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Abstract

In underground coal mining, wet scrubbers are usedmove
diesel particulate matter and improve air qualitgduce
equipment maintenance, and eliminate fire/explosiapards by
spark arresting and reduction of exhaust temperatiDue to the
difficulties of scrubber experimental investigasorthere is
almost no published literature their thermo-fluighkviour. This
paper reports a study of a transient state mass emedgy
(thermodynamic first law) analysis on a scrubbenafitative

data was obtained experimentally over 16 testevestigate the
energy balance of the scrubber. Energy contain invithe

exhaust gas is the lone source of energy inpuhéostrubber
while Energy leaving from the scrubber comprisas fportions
namely exhaust energy, energy out due to changeottrol

volume, heat lost from scrubber and heat flux ith®water. The
average values of these output energies were 53.33%6%,
12.80% and 0.26% of input energy respectively. gydralance

errors of up to 50%f input energy were found in the data due to

the difficulties associated with measuring radizomiective heat
loss and water content of high temperature exhgasts. Never
the less the analysis provides a benchmark forgdesi future
investigations and highlighted some major issuss@ated with
these devices. The major finding was that liquidewds ejected
from the scrubberig. Two-phase flow) due to excessive
turbulence and high velocities at the exit whicle dnighly
undesirable for several operational reasons inefudiamaged
post-scrubber diesel particulate filters, and iasssl
maintenance. The data analysis of this report carused to
provide a better understanding of the operatingaciyp of a
scrubber. This will ultimately result in better aaces in
scrubber technology for the reduction of diesel ssioins and
improved humidity control strategies to prevenef&xplosion
occurring in an underground mine and minimize aswdrealth
effects on miners and associated staff.

Introduction

The diesel combustion process releases both gagpabiusants
and diesel particulate matter (DPM) in the envirenitrthat have
primary and secondary impacts on air quality, hutmeaith, and
climate [1]. As a result, government policy andulegions have
become increasingly stricter on emissions. Coupigthh the
growing appreciation of the environmental damagesogiety is
causing, it is necessary to develop emission réemuct
technologies. Furthermore, due to the combustibkeg present
in underground coal mining it is necessary to redamission
temperatures to below the ignition point of thesses. Many
authorities impose maximum exhaust temperaturesandbers
are one of the most common technologies used thrcirg the
outlet temperature.

Wet scrubbers are an apparatus used for the phygsparation
and removal of particles, either solid or liquidprh the diesel
engine exhaust gas stream. They clean the exhtaesins by
bringing target particles into contact with a sdiug solution,
primarily water which may sometimes contain adesiv Wet
scrubbers are typically utilised to improve air lifyaby the
removal of DPM, to reduce equipment maintenanceti(pdate
filters), and to eliminate fire/explosion hazardg $park/flame
arresting and reduction of exhaust temperaturailgpipe. While
particulates are removed from the gas stream, wsarbbers
have little effect on gaseous emissions [2]. Dritipalate filters
(DPF) are commonly used in conjunction with wetubtrers to
assist in meeting these outcomes. A DPF is attathethe
scrubber outlet with the aim of ensuring particies absorbed by
the scrubbing liquid are filtered. Efficiencies ®@PFs are
generally varies 85% to 99% depending upon thegharsizes,
although numbers of ultrafine particles may stél ligh as they
are beyond the capacity of the DPF [3]. Currentg filters
require frequent replacement because the wateuvammerated
by the scrubber damages the filter material, redud¢he DPF
efficacy. According to Schnelle and Brown [4], wstrubbers
display unique characteristics useful for DPM cohtr(i)
particles are captured in a liquid allowing foritheasy removal
from the scrubber; (ii) used with high temperatane potentially
explosive gases; (iii) relatively inexpensive whhe removal of
fine particulates is not critical; and (iv) easilperated compared
to alternative types of DPM removal equipment. Wetubbers
have become ubiquitous in underground coal minesse of
their spark arresting and exhaust treatment priggefb], yet
these filters have to be replaced as often as deeryhours in
some cases despite the suppliers’ advice thaththeg a 40-hour
operating life. Operators have speculated thattsfilber life
could be a consequence of scrubber water pengfretenfilter,
altering the structure of the fibre [3]. The majoconvenience
this causes mining companies is not in the coseplacing the
filters (unit cost $400) but rather in the downtirtrid-shift)
caused by the filters needing to be replaced fer \thhicles
equipped with the scrubbers and filters.

In previous work, Situ et al [6] has developed agidor the exit
humidity of wet scrubbers. This model shows theatied
humidity at the scrubber outlet against the outletperature for
varying inlet temperatures. Only one data point diaplayed on
the exit humidity model, which was obtained from an
experimental analysis conducted in the QUT Biof&sigine
Research Facility (BERF) for a 4.5L naturally asfed diesel
Perkins engine coupled to a scrubber. This comtuesearch
aims at improving the life of the wet scrubbers,rbglucing the
steam content exiting the liquid surface becausestome
reaching the filter is found to be the major concan their
durability. It also aims to reduce the DPM outpuaini the water



surface and reduce water consumption. The aimisfpttoject is
to develop an energy balance model for the exititlitynof wet
scrubbers, and obtain data points to improve theeiand its
validity. The data analysis of this report will B$sn providing a
better understanding of the operating capacity asceubber,
which will ultimately result in better advances strubber
technology for the reduction of diesel emissionswill further
advance the fundamental understanding of heat asd mansfer
in the process, and result in better emission amdidity control
strategies. These aims will be achieved by condgditransient
state thermodynamic first law analysis on the doeub

Experimental Setup and Procedure

The experiment was conducted over 16 tests at PPdk3a
specialist Diesel Emissions Management company cbase
Brisbane, Australia in mid-2013. The wet scrubbeed to
collect data was an EIMCO Australia wet scrubbeqdet
number A2U913-291154. DPFs were used in the ootléte wet
scrubber. This exhaust cleaning equipment was edupbd a
commercial Caterpillar 7.2L turbo-diesel engine ethprovided
the exhaust to be cleaned by the scrubber. Althahbighengine
was of a capacity above the rating of the scrutibem s run at a
reduced engine rpm and load so that the exhaudtayaslid not
exceed that of the rated capacity of the scrubBeweral sensors
were set up to record the following engine datd: poéssure
(kPa),, coolant temperature (°C), percentage entpnad (%),
turbo boost (kPa), RPM, throttle pedal position ,(%)take
manifold temperature (°C), barometric pressure YkRahaust
gas temperature (°C), exhaust @rcentage (by mass) (%), and
instantaneous fuel usage rate (I/h). The valuesach of these
data streams are automatically recorded by a cud&ianlogging
system with a sampling frequency of 1 Hz and can be
downloaded into an Excel spreadsheet for post-pedcg. This
engine data was used to calculate volumetric aresrflaw rates
of exhaust from the engine all of which goes irite scrubber.
Thermocouples were used to collect the temperatata which
can conveniently be used in conjunction with thetom data
logging system above to record temperature at ITEmperature
and engine data can both be downloaded into an IExce
spreadsheet for post-processing. The position oéseh
thermocouples and the data logger in relation éostrubber is
displayed in Figure 1. Additionally a Digitech QMZR InfraRed
Thermometer was used to measure the surface tetupeesaf
the scrubber from which to calculate the heat gpaslients.

The engine was turned on for approximately 10 tonfiButes

before data collection to warm up both the engimé the testing
equipment. To begin data collection the sensorsdata loggers
are activated with the engine switched on immetjiattter. This

data collection equipment records the temperataed the

engine conditions. Additional data including theubber weight
and scrubber wall temperature was taken manualigsacthe

entire test from before the engine was startedfter & was

switched off. After a period of approximately 20nuies when
conditions begin to approach steady-state, the DRéidd be

added (two were used in every test except testi¥is was not
done before the test started to prevent an exeessiild-up of

DPM on the filters which would block them, and txuce the
back pressure so the equipment measuring the diesgtles

was not overwhelmed as significantly more DPM te& engine

during this time period than at any other time. Tést was ended
with the engine being switched off when the outéghperature
increased significantly. Data was still collectétbathis time for

up to an hour.

Conceptualizing Thermodynamic Model

The wet scrubber is to be conceptualized as an sypstem with
an imaginary boundary so exhaust gas flowing thinotige

scrubber, as shown in Figure 2. The energy balafc¢he
scrubber is described by the following equation

Ein —Eouw ~Eay - QL —Ey =0 )
where E;, is the diesel exhaust energy entering the scrubber
from the engine in KWE,, is the diesel exhaust energy leaving
the scrubber in KWE,, is the energy loss due to the change in
water volume in kWQ, is the heat energy lost from the scrubber
to the ambient andE, is the heat flux into the water. To

improve theE;, and E; calculations, the mass flow rate of the

exhaust gas through the scrubber and the spedititsit,, are
proportionally divided between the four major corston
products on a percentage mass basis. These combpstiducts
are carbon dioxide (C{ water vapour (kD), oxygen (@), and
nitrogen (N)

s

Qutlet

Figure 1. Experimental Setup.

Ein = Mco, TinCp,co,.in * MH,0TinCp,H,0,in @

+ n."Oz—l—incp,oz,in + I'].']Nz—l—incp,Nz,in

Eout = Mco, Tout €p,co,,0ut + MH,0 Tout Cp,H,0,0ut @)

+ mOZTouth,Oz,out + mNz-l-outcp,Nz,out

Wheremis the mass flow rate,T;,is the scrubber inlet

temperature, and is the outlet temperature. As total mas loss

rate from scrubber (dW/dt) split into two partsatcount for the
water that is evaporated and the water that elxésstrubber as
liquid hence the energy loss due to the changeatemwolume
Ea, IS subdivided into two parts: (i) the energy ofeth
evaporated vapour; (ii) the energy of the watet éxéts as liquid
form.

EAV = (mw,out - I'hw,in )(h fg * Cpw (Tout = Twater ))

(4)

aw .
+ (? ~ My,out ¥ Myjin ]pr(Tout _Tw)

Where, i, is the water vapour mass flow ratey, is the latent

heat, pris the specific heat for water, anfl,is the water

temperature inside the scrubber tank. The heat fiusa the
scrubber can be deemed as from three clearly dééirmaeas: (i)
the upper scrubber walls not in contact with theéewa(ii) the
scrubber walls in contact with the water; and (i water. The

heat lossQ, can be calculated by finding the gradient of auli



curves taken when the engine was turned off (sewbint
operating) as there was no transfer of energyiattitme. Heat
loss by conduction to the inlet and outlet pipes waglected.

. ATypperwall
QL = Mypperwall Cp,wall — P+ M onerwal Cpwall

dt (5)
d-I-Lty./verWaII dTwater

dt + Myater Cp,water dt

Finally, heat flux to the water can be calculatgdntultiplying
mass of water with specific heat of water and tewupee
difference as follows wher@&,,, is the water temperature at the

beginning andr,,, is the same at the end.
Ew = MyCp(Tua = Tuz) (6)

FILTER
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Figure 2. Schematic diagram of a wet scrubber
Data analysis

Volumetric Flow Rate of Exhaust Gas

By assuming the average diesel compound;jsi&[7], and that
diesel is fully combusted with 150% theoretical, &0 the
combustion reaction becomes

CypH o3 +26.625(0, +3.76N,) =12C0, @
+115H,0 +8.8750, +100.11N,

where the molar volume increases by 3.72% fromtags to
products. The volumetric flow rate was calculatedadlows:

Cengine RPM 1
Y R ' 8
1000 60 2 B/IVolumetric ( )

is the engine capacity in litres which is 7.2L for

V =1.0372

where, Cengine

the test engine, RPM is the revolution per minute¢he drive
shaft, Rz is the ratio between the boost gauge pressure and
atmospheric pressure for the engine boost, ARferic IS the

volumetric efficiency of the engine assumed to 568 The
mean value of measured rpm and calculated voluoriétrv rate
for the 16 data sets were 1215.92 and 0.0%4eau respectively.
While, average boost ratio gRwvas found to be 1.155.

Water Mass Loss from Scrubber

The engine exhaust gas entering the scrubber cthesegter to
evaporate into water vapour which exits the scralalbeng with
water droplets. As a result, a certain amount ofewan the
scrubber was lost over the course of the testsm@asure this
change in constant water volume (water loss) of sbeibber
(dwi/dt). A scale was used and manually calibratgdadiding
known masse of water the scrubber. As introduceml@bthe
change in control volume of the water was splitwo parts,
evaporated water, and liquid exiting the scrubb€his is
necessary because it was observed during testidghth exhaust
gas exiting the scrubber also contains liquidhé éxhaust gas at
scrubber outlet is assumed to be 100% relative ditynithe
mass flow rate of the evaporated water vapour eaoaliculated
from the following equation.

w=Twon Ry g 9)
m, R, P-¢P

wherewis the specific humidityR, is the gas constant of dry air,
R, is the gas constant of water vapgris the relative humidity,
P, is the saturation pressure of water, &b the atmospheric
pressure. Average humidity ratio for the data sed @heir
corresponding temperatures and water losses avensinoTable
1.

Tin Tout Tw [ dW/dt
Test
°C °C °C - als
1 291 59.0 61.0 0.1¢ 10.6
2 349 61.7 64.5 0.19 10.§
3 349 62.7 65.5 0.2 9.3
4 342 61.5 64.0 0.19 12.§
5 343 65.3 67.5 0.23 10.9
6 336 64.2 66.0 0.21 8.3
7 357 66.5 68.5 0.24% 134
8 356 66.5 68.2 0.24 12.4
9 272 59.7 61.0 0.1¢ 8.7
10 321 64.0 65.7 0.21 10.2
11 301 61.2 63.5 0.18 8.2
12 365 66.5 68.0 0.24 12.0
13 364 66.5 68.5 0.2% 10.2
14 372 66.3 68.5 0.2% 10.6
15 355 65.0 67.0 0.22 11.9
16 364 66.0 67.7 0.24 11.9

Table 1: Measured scrubber parameters.

Heat Loss from Scrubber

A Digitech QM7221 InfraRed Thermometer was usethéasure
the temperature on the scrubber’'s surface. Lasgettag was
used by the thermometer to ensure it was held treect
distance away from the object. A total of elevetsdeere drawn
on three sides of the scrubber to evenly measwectioling
temperature gradients across the scrubber anda@lksosure the
temperature was taken in the same position everg to avoid
errors. The data from these points was then plaited time vs.
temperature scale where an exponential trend lee fitted only
to the data taken after the engine was turned aff the
temperature was decreasing, to determine the gradie

dTypperwal and I Loverwail
dt
no transfer of mass or energy after the enginetwaed off. To
ensure accurate results the exponential trendwie only fitted
to the temperature data from when the temperateedse
reached similar temperatures to those experiengedglthe test
because a temperature spike occurs just beforertbme was
switched off. To calculate the heat loss from tlegew inside the
scrubber, the change in temperature with respeahtmge in

. This was done because there was

time, deL‘e’ , was found by fitting an exponential trend-line to
t

the water temperature data for the time after thgine was
switched off as there was no transfer of energyuoty under
these conditions. It is important to note that theperature of
the water continued to gradually rise for a few ubés after the
engine had been turned off before it began decrga$his small
increase in temperature immediately after the engwas
switched off was ignored and assumed to be noneénfial on
the heat loss calculations. The exponential trémelik therefore
only fitted to the water temperature data from whime
temperature begins to decrease (after the engirse Heen
switched off) to when the temperature decreaseldemet and
becomes constant. The calculated energy valuedegrieted in
table 2 and a sample calculation using data frost Tds given
in Figure 3.



Ein Eout EAV QL Ew AE
Test

kw kW kW kW kW kw
1 26.6 15.3 12.8 2.7 0.03 4.2
2 28.5 14.8 18.1 4.7 0.07 9.2
3 28.1 14.6 19.1 3.8 0.05 9.4
4 28.2 14.8 16.9 3.7 0.0 7.2
5 28.3 15.0 21.7 3.9 0.09 12.p
6 28.2 15.1 19.4 4.5 0.05 10.p
7 28.5 14.8 24.3 4.3 0.17 15.1
8 28.4 14.8 23.6 3.7 0.09 13.7
9 26.6 15.8 9.2 35 0.05 2.1
10 27.1 14.9 19.5 3.8 0.02 11.p
11 27.3 15.4 15.9 3.2 0.09 7.3
12 28.7 14.7 23.8 2.9 0.0 12.9
13 28.2 14.5 24.4 2.7 0.0 13.p
14 28.2 14.3 24.7 2.8 0.04 13.7
15 28.2 14.7 21.7 3.3 0.14 11.6
16 28.1 14.4 23.3 3.2 0.2 13.11

Table 2: Calculated parameters assuming 100% eritdity.
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Figure 3. Temperature log for Test 1.

Heat Balance Analysis and Discussions

Based on the measured parameters and the aboveoaguthe
entire energy rate terms in Equation 1 were caledland listed
in Table 2. The energy rate balanas&() are also shown in the
table 2, which are defined as

AE=Eqy +Epy +QL +Ey —Ejp,
= E x100% ,

In

(10

NS (11)

where, ¢, is the percentage of error and other parametansl st

the same meaning as it was in equation 1. In semat to
minimize the error introduced by the internal streibhumidity,
an additional test was conducted to determinethisidity with
the deployment of wet and dry bulb thermometerswits
revealed that the data for both thermometers fhatet
erratically. Conducting an initial analysis of thdata by
smoothing it with the surrounding ten data poihts temperature
depression was found to be approximately 1.5°Ch wie dry-
bulb temperature approximately 65°C and
temperature approximately 63.5°C. The correspontiungidity
was found to be 93%. Changing the scrubber exitidlityrin the
model to 93%, the first law analysis energy balafmend the
percentage error between 4~43% of input energy,
improvement on the original results but still argiigant error. It
is important to remember that the 93% humidity agsion was
based on a separate test which is not shown ir t2phence
many of the other parameters that the energy balsnibased on
could have changed significantly. An alternativepraach to
addressing the large energy balance error is tahes&umidity

the welb-bul

an

needed to minimise the error. A scrubber outletiditynof 65%,

gives the first law analysis percentage errors showkigure 4.
This yields a maximum error of 12% with a differerin error of

23%, approximately half the error difference foe dissumption
of 100% humidity. Subsequently it can be seen ttiathumidity
assumption contributes to approximately half of éneor in the
energy balance and hence needs to be the majos foduture
W’o\rks to best build upon the foundations laid by flaper.
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Figure 4. Thermodynamic first law analysis of sdreib energy as
percentages with 65% exit humidity.

Conclusions

This paper aimed to provide a better understandifigthe
operating capacity of a scrubber, which would dtiety result in
better advances in scrubber technology for theatsatu of diesel
emissions. This has been successfully achievedohgiucting a
steady state thermodynamic first-law analysis am ghrubber.
Despite the error present in the heat balance legions, an
improved understanding of the heat and mass tratisf@ugh the
scrubber has been resulted from the quantitatite. dde major
finding was that liquid water which leaves the $drer results in
several negative operation effects. By buildingtlue work with
further testing to better approximate the exit Hhditgi of the
scrubber it will be possible to develop improvedission and
humidity control strategies for scrubbers use idarground coal
mines.
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