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\ BOILERS COFIRING HAZAPDO:S WASTE: EFFECTS Of HYSTERESIS ON
PERFOPMANLCE MEASUREMENTS
Ivars J. Licis*, HWERL, USEFL; Howard B. Mascn, Acurex Corporation

ABSTp'rv

The Hazardous Waste Engineering Research Laboratory [HWERL] has
conducted full scale and pilot scale boiler testing to determine hazardaus
waste destruction and removal effictencies [DPE's] and other associated
boiler performance parameters during the last five years, This effort inves-
tigated several anomalous bofler performance areas dea'ling with non-steady
and off-desfgn boiler operation ard included measurements of volatile and
semf-volatile organics in the flue gas as well as the fate of some heavy
metals introduced fnto the system, The tests were performed at pilct scale
and fnvestigated hysteresis effects, phenomena detected during earlier fy'l.
scale testing, These hysteresis effects are defined as the propensity for a
boiler to retain certain organic components of the feed material Tbeyond tne
duration of a typical sampling protocol], to be relezsed over a longer
time frame in an uspecified manner, Additionally, a long time effect has
been observed that manifests itself as a gradual buildup of background con-
centration duyring successfve testing of initially clean hardware., This effort
attempted to identify the presence of these effects beyond rancdom variation,
background concentrations and sampling probliems such as sa=ple contamin.
ation, These test were partially successfull at characterizing hysteresis
phenomena as well as establishing a qualitative significance of these effects
on the accuracy of DRE and other performance measurements,

Introduction

The USEPA has been investigating the performance of boilers and other
induystrial furnaces and their ability to destroy hazardous waste cofired with
a convential fuel such as natural gac, oil, or coal, The fnvestigations
fncluded the testing of over 14 full-scale boilers, and a number of labora-
tory and pilot scale tests, The tests typically determined DKE, the main
organic constituents in the flue gas, characterized effluents and residues
and recorded the associated boiler operating parameters and continuous
~ emissions monitoring parameters such as 0p, CO, COp, SO, and NO, and total
unburned hydrocarbons (TUHC).

The results of these investigations showed that high levels ol DREs
could be expected (2 mass weighted average for the 14 full-scale tests of
99,998 was calculated)(1) over a broad range of boiler designs, waste
characteristics and operating conditions.(2)

The DRE values during sub-stoichiometric air settings, malfunctionirg
burner atomizer tests, and waste flow transients were found to be unifornly
high and very similar to those during normal operation,

Three full-scale boiler tests were conducted at non-steady of f-desion
conditions tc map the DRE window and identify operating conditions which
could cause DRE values to fall below the acceptable four nines 1imit, No DRE
1imits were found within the constraints of allowable plant operation during
the three tests.

A number of phenomena identified during the full-scale boiler testing
were “eft unexplained hcwever, and certain questions pertinent to boiler per-
formance in destruction of hazardous waste were left unanswered,

During several of the full-ccale tests, chlorinated organics were ob-
served in the baseline data at the same order of magnitude, a day after




cofiring of these substances had ceased, Between the earlier tests and the
baseline sanple the fol1o~ing day the boiler had been gperated on natural gas
only, Instrument error and contamination were ruled out,

Soot blowing ‘s a routine method by which the heat transfer surfaces are
preened to maintain heat transfer efficiency, Limited data were obtained
during soot blowing cycles inc¢icating that higher organic concentrations were
detectable in the gis phase, However only the gas phase was analyzed,
Organics adsorbed or otherwise present on the part: .-‘late were not assessed.

= The hazardous organics present in the flye g.= . -2 typically separated
into two groups. The principal organic hazardous constituents (POHIs) are
used for determining DRE, The remaining hazardous oryanics are sometimes
referred to as Products of Incomplete Combustion or Pi(s, The PIC's, as
defined for the full scale boiler testing, were the semivolatile and volatile
organic (other than POHC's) detected via the modified method 5 (MM5) and the
volatile organics sampling train (VOST) respectively, For the full-scale
boiler tests, it was found that, while the average DPfs were uniformly high,
the concentratfon of PICs relative to POHCs were at ratios ranging from less
than one (1) to 700. This phenomenon was considered significant in that
available data showed PIC to POHC ratios were generally one (1) for hazardous
waste incinerators, A ten-fold increase in PI(s cculd have the same effect
on stack emissions as a reduction of the DRE by one nine (i,e. a starting
99.99 would become 99.9),

Limited data (one test) were obtained at full-scale to determine
the fate of heavy metals co-fired in boilers as part of haza~dous waste,
Because the metals are not destroyed by the thermal process, data regarding
the fate, form and particulate size aistribution are important for evalating
boiler performance,

The above topics were incorporated into a pilot-scale test program to
complete the data base initfated by the full-scale test program, This paper
focuses on the pilot-scale effort and, more specifically, on the hysteresis
effects investigated and their significance to the measurement of boiler
performance,

Defining The Problem

~ The protocols for assessing boiler performance include the determination
of their DRE, The calculation of DRE requires the sampling and analysis of
the boiler flue gas for hazardous organics identified as POHCs. In addition,
it has been of interest to determine the remaining organic constituents
because the full-scale boiler tests have indicted that, in relation to in-
cinerators, boilers can produce larger amounts of PIC concentrations.

The methods for sampling organics have evolved over the duration of
hazardous waste incineration testing and at present are basically a volatile
organics sampling train (VOST) and a Modified Method 5 train (MM5) for semi-
volatiles (3). Both trains are usually necessary to characterize the organic
destruction efficiency of a boiler, For many cf the boiler tests a simpli-
fied VOST train called a mini-VOST has been used in additfon to the VOST.

The three organfics sampling trains concentrate the organics in the flue gas
by adsorbing them onto polymeric resins over a pertod of time, The time
required for each sampling train §s a function of expected concentrations in
the flue gas and detectiion limits of the organic species to be analyzed.
Typical sampling times encountered during boiler testing are:

VOST « 20 min,

min{-v0ST -« 10-15 min,
HHS - 3’4 hrS.




The resulting concentrations of organics caiculated from these measuyre-
ments are average values over the span of time semplied, The duration of a
typical test point is therefore cdefined by the M5 sampling interval, One cr
mere VOST or min1-v057T samples may be taven during this interval,

In order to cemorsirate a UL nf 37,92, the sempiing and an_lysis
methods must be able to provide resoluytion to the third decie- lace (1.e.
99.939) or detect the targe: substanccs at a concentration ° .yu,000 of the
feed value, Many test serfes (for both boilers and incirerators) have
relied on a method that enhances resolution of the target substances by in-
jecting surrogate organics species with the waste {or instead of the waste),
The surrogates are injected at feed concentrations to provide flye gas con-
centrations above detection limits at the required levels of destruction.

The use of surrogates and sampling trains in the marner discussed pre-
sumes that conditions within the boiler are generally at equilibriun during
the sampling period, Specifically:

1. The combustion products within the boiler system come to an equi-
1ibrium within a short period of time (for liquid injecticn uynits this would
be on the order of the gas phase retention time).

2. The combustion products within the boiler system generated by the
injected surrogates closely follow the injection schedule (i.e, they start
and stop at approximately the same times),

3. For the purposes of sampling organics the boiler firing history is
fnsignificant.

During full-scale boiler testing, data were obtained that appear to
conflict with the above presumptions,

Case Study: A boiler burning non-chlorinated waste was being testec for
POMC and PIC destruction by injection of chlorinated organics with natural
gas used as the primary fuel, At the conclusion of testing, the boiler was
left running overnight burning pure natural gas. On the following morring, a
baseline run was conduzted using ofl as primary fuel, Although no chlorina-
ted components were present in the feed the flue gas was found to contain
chiorinated species on the order of magnitude of those recorded during con-
clusfon of the previous day's testing. A repeat test confirmed the first
readings.

On the strength of this example and other similar data a pilot-scale
effort was launched to investigate the existence and impact of hysteresis
effects on poitler perfcrmance measurements, ' ’

Toward Solving the Problem

In order to provide a test platform for investigating hysteresis effects,
a pilot-scale facility was configured and operated in a manner simulating the
tine and temperature profile of an industrial boiler, Figure 1 illystrates
the operating envelope of the simulator and aiso the time/temperature profiles
of a typical industrial boiler and, for comparison, a coal-fired utility
boiler, The test facility is discussed in more detail later,

A pilot-scale test facility was selected to enable exploration of the
boiler operating envelope at non-steady and off-design conditions beyond
those possible at a full-scale field installation, Additionally, closely
controlled test conditions would have been difficult to maintain at an
operational fuil-scale facility,
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Figure 1. Boiler time/temperature profiles.



Test Objectives

The priot-scale test program included a larjer effort for characteri-
2ing of f-design and unsteady state boiler operations as well as a smalier
test series cofiring heavy metals. Under the hy.teresis po-tion of the
program two objectives were icentified:

1. Determine if hysteresis effects are present 3t levels significent to
£21 and PJC measurements,

2. Characterize the hysteresis effects in te~ms of maximum values ard
time variatiors,

Test Description

The pilot-scale facilfty is a field-erected walertube boiler simylator
with 4, wall fired burners (see Figure 2) (2). The overall height of the
furnace fs 3.7m (12 ft), The firebox is a 1 meter (38 in,) wide by 1.1 meter
(48 in,) deep, refractory Yined chamber, The unit represents a 1 to 14
scale, front wall fired, field erected boiler that is intended to represert
industrial hazardous waste cofiring practice in the larger size bgilers,

The heat input rating is 0,44 M« (2.5 millicn BTU/hr) with a maxizu=
heat release rate of 484&J/m3hr {13,000 BTU/ft3hr). The boiler temperature
for the furnace {measured at the beginning cf the convective section is in

the range of 980°C to 1200°C (1600°-2200°F). A schematic of the boiler
- system is presented in Figure 3. The burners used for the test are single
register, concentric jets with variable swirl intensity in the annylar air
supply, based on a8 design developed by the International Ficwe Research
Foundation (IFRF), The heat transfer system consists of clcsed lpop heat
exchange tube bundles that can be positioned in various locations along the
convective pathway (see Figure &), Various sanpling locations were used
during the test, The bylk of the sampling was done at Port 10 (see Figure
4), This position simulated Stack emission conditions and was 3150 used
for continuous emissions monitoring (CEM), vOST, ™5 and HCl measurements,
Samples were taken at several points to determine PQOHC profiles across
the hot end of the convective section {Ports B and 98) and to determine
concentrations near the burner (Port 4)., Additional cooling coils were used
to increase the size of the operating envelope, The coils were placed within
the firebox to vary temperature and residence time at temperature., The coils
were placed along the walls of the firebox both above and at the levels of
the burners., The bottom curve of the operating envelope {see Figure 1)
represents a test condition with all cooling coils in place in the firebdox,

Three test fuels (natural gas, #6 ofl and pulverized coal) were cofired
with simulated hazardous waste, The hazardous waste consisted of 52 weight)
each chlorobenzene, trichlorobenzene, trichloroethylene and carbon tetra-
chloride mixed with BOY distillate (#2) oil, Typice) elemental waste
composition was:

Percent
c *
H 11,07
N 0.5¢4
S 0.17
0 1,97
Q 9.66

Heating value of the waste was 39 MJ/Xg (17,130 BTU/1b) Data acquisi-
tion for the continuous emissions monitoring (0, CO, CO, MOy, SOy, THC and
opacity) was performed via microcomputer and automatic data logger and
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recorded every 5 minutes, The bailer operating parameters such as tempera-
ture pressyres and flow rates were aiso recorded.

The fnvestigation of hysteresis effects invclved three test series,

The grganics data was acquired by VOST, mini-v03™, a-d ®¥5 gamniing traieg,

Because the overail test program was one of screening for the inpact of
various phenomena on DRL and Pji( concentrations, only a few data points were
taken in each category and emphesis was piaced on the volatile organics and
the mini-v05T technique, The rationale was that beside this being a much
more economical screening method lover the MYS) K the voiatile organics were
consfdered highly significant in this area and the <hort samplir; time {13-15
minutes), on-site data analysis capability (idealiy 20 min, cycle) provided a
feed-batk loop that was very valueble fn steering the direztion 0f the %test-
irs.

k taseline test series proviced informaticr cn batvryroynd levels cf
¥ils and POH{s when firing fuel unly (gas, 0il anc¢ coai)., A second series
was conducted cofiring waste with oil and gas (coal was cofired during other
test series not involved in measuring hysteresis!},

The boiler was tested by

cofiring waste during the day, taking a hysteresis sample shortly after
cessation of cotiring (< 2 hours) and left overnizht while burning natural
gas only, A hysteresis sample was taken the successive morning pricr to
cofiring., On some cccasions the unit was left on natural gas over the
weekend and a hysteresis samnle was taken Monday morning, prior to start of
cofiring tests,

Another test series was comprised of taking numerous minf-vyST samples
during steady-state operatior to establish the width of the noise band (i.e.
the ampliitude variations in organics concentrations with the feecd rate ang
other operating parameters held as constant as practical).

Additionally, two soot blowing cycles were simulated. Soot blowing was
a manual operation performed with a compressed air lance. The concentraticns
of organics in the gas phase were measured before, during and after each
cycle. The first soot blowing cycle was performed with the boiler cofiring
6 0il with the surrogate waste, The second was performed later {n the
test series with the boilers burning natural gas only. The timing of the
second test came after several test series had been conducted that were
expected to produce significant sooting and deposits on the boiler interior,

Results

‘ The main objective of the hysteresis testing for this series was teo de-
termine if significant hazardous organics were present in the flue gas after
cessation of hazardous waste cofiring, Data were taken at three general
fntervals, These were < 2 hours, 14 to 24 hours {(overnight) and an "extended
period” (after a weekend of burning natural gas only),

Table 1 presents ratios cf average hysteresis values for 211 P](s an4
the individual POHCs measured ¢ 2 hours after cessation of cofiring divided
by the average concentration values obtained from the gas and ofl baseline
runs, taken before any cofiring had taken place. The table fllustrates the
presence of hysteres's. Llack of residual effects would place these values
near unity,

Table 2 presents similar results by comparing the same average values
of ¢ 2 hours hysteresis with average values obtained during cofiring of



gas and oil, The PIC's measured duyring the piiot scale program are Ge:inz.
3s volatile, chlorinated organics {other than those identifiec as POHI's)
cdetelted via the ¥OST anc tne mini-vGST, The hysteresis effect is illustrated
here because without it the vaiues in this case should be very small and
definitely less than unity,

The values of Tables 1 arZ 2 were normalizes to take into account fuel
w2ste flow and airfiow rates, ’

Table 1, HYSTERLSIS EMISSION RATIOS
Average Hysteresis “oncentrations ¢ ¢ hours After Cofiring
vs. Averuge Baseiine Lonientrations

Compound Hysteresis Bvsteresis
011 Beseiine Gas base.ine
PIC 0.1 10.38
(Cly 2.0 12,11
TCE 0.7 17.5
MCB 149.0 KA (N2 BL)

where: CCigscarbon tetrachlorice; TCEstrichloroethylene; MiB=monochlicroberzene
PIC's = volatile, chlorinated organics detected via VOST or miri-vCS7

Table 2, HYSTERESIS EMISSIGH FRATICS
Average Hysteresis Concentrations <2 Hours After (cfiring
vs, Average Cofiring Concentration For Dil arc Grs

Compound Hysteresis Conc., Hysteresis Lont,
011 Cofhring Conc. Gs Cofiring Conc,
PIC 0.45 9.72
CCla 2.0 1.79
TCE 0.93 7.18
MCB 7.0 &4.0

Table 3 represents the levels of organic concentrations found during the
natural gas firing portions of this test series for which the most abundant
data points were taken, Based on this data, it can be seen that the total

Table 3. AVERAGE CONCENTRATIONS OF CHLORINATED COMPOUNDS
FOR GAS/WASTE COFIRING AND HYSTERESIS EFFECTS (ng/1)

Total Chlorinated Qg TCE MCB
Spectes
Gas/¥aste Cofiring 4,25 0.47 0.04 0.24
Hysteresis Concentrations
(< 2 hr after cofiring) 3.93 0.57 0.25 0.93
Average Hysteresis Concentrations
(alY points for gas firing) 3.16 0.28 .21 0.10

chlorinated species average concentrations during cofiring drops to about 921
of the original value in the < 2 hour timeframe and to about 74% when con-
sidering the overall average taken at three time intervals from < 2 hours to
several days. It is interesting to note that the average concentration of

10



CC11 at < 2 hours after cofiring increased to 1213 of the cofiring value
while monochlorobenzene appears at 388%,

The longer term effects were analyzed by comparing hysteresis levels
early in the test series (the first hysteresis sample taken after the first
cofiring waste using gas at “normal” operating conditions) with subsequent
hysteresis test icsels, The test series was started using clean hardware,

The hysteresis c-:..entration data were compiled for the total chlorinated
species and the three individual chlorinated volatile POHCs over the duration
of the test series (see Figure 5), While hysteresis effects for the individual
POHC remain approximately the same, the total chlorinated species (PICs and
POHCs) seem to increase with increasing fuel/waste firing,

Data from the two soot blowing cycles were also analyzed. Generally
concentrations of POMC and PICs were highest during soot blowing and lowest
after the cycle was completed, while values before soot dlowing were between
the two extremes. These concentrations were for the gas phase only and did
not consider concentrations of organics contained on the particulate matter,

An attempt was made to correlate furnace temperatures with hysteresis
but no consistent trend could be found in the range of 1000°C (1833°F) to
1150°C (2101°F).

Conclusions

ta presented indicate that target organic compounds were present in
significant quantities after the cessation of cofiring. Their presence was
~ detectable shortly after cofiring and at reduced concentrations a aumber of
days later. The overall average hysteresis effect based on 13 runs cofiring
gas and three (3) cofiring ofl showed that around 503 of the original concen-
trations measured are still being emitted at a mean value of 43 hours (after
cessation of cofiring, Because this phenomenon may significantly effect the
accuracy of the DRE and organics measyrements quantitative and parametric
data need to be obtained tn future studies,

The second objective vas to characterize the time/ampl itude characteris-
tics of these effects. Although the study was terminated before complete
characterization of these effects, some trends were discernadle, Starting
with clean hardware, 1t appears that a boiler system accumulates organic
compounds with time and that over all, nefther burning with aatural gas mor
soot blowing return the system to the clean state. This effect can be
considered as "bofler aging® (4). An eventual "steady-state”, 1f it exists,
was not reached within the framework of the 59 days of this series. While
the various organic compounds seem to exhidbit different behavior patterns
within the hysteresis effects, there were mot sufficient data for gesmeralizing
about these differences,

The effects investigated here were for volatile organics ¢nly. Due to
lack of developed short sampling time methods, semi-volatile effects are, more
difficult to obtain and provide relativ-ly poor resolution (f.e, 3-4 hr
average readings). A rough time vs, concentration relationship data-set
could be produced as part of a follow-up test,

s The organics adsorbed onto sooty particulate need to be fnvestigated,
- There is a good chance that a significant amount of hysteresis and a signifi-
cant amount of the mass of organics emitted may be on the solid phase.

Efforts have already been undermay to provide more resoleution in the
area of volatile organic quantities that are present in the flee gas after

11
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cofiring ceases. Further studies a?e planned in determining maxinum
hysteresis fmpact that might be expected in full-scale boilers,

References

2.

3.

4.

T. W. Wool, et.al,, December, 1987 ®Engineering Assessment Reyort: Hazard-

ous Waste Cofiring In Industrial 3~‘ler Under Nonsteady Operating Con-
ditions® draft report, prepared bs “.urex Corporation for U.S. EPA under
Contract 68-03-3241, Work Assigment 2-9.

H.h. Mason, et.al,, August 1987 *pPilot-Scale Testing of Nonsteady Bofler
Waste Cofiring” draft report, prepared by Acurex Corporation for U.S. EPA
under Contract 68-03-3241, Work Assigmment 2-14,

U.S. EPA, November 1986 "Test Methods for Evaluating Solid Mastes*®,
SW-846, 3rd edition, Office of Solid Waste and Emergency Response,
Mashington, D.C. 20460

C.D. Wolbach, March 1988 "Some Technical Aspects of Emission Testing
During Cofiring of Hazardous Waste In Industrial Boflers® a paper
presented at the Second Annual National Smposium, Incineration of
Industrial Mastes, San Diego CA presented by Toxcon.

13



	91007LF8
	91007LFA
	91007LFB
	91007LFC
	91007LFD
	91007LFE
	91007LFF
	91007LFG
	91007LFH
	91007LFI
	91007LFJ
	91007LFK
	91007LFL
	91007LFM
	91007LFN
	91007LFO
	91007LFP

