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Abstract. Stenter machines are used in textile industry éesal purposes, like moisture removing of fabrfabric
width control, dry-heating process, dry-curing atiftermo-fixation of finishing in fabrics. Stenterseahe major
energy consumer in textile mills. Systems usetidating stenters are based on Steam, gas, ciragiaif thermal olil,
electricity and combined systems. Direct use @& fases of combustion inside stenters are avoinlgudvent stains
on fabrics. The high energy consumption of stentedue to using huge air exhaust mass taxes fl@mtachine
while maintaining temperatures in the range of 0@ °C. This is to avoiding dry-fabric contaminatiovith
outgassing of substances that could also resudtams on fabrics. This work proposes a model &sighing hot-air
generators with heat recovering of exhaust gasestanters. Heat pipes are used as a low cost atem for indirect
heating of air and heat recovering of exhaust gases calculating heat and mass balances in steatatt hot-air
generator, a routine was developed and implemeint&ES. This routine also calculates combustioncktometry of
several fuels. For designing the heat pipe heathamger, TROCATER software was used. The designImode
incorporates a mathematical programming model fesign optimization of heat exchangers. With th@psed model
is possible to evaluate fuel savings in comparistth conventional equipment, and showed itselfefulgool for the
thermal design of this novell hot-air generators$tenters.
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1. INTRODUCTION

Polymeric materials, such as polyester, are thelastps, soften itselfs when heated and harden vduated.
During production, the fabrics are subjected taowe deformations which cause shrinkage in the gge®f wetting
and washing. In fabric made of synthetic fiber defation can be reversed by heating the fabric, evképt under
dimensional control.

In textile industries, stenters are used to prondioyeng and dimensional stability (thermofixatiomf) fabrics. The
energy used to dry the fabric corresponds to 50&nefgy consumed in the process of finishing theidawith 25% of
that total going to the stenters (Xuo, 2004). Téason for this high energy consumption is the mepdf high air
exchange taxes inside the stenter for the elindnatf substances released during the process thatampromise the
fabric coloration, and in this exhaustion that éhare the biggest losses. At exhaustion therénisgga waste of thermal
energy, due to discharge of hot gases exhaustéahwiiheat recovery. Energy expended in raw, 6808 is lost in
this disposal (Xuo, 2004).

Stenters may have direct heating through electrisiktors or combustion gases blown directly thi fabric, or
indirect heating by using hot oil or steam coilsidte the system. Resistors are rarely used dubetdigh cost of
electric energy, and direct combustion of fuel lo@ fabric can cause stains that make it impractaratertain quality
standards for fabrics. The main problems withnecti heating are the thermal losses in generatidgransporting the
hot fluid (oil or steam).

This work proposes a methodology for optimum glesif a novell type of indirect heating systemdtanters. Part
of the gases extracted from the stenter (mainlypszs®d of air) serves as a pre-heated burning @ritliza combustion
chamber, as shown in Fig. 1.



Proceedings of COBEM 2011
Copyright © 2011 by ABCM

21* Brazilian Congress of Mechanical Engineering
October 24-28, 2011, Natal, RN, Brazil

Exhaustior

Recirculating air

U Central fumace for indirect heating of air
or
Hot air central generator with
technology of heat pipes
Heat Pipes
Indirect heating

of air

Admission

Burning

H Z natural gas
( ,Jt i
W Exhaustior

=
—
Q:I

I::>
K Stenter

Figure 1. Proposed indirect heating system fortstsrwith pre-heating of combustion oxidizer

Combustion gases transfer heat to recirculatieegdy means of a heat pipe heat exchanger. Amsyait ducts
should be used to supplement the partial recinculatf air. The proposed lay-out for the equipmisrghown on Fig. 2.

Figure 2. Layout of the proposed air heating sydtamstenters

Using the indirect burning system the heat is tfiemed indirectly to the air that heats the fabso,the particles
resulting from combustion does not affect the fipadduct. The combustion chamber uses the stexit@ustion air as
oxidizer, minimizing energy waste.
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2. THE SELECTED CASE

Based on an energy diagnosis of Stenters of ddedimpany (Barrost al, 2009) it was chosen one within the
equipment characterized in the report for study arshsis for calculations. The chosen stenter &igvorks with
indirect heating where hot oil circulates in aremnial heat exchanger to each module of stentenghravhich the air is
blown.

Tyases out= 141°C
— kgwater
\ ‘[ YOUt 0.07 %gfabric
STENTER mfabric,in = mfabric,out
T, <282°C Meane =0.1639,
hot oil Y = o,7kgwa%
| , In kgfabric
Mair in = 13384“4
Tair,in = 360C

Figure 3. Stenter chosen for case study

Where Mranric is the mass flow rate of fabric that come in thentr, Mair is the mass flow rate of aifl, is the
air temperature,l; is the oil temperature] .. is the gases temperatur¥, is the ratio between water mass and

fabric mass.

Air is blown through of 16 blowers two positioned each module the same side, with a potency ofvi€ach.
While the exhaust is made for 2 fans of 15 cv. Fédaishows the values of mass and temperatureeafghrating day
of stenter 8 used for the calculation of mass araigy balance.

The main thermal loads that exist in the Stenteeshaating air which is replaced with exhaustieenéible heat)
and evaporation of water in fabric (latent heat).

Based on data obtained (Fig. 3) it evaporates Okb08 of water from the fabric along its path thghuhe interior
of total stenter. This results in evaporation dieat load of 232 kW. The heat load of heating eslfrair is 157.4 kW.
Therefore, the energy demand for water evapordtam the fabric represents 60% of the heat loattheftenter 8.

Considering the need to evaporate water from thedawas propose a concept of heating of gaseseniter with
heat pipes where there is a recirculation of galsesach module, there would be a gas collectich raturn to the
heater, with only partial renovation. So, the mii@® rate of gas recirculation may be differentrfrahe renovation
flow rate. Without recirculation, the necessity lnft gases to evaporate water from the fabric wonldose an
excessive renovation of air in the stenter.

3. MODELING OF GAS RECIRCULATION SYSTEM

With the objective to evaluate the oxygen contdnthe oxidizer gas that goes to the firing systemmass and
energy balances was implemented for modeling tlagirige system proposed pipeline and a stoichiométlance for
the burner in the software EES (Engineering EquaSolver), based on a regime operation of the aekition gas
system, according to operating conditions repdoteBarroset al. (2009).
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To be feasible to install the proposed system thgen contained in the gases extracted from th&estenust be
the minimum acceptable or higher, for that occue ttombustion of fuel in the chamber, and still, thater
concentration should be small, because the flamé&ldme muffled. But, the gas temperature in thépelipes will be
above 100°C at any point, what will move by pipelis a mixture of atmospheric air and superheatieains Thus,
there is no psychometric limitation of the watencentration in the gas mixture, and could be 1002ewwapor, there
was no need of breathe air at the stenter and ianonin content of oxygen in the gas mixture.

Aiming to evaluate the oxygen content of the finalttgoes to the firing system was implemented artzal of mass
and energy to the proposed pipeline in the ESSvaoft The interface input and output of the progcam be seen in
Fig. 4.
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Figure 4. Interface input and output of the ESSypam to calculate the balance of mass and energy

Where Mmoistair, Mwater, Mgases and Mair is the mass flow rate of moist air, water, gaseb ar, respectively, in

each defined point], and T is the temperature of air, moist air and burneskegarespectively, in each

ir 1 m0|sta|r gases

defined point,Mrel is the mass flow rate of combustible necessatlérburner, X, is the ratio between point 11 and

4 of the mass flow of moist aitJA is the global coefficient of heat transfdc,, , ,, Cy,, and Cy, , are the

concentration of water nitrogen and oxygen, respelgt in the air at the point 4.

The initial data of the program are the input antbat temperatures of the stenter, as well asrtle¢ temperature
of air, water inlet temperature and ambient tenmpeea Moreover, the mass of evaporated water angapvation are
known.

It all begins getting to the raw air at 160°C (gdij gathering with the humidity of the fabric (pbi7) and this mix
is obtained in point 2 which is the process the¢aaly happens today. Below, the equations for thssnand energy
balance in the stenter.

Mimoistair,2 = Mair 1t Mater,7 1)

mair,l.deir.(-Eir 17 -|I:|oistair,2) = .m\raterj. CQater.(loo_ :l/—ateﬁ )+ 'Mterj .2257.% l Water7 . GPm '(n:l;istaiﬁ - 10((2)
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Where Cp,;, is the heat specific of the ai€, .., is the heat specific of the watetp,,.,, is the heat specific of

the steam. The calculation of energy balance Haistgortion of the air, the second portion to tieating of water, the
third for the phase transition of the same andlfirthe term that corresponds to the superheatedrwapor.

After point 2 there is a bifurcation control (whiatay be through ventilators, dampers, variableuesgy) dividing
the flow between 4 and 8, the latter correspondbdcstenter air recirculation, where there is asion of air (point 9)
in the system, lowering a little the temperaturehef mixture and renewing it, then going to thehextger and this will
restart the cycle. The other side will go to thenew, and then also for the exchanger and therebyirty the mass
coming of point 3 (mixture of 8 and 9).

Mmoistair,2 = mmoistair,8+ Mmoistair 4 (3)
mmoistair,lo = rnmoistair,4+ mnoistair,ll (4)
Mhoistair,3 = Mir,9F Mhoistair,8 (5)

Tmoistairs' Minoistair,s + Tair o+ Mhir,9
T = Toosar , (6)
moistair,3

Mmoistair,3

The burner placed would need a potency of 827 kilpmling to the calculations made to supply the ateinof
heating required for the exchanger. This is dulwoflow. A relief valve was placed immediately exftpoint 4, to try
to increase the delta temperature and thereby wepttte efficiency of the exchanger, and this vabgulated to allow
a passage of 80% of the fluid to the burner.

Mgasess = M moistaizt M fue (7)
Mmoistair11 = Xin' Mhoistair,4 (8)

Fuel consumption was calculated based on an Imfeléat Power equal to 53,338 kJ/kg, being speft, 352 kg/s
of natural gas. The program calculated the oxygmrcentration in the gases supplied as oxidantheéacombustion
chamber, and a 400% of equivalent excess air wasdfowvhich is sufficient for the combustion proce&slausible
explanation is the large quantity of air aspiraitedhe stenter, causing the mass of evaporatedr watde mixture
negligible.

It was already included in the program the use e#tIpipes, where the total conductance of the exgrawas
calculated using the computer software TROCATERr¢Bset al, 2007) this also helps in sizing the exchangerctwvhi
will be seen later.

The heat exchanger it's corresponding to has techl in the three equations below. The first takés account
the total conductance of the exchanger and theitbgsc temperature difference, and the other taketinto account
the energy lost and won respectively by the flidguestion, resulting in an exchange of 445 kW.

UAATmMI
=== 9
Qtroca 1000 ( )
Qtroca = rhgasesS . Cpgases( Tgaseﬁ -T gasQ (10)
Qtroca = Mir 1. Cpair ( -gir,l - -rI;Oistair,S) (11)

Where CP,, is the heat specific of the burned gasAI'ml is the logarithmic mean temperature difference

between the points 5, 6, 1 and@, ., is the heat transfered in the heat exchanger.
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4. SYSTEM OPTIMAL SIZE

Supposing the supply of gas burner at 500°C, ibtisnded to dimension a heat exchanger with hgagspthat
would meet the thermal load on the desired temperategime established. For this, the program b4l used
TROCATER software (Borgest al, 2007) for design of heat exchangers with thermpbey that uses mathematical
programming techniques for optimization. It is ppepd that an initial geometry of the exchangergtsikes, width and
height of equipment and others) and, so, is catedlthe number of pipes necessary to obtain tHeaglcoefficient of
heat exchange desired, and the resulting dimensibtiee equipment. Through the program, will besilole develop a
design optimized for the equipment.

The dimensions of the delivery system of hot aiolwed selecting a power burner and a heat exchighgecould
meet the same heat load of heating that is now bgaxirculating hot oil in the stenter. To dimensithe equipment it
was used the design code TROCATER (Borgesal, 2007). Some parameters were chosen based oropsevi
experience of the team and people involved in tgpt as shown in Tab. 1.

Table 1. Values proposed for the variable decision.

Ratio between Diameter of Ratio between Ratio of fin Space Thickness of Width
evaporator pipe spacing and maximum between fin fin [m]
length and [mm] diameter of height [mm] [mm]
total length pipe

0.1 25.4 1.5 0.2 3 1.2 0.5
0.16666 38.1 1.8 0.4 4 1.5 0.75
0.2 2 0.6 5 2 1
0.3 2.16 0.8 6 1.5

2.5 1

For the arrangement of the tube bundle, were chtiservalues 30, 45, 60 and 90 degrees. For the fdipat
operating temperature of the working fluid abov@® 3D, provides for the use of naphthalene. For lo@erperatures,
provides for the use of water.

The technique chosen for optimum synthesis of Brahanger was exhaustive simulation. So, it wasdsioned
configurations of heat exchanger with all possitdenbinations for the values of the variables abétveias generated
19,200 configurations of heat exchangers. Theségroations were tabulated in an Excel spreadshéeragment of
this spreadsheet with the monitored results is showab. 2

Table 2. Fragment of sheet results of exhausiivesioning that has 19,200 configurations of heat

exchangers
.| Sfin|Tfin| W | Arrang. Ma_ss N [Evap. P.d.Cond P.d| H.e.L Max.V. | Max.V. P
Lev/Ltot| %hmaxfin (mm]|[mm|[m] | [Degrees equip. |, e [mmH20]|[mmH20]  [m] Re evap|Re cond} evap. | cond. [US$]
[ka] ) [m/s] [m/s]
0.4 3 1.2] 1.% 30 1965 131 5 32 0.70 2767 14263 4.5 10.9 40565
0.4 1.2] 1.% 30 1923 145 5 31 0.78 2707 13950 4.4 10.7 44289
0.4 1.5 1% 30 2126 145 5 32 0.78 2753 14188 4.5 10.9 44780
0.4 5| 12| 1% 30 1865 160 4 29 0.78 2667 13746 4.4 10.5 48252
0.6 3 1.2] 1.% 30 1961 102 5 36 0.53 2956 15235 4.9 11.7 32624
0.6 1.2] 1.% 30 1872 116 5 35 0.62 2850 14691 4.7 11.3 36239
0.6 1.5 1.% 30 2114 116 5 36 0.62 2930 15102 4.8 11.6 36823
0.6 3 1.5 1% 30 2265 116 6 37 0.53 3054 15740 5.0 12.1 37188
2.16 0.6 8 1.2 1.p 30 1687 123 5 35 0.39 3174 16359 5.2 125 37705

Where Lev/Ltotis the ratio between evaporator length and tulbe tength,%hmaxfinis the ratio of maximum
height fin, S finis the space between fifi,fin is the thickness firWW is the width of the heat exchangérrang.is the
arrangement of tubedjass equipis the mass of the equipmeit,tubesis the number of tubes necessary in the heat
exchangerEvap. P.dis the pressure drop in the evapora@uond P.d.is the pressure drop in the condenste. Lis
the length of the heat exchangRe evapis the Reynolds number in the evaporaRe, condis the Reynolds number
in the condenseMax.V. evapis the maximum velocity in the evaporatbtax.V. condis the maximum velocity in the
condenserP is the price of the equipment.

Following the nomenclature used in mathematicam@mming, each configuration of heat exchangegried an
individual. The objective is to choose individualsth the best overall performance. Following thetimzation
procedure proposed by Borgeisal. (2007), where it was made successive cuts inafa list of individuals, based on
desirable characteristics of performance:

- Cut to individuals with pressure drop in the censier above 200 mm H2O, left over 10,000 indivisiual
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- Cut to individuals with pressure drop in the emator above 200 mm H20O, left over 9,245 individyal

- Following Branan (2002), individuals were cut lwia maximum speed in the tube bundle above 24 8397
cases were left in the condenser and the evapomat@ined 7,845 cases later;

- Reynolds number less then 2,300 was eliminatethénevaporator to guarantee turbulence, remaiiigg0o
individuals;

- There was low Reynolds number in the condenser;

Using the remaining 7,600 individuals, plotted ¢liaph price per pressure drop in the condenserslaon in Fig.
5. The condenser is the side of the greatest loss.
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Figure 5. Graphic of price versus pressure drapéncondenser

Following the procedure proposed by Borgésl. (2007) is possible to notice that the envelopeeurtide cloud of
points from the previous figure is a tradeoff cufmegotiation) between price and pressure drop.mibst interesting
point of the curve is inflection. To focus on tmdléction point we made two cuts: Price greatentbks$ 80,000 and
pressure drop greater than 75 mm H20O, where it ireda2,473 individuals. To isolate the points ndae lower
envelope were proposed two trend lines, so thétpaints of the envelope were available betweers¢htwo lines.
After this, the remaining points were eliminategkulting in 306 individuals near the envelope e\ in Fig. 6.
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Only with the selected individuals plotted the drgpig. 7) price versus pressure drop in the eatpor
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Figure 7. Graphic price versus pressure drop iretlagorator

From this point cloud, we repeated the same praeeglsed previously to obtain the lower envelopthefcloud of
individuals. Finally, remained 76 individuals, thexere sorted in ascending order of price.

Based on this tradeoff, it was chosen the individuigh the price of US$ 36,097 because it represengood
compromise between price and pressure drop.

Therefore, the final characteristics of the equipt@e shown in Tab. 3.

Table 3. Basic characteristics of the heat exchadiggensioned.

Length of thermosyphon

Relationship between total length and length evatpor

Diameter of tubes

m 3.01
1/3
mm 38.1

Geometric arrangement of the tube bundle

Degrees 30

Number of tubes 116
Number of tubes in odd rows 15
Number of tubes in even rows 14
TOTAL NUMBER OF ROWS 8
Height of fins on the condenser mm 16.8
Thickness of the fins on the condenser mm 1.2
Spacing between fins on the condenser mm 6
Height of fins on the evaporator mm 16.8
Thickness of the fins on the evaporator mm 1.2
Spacing between fins on the evaporator mm 6

Pressure drop on the condenser

mmH20 29

Pressure drop on the evaporator mmH20 3
Reynolds number on the condenser 14201
Reynolds number on the condenser 2336
Maximum velocity on the condenser m/s 10.8
Maximum velocity on the evaporator m/s 3.6
Overall width of the exchanger m 1.5
Total length of the exchanger m 0.62
Mass of the equipment kg 2025
Price uss 36,097
Maximum temperature of steam in thermosyphon oC 226

Total Heat Load

kW

445
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5. CONCLUSION

As can be seen, this is a compact equipment witlew to its big thermal load. Your external volumeuld be
something a bit larger than 3.1 x 1.5 x 0.62 mwvduld has 116 heat pipes with 3 meters long finndabth sides, with
0.9 m evaporator length and 2.1 m condenser length.

This solution only demonstrates the feasibilitytted equipment, and even surpassed the supply ofibdlatural Gas
in the country, it is important that the technolagfered to the industrial sector is perceivedasust and reliable. The
development of flexible equipment for natural gatigh the heat pipe technology brings to this tewsumers the
perception of reliability, and allows the estabirsmt of uninterrupted supply contracts, making ¢higgood deal for the
industrial consumer.
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