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Abstract — The paper deals with the heat and mass transfer
process research in a flue gas heat recovery devicerhere
complicated cooling, evaporation and condensationrpcesses are
taking place simultaneously. The analogy between hieand mass
transfer is used during the process of analysis. Irorder to
prepare a detailed process analysis based on heahda mass
process descriptive equations, as well as the colagon for wet
gas parameter calculation, software in theMicrosoft Office Excel
environment is being developed.

II.HEAT RECOVERYDEVICE DESCRIPTION

Outflow gas heat recovery is accomplished by dicecitact
between flue gas and spraying water in the heatvezg
device. Flue gas is cooled below the dew point enthis
case, both physical gas heat and condensing treurgbase-
transition heat is used [2, 3]. Heat recovery dgtiis related
to the heat and mass transfer, which takes plateeka the
flue gas and spraying water. Condensate pellickegclwforms

Keywords_ flue gas deep Cc)olingl heat mass transfer, heat on the heat transfer Surface, creates the Sedlﬂm‘n'ﬂf hard

recovery device.

[.INTRODUCTION

Little by little energy wood utilization in Latviatoiler
houses has become the main activity for replacisgif fuels
and reducing the impact on climate change. Lateis & high
energy wood potential and an opportunity to fulfil,a large
extent, the demand for heat energy consumptioharcountry
with renewable energy resources.

Energy wood is used at a low level of efficiencyieh is
often only 60 ... 70%. This is due to both the higiel
moisture, the inferior organisation of the combustprocess,
and the fact that the flue gas is not completelyled — flue
gas is extracted from the boiler while at a highgerature.

A flue gas deep cooling heat recovery device isetigped
to increase the boiler house efficiency. The flas § not only
cooled in the heat recovery device, but there &0 ah
condensed vapour from the flue gas [1]. Vapouh&ftue gas

forms mainly from the fuel moisture, which does nc

participate in the burning process, but only usesat Hor the

moisture evaporation process. The higher the mastL

content, the lower the amount of efficient heatdueed by the
boiler house and transferred to heat consumers.

The heat recovery device for flue gas coolingiiatsgically
important for the Latvian energy industry, as, byrriing
energy wood with a high moisture content, the afficy of

boiler houses could be increased by 5-10%, whicluldvo

make it possible to increase the proportion of wexide
energy in the energy sector, owing to the fact #wagrgy
wood is used more rationally.

The paper deals with the process research of the drl
mass transfer in the flue gas heat recovery dewidesre
complicated cooling, evaporation and condensatimegsses
are taking place at the same time with the pantitth hard
particles and absorption of various gaseous comygsne

particle from flow and absorption of gaseous congms.
Heat and mass transfer intensification is assatiatgh a
more powerful vapour-gas flow cooling and contrésuto an
increase in the gas depuration efficiency. The qgipie
scheme of heat recovery is shown in Figure 1.
The heat recovery device consists of two parts:

* scrubber without packing (3);

* scrubber with packing (6).

Each part has to perform its specific functiomsthe first
part flue gas, which is taken into the device belythre boiler,
is cooled to a temperature, which is permissibtetiie long-
term operation of the second part with packing.sThart
should also increase the moisture content of the fas to
raise the vapour condensation in the second pant.gas
cooling, as well as for increasing moisture contesgter from
the bottom of the heat recovery device is sprapé&al the gas
through the nozzles 2. The water temperature iseabwe dew
point temperature, and may achieve the wet bullp&zaiure.

Due to the water temperature and low amount of mate

compared with the spraying in the scrubber withkjpay

water evaporation takes place in the first partngldhe
scrubber without packing. The water temperaturéhatoutlet
of the first part is equal, or close to the wetkbtdmperature.
The hard particles which remain in the flue gasrafyclone
are also processed in the first part and, with ryateained
into the water part of the device. Spraying wated gas co-
flow takes place in the first part of the device.

The moistened and pre-cooled flue gas enters e¢bensl
part of the scrubber with packing. Gas moves ihtodevice
from bottom to top through packing 6, and onconfiogn the
top spraying water flows making co-flow. The tasktbe
second part is to establish deep flue gas coolimy\eapour
condensation. Therefore, it is preferable to haatewwith as
low temperature as possible sprayed through noszlggater
for spraying is taken from the water tank of theide and fed
into the nozzles through the network heat exchaBger

109



Scientific Journal of Riga Technical University
Environmental and Climate Technologies
2010

Volume 4

Flue gas 9
g
r'; \-
// ‘\\
J/ I\.\ 3
NN N N N N }4_4
. [N TN T N G
Flue zas | T
‘--..h‘-‘* N
®
T from DH
69T

l 51°C

L~ to DH
56°C \ >
—_— . -

AN 617

5 — g
T Falp

Fig. 1.Heat recovery device and its connection principakse: 1 - scrubber without packing; 2.5 - spragztes, 3.7 - water supply to the nozzles 4 - chimne
6 — scrubber packing, 8 - water supply to heat @mghr of district heating network.

The water temperature is determined by transfenesd in the Overall, the heat recovery device is designed parsde the
heat exchanger. The transferred heat amount depmandse first evaporative part from the second condensaxgsp In this
return temperature in the network. The useful hefathe way, favourable conditions are secured for eacltge® The
device is heat transferred to the network watev the heat target for further research is the identificatiof these
exchanger. Useful heat is obtained in the secomtdgfahe conditions.

device - scrubber with packing. The quantity ofesjimg water

is significantly greater through the nozzles 5 careg to [ll. CALCULATION AND ANALYSIS OF HEAT AND
nozzles 2. To remove the collected hard partiches @rotect MASS TRANSFER PROCESS IN THE EVAPORATION
the heat exchanger surface from the cooling, éirgetank is PART (SCRUBBER WITHOUT PACKING) OF THE
used. Due to the formation of condensation, theemat/el in HEAT RECOVERY DEVICE

the reservoir rises and part of the water is remdaegether The task of the evaporation part is to cool the fjases till
with hard particles as pulp. Condensation makes the definite temperature, which is terminated by pagk
environment acidic and thus NaOH is used for itgaterial permissible temperature, as well as toemse the
neutralization. The acidic environment is formedifgyescent oisture content of the gas. Water drops sprayéad tine
oxides of condensate contained in flue gas. scrubber and the hot flue gas creates co-flow. & water
Teller sockets are used as packing 6 of the hemivery evaporation, the spraying water temperature shbal@bove
device. Sockets have a large surface area, lowdgeamic the gas dew point temperature> t,. Wet gas cooling will
resistance and can be used in an environment Wigccur, if the gas temperaturetjs> t;. The flue gas cooling
temperatures of around 100°C and higher (130°Cpther takes place by heating up the spraying water institabber.
packing is located over the nozzles 5 before tieecgaput to  |n this way, heat and mass transfer occurs betwleemvater
the chimney. The task of this packing is to dryflbe gas and and wet flue gas and these processes can havetsotame
remove water drops. direction and also be contrary to one other. Thecgss
mechanism and driving forces are shown in Figure 2.
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Fig. 2. Heat and mass transfer process parametegeh for the evaporation
part of the heat recovery device.

Transfer processes do not occur directly betweengis
and water drops, but through the boundary layehe Water
evaporates from the water drop of surface 1. Arahigldrop
gas saturated boundary layer is formed 2, wherevdpeur is
in a saturation position. In this layer, vapourtjhmpressure
corresponds to the saturation pressure and itsevadu
determined by the drop temperature, which variesft; at
the spraying place to the wet-bulb temperatyri@ the device
outlet. An unsaturated gas boundary layer formsvéen the
gas flow nuclei and the saturated gas boundaryr I18y@n
which the dry-bulb gas temperature changes takeepl@he
gas temperature changes freynin the flow centre to the gas
saturation temperature at the outer surface oféherated gas
boundary layer. The unsaturated gas boundary Bysvers
the saturated gas boundary layer 2.

The heat and mass transfer in the heat recovergelées a
complex process, where dry heat transfer and massfer
occur simultaneously [4]. The dry heat transfediiven by
the temperature difference between the heat cari¢he flue
gas and the spraying water. As the flue gas tertyrerg, is
higher than the water temperatutg then the energy is
transferred from the flue gas to the water, and assult the
water gets warmer, but the flue gas cools. Heasfes occurs
simultaneously with mass transfer, which is detaadiby its
own drivers. As mass transfer driving force mayused the
water vapour partial pressure in the saturated bgasdary
layer p; and vapour partial pressupg difference in gas or
saturation position of moisture conteti¢ and gas moisture
contentd, difference. The mass transfer process directiop m
or may not coincide with the heat transfer. It defseon water
temperature. If the water temperature is lower tihenwet gas

dew point temperature, tthe mass and the heat transfer is

directed from gas to water. Water vapour condemisain the
drop surface will take place and gas moisture adnteill
decrease. If the water temperature is higher thargas dew
point temperature, then water will evaporate and tas
moisture content will increase. In this case, nteassfer and
heat transfer are orientated against each other.
The wet gas condition can be determined by differe

parameters set, including the gas dry-bulb tempegdf and

d

moisture contentl,. Both parameters are included in the gas
enthalpy, which is used for heat and mass exchange
calculations.

The spraying water introduced into the heat recodevice
can be heated up to a certain limit, which corresigato the
gas wet bulb temperature. Reaching the wet-bullpésature
the water is not heated up any more and all suppieat is
consumed for water evaporation. Thus, a thermodimam
balance occurs between the flue gas and sprayitey wehich
can be described by the equation.

a,.(t, -t,)dF =r.p.(d, -d,).dF , 1)
where
Ok - convective heat return ratio from gas to water,
kW/(m,.K);

tg - flue gas temperaturéC;

to - wet-bulb temperaturéC;

dF - 2eIementaI contact surface between gas andr,wate
m-;

r - water vaporization heat, kJ/kg;

B - mass transfer ratio, kg/rs);

O - saturated gas moisture content corresponding to
water temperature,,t kg/kg dry gas;

dy - unsaturated gas moisture content, kg/kg dry gas.

The analysis, conducted on the basis of the siityildreory,
shows that an analogy between heat and mass traissfe
observed in the evaporation processes. This mdatsthe
heat and mass transfer ratio should have a reitipn This
correlation is known as the Luisa figure and detres that
the heat output coefficient of the ratio of masansfer
coefficient is equal to the mass of the gas spedifat
capacity

o
?kchg @
Subject to the relationship (1) and (2), the wdbbu
temperature can be defined as
r 3)

tm=tg—[c

Pg

(dm - dg)]

The expression (3) shows that the wet-bulb tempexais
determined by:

gas temperature;

saturated gas moisture content above the water film
or drop;

input gas moisture content in device.

If the gas cools reaching the position where itssimoe
content becomes equal to the gas saturation positicthe
moisture contently = dm, the wet and dry bulb temperature
becomes equal. Expression (3) shows that the teryer
difference between the dry and wet-bulb temperahmeases
by reducing the gas moisture content. The wet-bulb
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temperature changes depending on the gas temperatgk moisture content shown in Figure 3.
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Fig. 3. Wet-bulb temperature changes dependingegas temperature and moisture content.

Wet-bulb temperature changes in nature suggest ttshows gas dry-bulb values. Points a - b are locatethe gas
temperature increases with increasing gas moistargent. saturation curve, where the relative humidity iQ%0 Gas
This means that, at the same gas temperaturegicabe of parameters of the heat recovery device input aaeackerised
higher flue gas moisture the spraying water carmdeged to by position A.
higher temperatures. The figure 3 shows the dewntpoi After inlet into the scrubber, the wet gas actuathynes into
temperature changes in the changing gas moistunéerio contact with the saturated vapour layers (not widber mass),
Dew point temperature values at similar levelsasd goisture which are located above the water surface (layer Rigure
content are lower than the wet-bulb temperature. 2). This means that the contact takes place betvieen

The heat and mass transfer process parameter chdoge different parameter gases. The results of the wuarigas
gases flowing through the contact of the devicelmaishown mixing process parameters in thed diagram are shown on
graphically. For that purposetal graph (shown in Figure 4) the straight line which joins the points charasied gas
is used. The gas moisture content changes subjeztadiry conditions.
gas mass unit are on the horizontal-axis. The cgdrtaxis
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Fig. 4. Scrubber processed chart.

112



Scientific Journal of Riga Technical University
Environmental and Climate Technologies

DOI: 10.2478/v10145-010-0025-4

2010

Volume 4

To determine all the typical parameters at theedudf the
scrubber, it is necessary to perform a calculatidnthe
ongoing process. Knowing the gas temperature irs¢hebber
lead-intys and assuming the gas temperature at the dyglet
scrubber is divided into elementary staggs-(tse)/n with a
fixed gas temperature at the end phisety,, etc. The first
and the second phases are characterised by theoaddions
of points 1 and 2, respectively in thed diagram in Figure 4.
It should be pointed out that, in the framework®lgimentary
stages, there are the same flue gas temperaturgehand
their geometric dimensions can be different. Datahe heat
and mass transfer ratio or spraying water droppa@waion
process are required for transfer to the geomeiriensions
[5].

If the spraying water temperature
corresponding position of the gas dew point tentpegaand
below the wet-bulb temperatute> t. > t,,, then the water will
evaporate and the gas moisture content will inered$he
moisture content after the first stage (point 1) is
d = da + 4d;, kg/kg dry gas, (4)
where
Ady
evaporation, kg/kg dry gas

The moisture content increadel; is defined by the input

Flue gas comes in contact with the spraying watethe
scrubber, transferring heat back to the water ana @esult --
cools. In turn, by collecting the heat from theeflgas the
water partially evaporates and the gas moistureteobn
increases. Water temperature changes in the elargesiages
of the scrubber can be determined by the heat aasls m
balance equation.

The heat balance equation for elementary stagés time
stage input and output heat

dQg+ dQ'; = dQ"g+ dQ",, (8)
where
dQ’y, dQ’ - gas heat input and output in the scrubber elgmen

is higher thare thdQ”;, dQ”; - water heat input and output in the scrubber

element.

By defining the elements f the heat balance equoatdr
elementary stage (8) heat balance could be exglasse

Ls.g- (Cps.g.AtgA + da.(2500 + 11974/-\) + Gja. Cpa-Tan =
= Lsg (Gsgityr + da.(2500 + 1,97 ;) +
+ (Gia — Leg.(da — ). Goatix 9
Expression calculation for water temperaturesrdateed at
the outlet of the elemental phase can be achigesd the heat
balance equation. Considering the interconnect®rn({) and

- moisture content increase in the result of water

gas moisture contentadand corresponding to the spraying(g) that is

water temperature saturation position water coniknta
condition in Figure 3).

The moisture content after the second phase can
calculated similar to expression (4)

d, = d; + Ad,, kg/kg dry gas.

Ls.g.'(hA_ hl)+ GﬁA'Cpﬁ'tﬁA
(GaA - Ls.g,-(dA_ dl))-cprh

(10)

be ul

If there are some known parameters of the scrubber

5) elementary stage outlet at the position 1, thensdrae can

be calculated for the system parameters at thetipns?

Here the moisture content increas is determined by the ang then to the entire scrubber. The water and §as
moisture content dand the first phase of the correspondingarameters at the scrubber outlet are determined by
water temperaturegt saturation position of the moisturecalculation. Scrubber output parameters are hezdvexy
contentd, (position b in Figure 4). Since spraying watelijevice input data in the second part (scrubber wéth

evaporates, then the quantity is decreasing. Theuamof
water at the end of the first stage can be caledlas
Gi1 = Gya — Lsg-(da — dh), kas, (6)
where
Lsg. - quantity of the dry gas in the scrubber, kg giag/s.
Gas enthalpy per kg is determined by the expression

h = Cus.g:tg + d.(2500 + 1,97 §), kd/kg dry gas. @)
where

Cos.g. - dry gas specific heat capacity, kJ/(kg dry gas K

packing). By using the calculated data between the
positions, it is possible to show processes ingtmibber.
The process procedure is shown in Figure 5.

Two processes are compared in the figure 5. The
processes differ by the spraying water amount ie th
scrubber. Flue gases with the same parametersfreed
into both processes (position A). In the processcdbed in
curve 1, the spraying water amount is less thapratess 2
and shows that, at the gas end position (point Bhe
moisture content is higher. The processes closgjtion
B parameters are initial parameters for the heabvery
device the second part - in scrubber with a packing
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Fig. 5. Gas temperature and moisture content clsanggrubber.
IV. CONCLUSIONS
A wet flue gas heat utilization system is build fapm two REFERENCES
parts - an empty scrubber and a scrubber with pgckihe 1. Blumberga D., Vigants E., Veidenbergs I, Rochas Selivanovs J.,
paper deals with heat and mass transfer processekei Lapn_gs L., Liepips I. Gazes kondensator's Patents Nr. 14116, 2910.
2. Cortina M. Flue gas condenser for biomass boilers. Master'ssi$h
scrubber I_Oaft- . Lulea University of Technology, Division of Energyngineering, 2006.-
The action of the scrubber is of two sorts: 77p.
e cool down gas up to a certain temperature which % Defu C., Yanxua L., Chunyang CEvaluation of retrofitting a

determined by the permissible temperature of the

packing material;
increase gas moisture content as much as possible.

Spraying water drops and hot flue gas create as-itothe
scrubber. To ensure the water evaporation sprayfregywater
temperature must be above the gas dew point temopera
t:>t,.

Transfer processes are not taking place directiywdsn the
gas and water drops, but through the boundary .|ayéren
water evaporates from the water drop surface, asgagated
boundary layer is formed around the drop. The uajo the
boundary layer is in the saturation position. Iis tlayer the
partial pressure of vapour corresponds to the atdur
pressure and its value is determined by the droypéeature
which changes from the spraying site to the webbu
temperature of the scrubber outlet. While reachimy wet-
bulb temperature, the water does not heat any ardeall the
supplied heat is consumed for water evaporation.
thermodynamic balance occurs between flue gas prayiag
water.

Descriptive equations and graphically displayedgpees of
the process are provided in the paper. The andbedyween
heat and mass transfer is used in the process alf/sis
Based on the heat and mass process descriptivéictgjaas
well as on the correlation for wet gas parametdécudation,
software in theMicrosoft Office Exceknvironment is being
developed for a detailed process analysis and gtion.
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Ivars Veidenbergs, Dagnija Blumberga, Edgars Yants, Grigorijs KoZuhars. Siltuma un masas apmaias procesi dimgazu dzilas dzesSanas tieSa
kontakta aparata skrubera dala

Kontakta apata damgazu un iesmidziama @idens tieSa kontakta laetiek realizta aizptistoSo gzu siltuma utilizcija, dzesjot tas zem rasas punkta un &aj
gadjuma izmantojot gan gu fizisko siltumu, gan kondegjs3os tvaiku dzu parejas siltumu. To dafba ir saista ar siltuma un masaamju, kura notiek starp
dimgazem un iesmidziato adeni. Apmaipas procesi nenotiek tiesi starpzgm unidens pilieniem, bet gan caur robazgm. Udenim iztvaikojot noidens
piliena virsmas, ap pilienu veidojas pitieats gizu robezdinis, kué tvaiks atrodas pi@tinajuma stvokli. Saji slani tvaika parcilais spiediens atbilst
piesitinajuma spiedienam un wertibu nosaka piliena tempefisd, kura maiis notidens temperatas iesmidziaSanas viet [idz mitia termometra temper@gi
skrubera iz&j. Sasniedzot midrtermometra temper@u, tidens vaigk neuzsilst un viss pievadis siltums tiek patéts adens iztvaikoSanai. Starpimigazém un
iesmidzirimo udeni iestjas termodinamisksidzsvars. Darb sniegti procesus aprakstoSi vidonjumi un parata grafiski procesu norise. Procesu #@gal
izmantota analgija starp siltuma un masadirpesi. Balstoties uz siltuma un masas procesusksipiem vieadojumiem, k& ai sakatbam mitru dizu
parametru agkinam, detaliztai procesu anaei un optimizcijai tiek izmantota Microsoft Office Excel wdzveidota datorprogramma.

Hsapc Beiinendepre, Jlaruus bayméepra, 9arape Buranre, I'puropsic Ko:kyxape. IIponecchl Tenio- 1 Maccoo0MeHa B KOHTAKTHOM anmnapare
I1y00KO0ro 0X/1a:K/1eHHs JbIMOBBIX Ia30B

B pe3ynbraTe HEIOCPEICTBEHHOIO KOHTAKTa JBIMOBBIX Ta30B M BIIPHICKMBAEMOH BOJIBI B KOHTAaKTHOM alllapaTe pealu3yeTcs YTHIM3alUH TeIlla UCXOJSIINX
ra30B, OXJIAX/As UX HIDKE TOUKH POCHI, U B 3TOM CIy4ae, HCIONb3ys Kak (pU3MYECKOE TEIUIO Ira30B, TaK U MEPEXOAHOE TEIUIo (a3 KOHACHCHUPYIOIHUXCS MapoB.
Ilponece cBsi3aH € TEMIO- U MAacCOOOMEHOM, KOTODBIH MPOXOAUT MEXKIY JBIMOBBIMH I'a3aMM M BIpPbICKMBaeMoil Bojoi. IIpomecckl oOMeHa He MPOUCXOIAT
HETIOCPEICTBEHHO MEX/Iy Ta30M H KaIULIMHU BOJABIL, a Yepe3 pasrpaHHYMBAIONIHNE CIOM. Boza, mcmapssich ¢ IOBEpXHOCTH KAIUTH BOJBI, 00pa3yeT BOKpPYT Kamlemlb
Ta30HACBIICHHBIA Pa3rPAHNYMBAIONINI CIIOH, B KOTOPOM Map HAXOAUTCSA B COCTOSHHU HACBIIIEHUS. B 3TOM cioe mapuuanbHOE AaBIEHHE Mapa COOTBETCTBYET
JIABJICHHIO HACBIICHUS, M €r0 3HaYCHHE ONPEIeNIeT TeMIIepaTypa Karlild, KOTopasi MEHSETCS OT TEMIIEPaTyphl BOABI B MECTE BIPBICKUBAHMUS 10 TEMIIEPATYPBI IO
MOKpPOMY T€pMOMETpY Ha BBIXOJE U3 CKpyOOepa. JIoOCTHIHYB TeMIepaTypsl 0 MOKPOMY TepMOMETpY, BoJa OOJIbIle He HarpeBaeTcs, U Beé MOABEACHHOE TEILIO
pacxojyercs Ha HCIapeHue Bojbl. Mexk/Iy AIMOBBIMHU Ia3aMM M BIPHICKHBAEMOW BOJIOW yCTaHABIMBACTCS TEPMOAMHAMMYECKOE paBHOBecHe. B pabore jmaHbI
YPaBHEHHMS ONHCHIBAIOIIHE MTPOLECCHI U rpadMuecKy MOKa3aH XoJ| IPOLEecCoB. B aHamm3e mporeccoB HCHOIb30BaHA aHATIOTUS MEX/LY TEIUIO- U MAacCOOOMEHOM.
OCHOBBIBasICH Ha YPaBHEHHAX OIMCHIBAIOIINX MPOIECCH TEIUIO U MaccooOMeHa, a Takke Ha pacuérax 3aBHCHMOCTH IApaMeTPOB BIAXKHBIX IBIMOBBIX Ia3o0B,
JUISL IeTaIbHOTO aHaIk3a M ONTHMH3ALMH [IPOLIECCOB pa3paboTaHa KOMIIbIOTEpHas nporpamma B cpese Microsoft Office Excel.
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