature (cold side) 518 630 401 626 K
0 Inlet temperature (hot sidg) 595 664 527 664 K
= Outlet temperature (hot side) 461 595 466 527 K
8 HPHE lenght 14 2.1 0.8 3.4 m
Ié':J Pressure drop in cold sifle  22.8 67.9 7.52 45.3 mmw
Pressure drop in hot sifle 32.4 81.1 9.71 38.3 mmw
HPHE Masg 182.0 141.8 ton
HPHE Cost 2.54E+06 1.52E+06 US$




In the Table 5 the parameters marked with * are dblected variables for optimization. With the Tabl it's
possible to see the monetary economy as well asethection of pressure drop. The reduction of nundfeubes is
40.7%; the reduction of 22.1% of the HPHE mass,ctbe& reduction is 39.9%, the reduction of the gues drop in
cold side is 41.8% and the reduction of pressupe @r hot side is 57.7%.

6. CONCLUSIONS

In this work, a multi-bundle model for heat pipeahexchangers was implemented in Engineering Equ&olver
(EES) using a matrix structure. The implementedymm allows changes to the model complexity inst feay, by
only changing the size of the matrix, and consetiyéime number of sub-bundles that are being camsidl The model
considers several physical phenomena involved enhiitat exchange and uses correlations and equétioesternal
convection, internal convection, pool boiling, filoondensing, thermal conduction on heat pipes, cahclilates the
pressure drop, outlet temperatures of the heatagwgr, thermal resistances and many other parasmnedeessary to
analysis of the heat exchanger. Another featurhdéspossibility of an optimization of the HPHE, hese it was
implemented in a solver.

Multi bundle modeling of Heat Pipe Heat Exchang@i®HEs) showed itself useful for designing HPHES. B
dividing the HPHE into sub-bundles, it is possildedesign HPHES with heterogeneous bundles. Wheh eaw is
modeled as a sub-bundle, it is possible to andiREE behavior row-per-row. With this program is gibte to design
compact, cheap and very competitive HPHES, becaaseral working fluids, types of heat pipes andngetical
characteristics can be selected individually focheeow according to cost of materials and particuleeds of the
customer.
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