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1. Introduction

| 1.1 The Necassity of High Flares in
Refineries and Their Operation

During the operation of petroleum refineries, especially during
the operating conditions of units which da not correspond to operation -
standards, combustible gases accumulate which must be removed without hazapd
to the units and without harm to the environment, For example, because of
safety considerations all vessels and conduits in which combustibla gases are
kept under pressure, are tied-in via safety valves into a separate distribu-
tion systam, namely, the flare gas network. Furthermore, gases which accumu-
late during startup and stoppage of units and which do not participate in the
process are discharged into the flare gas network.

In some refineries, the flare gases are in part stored temporarily
1n gasholders and fed~into the fuel gas network [1, 2]. In most refineries, .
however, the flare gases are led directly into a flue gas combustion unit,
namely, the flare [3].

Flare gases accumulate: -

¢ during startup and stoppage of unfts, This
eperating condition is predic<ahle and can
be taken inta considarztion in the heat re-
quirement plan;

¢ during operating trouble with controllable
operating conditions (unit continues to
operate) as, for example, the leakage of
safety valves, which are tied-in into the
flare gas network, or during the pressure
drop in parts of the plant;

¢ during operating breakdown with uncontrall-
able operating conditions (unit must be shut
down) as, for example, during power or
cooling water failure.

Depending on the causes of the gas accumulation or the extent of
the operating trouble, a situation arises where several hundred to several
hundred thousand cubie meters of flare gas must be burned for a short time
without endangering the units. Since the most diversified process units are
tied-in into the flare gas network, the flare gases show quite variable com-
positions.

"\

e e L .




. 9.

The variety of gases and vapors, which reaches the flare as a
mixture of steadily varying composition, extends from a hydrogen-rich gas
coming from the reforming units to liquefied gases. The varying gas composi=
tion and the gas amount fluctuating strongly with time require a combustion
unit which has a considerable range of control. "In addition, it is required,
as a rule, that the combustion proceed soot-free, at least within load ranges
corresponding to the gas accumulation, brought about by operating trouble
with controllable operating conditions and by the startup and stoppage of
units.

High flares are generally used as the flue gas combustion units
for flare gases, since only the high flares have the necessary range of con-
trol for the safety of the units. Ground flares whose range of control is
considerably smaller are of minor importance. Out of 32 refineries in the
German Federal Republic, 5 have ground flares in addition to high flares.
Altogether, there are 60 high flares and 11 ground flares in operation [31.

A high flare.system shown schematically in Fig. 1-1, according to
reference [7], generally consists of the water pHinge, the 50 to 100-meter
high flare pipe, and the burner designated as the flare head.
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‘Water ﬁiunges are provided in order to protect the flare gas network from air
influx. The inflow of air into the flare pipe with a nonburning flame is pre-
vented by purging with inert gas or steam [4, 5]. In some flares the purge

gas dfmand js reduced by the incorporation of gas barriers below the flare
head [6]. .
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The flare head is designed for the maximum amount of accumylated
gases during emergency shutdowns. As a result, the flare head is considerably
overdimensioned for the amount of gases with which it is usually charged.

The flare gas exiting from the cylindrical pipe of the flare head
expands as a free jet into the atmosphere and sucks in the air necessary for
combustion. The gas-air mixture is ignited by the pilot flames which are fed
by a separate gas _network,.  The pilot flames are usually iygnited with a
climbing flame {8]. -

In order to increase the air suction and to improve the mixing of
the air with the gas jet, steam is usually added as a "driving medium" to
the flare cas at the fiare head. The steam addition is performed semiauto-
matically by the operating staff in the control room, from which the #lame
can be observed directly or via television cameras. As a rule, the steam
addition is increased until the flare flame is soot-free.

In addition to being dependent on the steam addition, the combus-
tion also depends on the flare gas mass flow, the flare gas composition, the
atmospheric influences--especially the wind--and on the flare head design.
The latter should control primarily the steam/gas ratio necessary for soot
elimination, which indicates how many kg steam are added per kg flare gas.

The effect of these operating parametsrs an the combustion is
discussed below in connecticn with the exparimen<al results, -

At this point the following should be recorded:

The flare head design is set in the plant. The gas mass flow, gas
compesition, and atmospheric influences are subject to constant changes, un-
predictable in time, The flaring, therefore, can only be influencad by the
steam mass flaw. However, even the steam mass flow may only be varied within _
specified Timits and may exert both a positive or a negative effect on the
combustion, for example, by quenching the flame. Moreover, the steam addi-
tion cannot be controlled autematically, since suitable flare gas fluxmetars,
whose metered quantity could be applied as the caontrolled variable for the
steam addition, are not available at the present time [9].

Therefore, given the insufficiently defined conditions, it is im=
possible to run the "flaring" process with firmly set, optimal operating data.
The constantly fluctuating and, especially, unpredictable changes lead to a
case where the conditions do not correspond to operation standards.

It should aiso be noted that the operation of flares is net
limited to refineries. Flares are used in the petroleum industry beginning
with oil1 fields, transportation, and refining of crude oil in petroleum re-
fineries and petrochemical plants to the storage and distribution of the re-
fined products. Furthermore, flares are also required in other chemical in-
dustries, the steel industry [10], and in coal gasification [11].
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7. Summary of the Experimental
Results and Conclusions

Figures 7-1 (a-d) show the local burnout degree for carbon bound
in air-foreign substances and carbon bound in the gaseous state as a function
of the investigated operating parameters, namely, the flare gas mass flow mg s
the flare gas density ga, the steam/gas ratio mp/mg, and the wind ug-

In addition, all local burnout degrees measured at the flame end
and downstream from the flame end are shown as a function of one operating
parameter in each of the Figures, Furthermore, the local burnout degrees
which are equal to and’ higher than 0.99 are assembled in the shaded bands,
and only those that are smaller than 0.99 are shown separately.

In the experiments, the local burnout degree was determined in a
total of 1298 measurement points at the flame end and downstream from the
flame end.” As a result, the local burnout degree was found to be equal to or
higher than 0.99 in-1294 measurement points., Only in four cases, a local
burnout degree at the flame end was found to be smaller than 0.99. In one
case, this was attributed to an excessive steam addition (it is marked in the
Figures as a triangle). For the remaining three cases (marked by +), no
correlation with the operating parameters was found. _
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The local burnout degrée was determined at 42 gas mass flows with
23 different flare gas densities. For the case of soot-free flare flames, no
correlation was found between the degree of conversion and the flare gas
mass flow or the flare gas composition. -

For 114 tested steam/gas ratios, the minimum degree of conversion
dropped to values below 0.99 only at a steam/gas ratio, which corresponded to
almost a 10-fold amount required to eliminate the soot. Also, in the case of
sooty flare flames, the maximum emission factor is less than 0.01 for carbton
bound in air-foreign substances and carbon bound in the gaseous state,

The wind vé1oc1ty during the experiments was up to 6 m/s. In
this range, no unburned fuel was discharged at the flame end.

The experimental results which were obtained during representative
field tests offer for the flue gas combustion in high flares the evidence
that L

o In soot-free flare flames, the organically bound
carbon of the flare gas is converted to carbon
dioxide to at Teast 99%;

» the emission factor for carbon bound in air-
foreign substancas and carben beund in the
gaseous stata, indepandent of the optical fleme
picture (soot containing or soot-free), com-
prises a maximum of 1% of the organically bound.
carben in the flare gas; -

- e the mass concentration of the organically beund

carbon at the flame end is less than 50 mg/m3,
everw in the case of sooty flare flames;

o the bulk of the organically bound carbon at the
flame end consists of methane and acetylene;

e the nitrogen oxide emission of flare flames,
referred to the heat unit, is Tow.

: It is, therefore, recommended that the proposal of the air speci-
fication, allowing to proceed with a "conversion degree" of 75% during flue
gas combustion im high flares, be so modified that a conversion degree of 99%
could be considered in the future.
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1.2. sState of Development of Clevated Flare Heads

Thefe is no generally valid relation between the refinery
capacity and the number of installations connected to the flaring -
system nor is there any ceonnection with the selection or the

design ¢f the flaring system [3].
J q SY

in

The dimznsioning of the flare head is limited by the f{lame
stabilitv which results from flash-back, lift-off or extinction

of the fiame. In order to operate the combusticn at a stable

0]

operating point at which the flame burns steadiiy‘at a site
clcse to the burner, the flow velocity of the gas-air mirture
at the point of stabilization must be equal to the flame ve-
loci=y [12 (p. 173 ££.)]. In the literature [15,_ 38] it is

sometimes assumed in estimating the lift-off velocity~tnat the

.

lift-0ff occurs when the velocityv of the fuel jet as it

the burner amounts to about one fifth the speed of sound.

S BRT ,
u, = 0.2y —=m—emee G 1-1
M
(The symbols employved in G l-1 are explained in the Appjendix,
p. 11-1)
Some authors [13, 14] point out that flares with flame

T

(D]

holders can be operated even at flare gas velocities high
than those estimated sccording to G l-1. UHess and Stickel [16]
show that partially premixed flames stabilize anew at some dis-

tance from the flare mouth at exit velocities above thosce

The lanoaaoe Contoer, inc.
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corresponding to a stable operating point, which results in a
considerable enlargement of:thc contrel range.

The flare heads of variocus manufacturcers differ in the
design and in the arrangement of steam input units.

Becker [17] dividas the flare heads fed with flars gas
from low-prescure networks into thcege with air-admixing before

e ]
Adad

and ti

m

with air-admixing after the exit of the gas. The

di

ol

ferent flare head designs are shown schematically in Fig. 1-2.

Fh

When the air is adwixed :zfter the exnit of the gas (Tig. i1-2a),
the st2zm is introduccd inko the gas jet through a riang of stazin
nozzles. On the way between nozzle and gas jet the steam, in

znce with the law of frse

- da EAT Y [ - ta - - -
cominugkion zir., Since the pilcot hurner is arrangsd cn tha sams
-~
T mam 4= 1~ tn ! } oy o 3 3 e . Tl
wlang, nct conly the alr zstirzation anmd the nizling oI ne 223

with steam and air bu: also the igniticn and stabilization of
the flame must “ake place in this plane. Depending on the
load range, these tasks cannot be fulfilled at the same time.
The flame then stabilizes itéelﬁ away from the £lare mouth in
the range of lewer flow velocities, which even at sliggt ldad
fluctuations leads to pulsating unstable flames.

Flare burners with air-admixing before the exit of the gas
(Fig. l1-2b) are designed like Bunsen burners without a mixing
tube, The air aépiration, mixing and combustion occur in cri-
tical lgad ranges on separate planes. For the air aspiratien,

the Ccanda effect is utilized in most cases [18, 19].

The Larmguage Qantar, irno.
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a. NMAir-admixing after the exit |
of the gas ) i
- . . b .
N . ! j)
]
r iﬂia : -
e | ~
_J1, % i
t : |
Steam | DGS Steam G?S'
| siv———— l-..‘—-—-—--l -
in internal steam 2.externqlisteam nozzles, ,
nozz.e in several plancs - t

7h external steam
nozzle in one
rlane

b, Air-aémining before the exit

i
Air - i _ 2
l /
| i
'E..D".'"F#;? ‘ i ' f
| L‘E‘«—Gas steam| Gas
l
steaw| air !
' - i h-——!——-—a . -
3. internal steam- 4, annular gap 5 injector rods
and gas nozzles injectors (wall jet)

(Runsen system) (wall Jjet)

Fig, 1=-2: Dif:erent designs of elevated flare heads (with minor
changes according to [17])
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By the Coanda effect, tbe following is meant: A gas jet
issuing from an cpening expands as a rule in the form of a
free jet. However, with the preper shaping of the surfaces -
adijacemrt to the exit opening the gas jet is deflected and
hugs the adjacent walls. Close to the walls, the pressure is
lewer tham in the vieinity and for fixed conditions upstream
of the exit cpening, the mass flow through the exit oreﬂlng_
increasar and, in additicn, the volume of aspirzted ambient a*“

nereased. [101].

F
n
o
[
11]
Q
[N

The flare heads with air-admixing bhefore tha"exit of the

gzs are for the most part expanded upwardly like a funnel., The
aspiration of air and ths mixing take placs inside the cone.

The par+ially preamixed fuel-zir-steam mixture i3 ignited bv ths
pilot £lame buraning outside the cere. In addition =o Iflams
stability, this arrangement has the advantage that in lecad ranges
comprising the accumulation cﬁAgas due o operating difficulties
under controllable operating conditions the flare flame does
not burn as a diffusion flame bui as a partially premixed flame.
The inner zones are admized with air before the ignitlion. Pre=-
nmixed filames have a lesser tendency towazd scot fcfmation and,
therefore, perhaps also less of a tendency toward the emission
of unburned fuel than diffusion flamcs. In the event cof a suddan
drop-off of the flare-gas mass flow, the fuel-air-steam mixture
is fully premixed.

A compilation of the conventional flare hcads is found in

Brzustowski [201. A horizontally arranged “"elevated flare” with

The Language Sentcr, inc.
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watar injection for soot-free combustion is described by

Lauderback [21]. Individual features of flare heads are

found in the company prospectuses [22~25]. -
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2. THE SIGNIFICANCE OF ELEVATED FLARES AS EMISSICN SOURCES
FOR AIR POLLUVTANTS AND ORJECTIVE OF THE PRESENT INVESTIGATION

The flaring of excess gas is associated with the emissicn
.of nonatmospheric substances whose qualification and quanti- ~
fication has thus far not been clarified in a satisfactory
manner. Iﬁ the following, npnatmospheric substances are
understocod o be carbon monoxide, organic compounds, scot
and nitrogen oxides, but not carbon dioxide and w;ter._.

People living near elavated flares usual‘ly feel molested
by the noise caused by the addition of steam aﬁauby e light‘
coming {rem the flare flames. Molestations by sodt or smells
hardly cxist [3). This is explained by the fact that with
elevated flares ccot and noratmospheric substances are emitted

at 2 great height. The elevated flare acquires significancs

W

[}

as an cnission scurce for neonatmospheric substances in tha new
creation of refinery capacities by\the authorization procedure
according to § 4 BImSchG and for existing installations in the
emission declaration according to § 27 BImSchG [26]. 1In Dbeth
cases, the applicant or operator of the installation must re-
pert and substantiate where, of what kind and in what guantitics
nonatmospheric substances are emitted during the operation of
the installations (cf. 9th BImSchv [27] and 1lth BImSchv []8]).
These data form the basis for decisions concerning the operating
permit 2nd the conditions under which the installations can be
operated. | -
On Lines 4 and 5 of Table 2-1 are shown the estimated valuces

for 2 petroleum refineries of the losses of the crude oil

The Larnguags Cenior, ine.
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throughput dissipated via_tpe f£lare and the emissions pocosibly
associated with them. Line 6 shows the 1ossas and possitle
emissions of all ¢he refincries in the Federal Republic cf
Gormany. IO chis and, their annual capacity was taken fram
ref. [ and the 1mascs and cmissions WEre calculated on tiz
asaunpoilon +hat they are comparable to those o2 ReFLngr) i,

Taple 2 - L@ Lstimated values of the crude cil thrcug.;w-1q=t
by combustion in »ma - flares

crude oil Loss: To tha En Cam at
rhroughput lare

U= E’ 1299 %4
‘ lDB /, \ (=1 ‘ lOBt/.. \ oL \i 1"73:/_.‘ \r :51_33-1’ :
\ t/a Ta l 2 = 2 H_L:-_ G /2
Refinery 1 129} \ 35C0 | 8,3 ‘ 29 \\ A [ ].'3 _\ . 1_-_" ]
zefinery 2 [30] 7000 G2 15 \ 53 | 7 a7 :

. JRefinery (RRD) | 153860 /3] g,2 308 50 \ 154 \3,- - se

U = cegree of convarsion

The table shall pe explained briefly by takind Re

(e

e

as an example. The estimated loss of the crude oil <hr
is of the order of 0.2%. At-a capacity of 7 million t/
this amounts tc a loss of 14,000 t/year. 0f this, abou
purned in the flare so that the annual flare load is &fF.
mataly 7000 tens. According to TA-Luft No. 3.,27.1.1. m
in calculating the emissions Qf organic gases and vaport
maxinem of 73% can be figdred as the degree of conve:si?

the off-gas.combustion in the elevatad flare. With thi:

The Lang’ ey Nl




2-3

the resulting emission of organic gases and vapors amounts to

1800 t/year which is emitted via the elevated f£lare. This

75% degree of conversion is, however, not supported by ex- -
perimental studies. This figure is also contradicted by

gtudies on model flares |32] and by thecoretical calculations [32]
which lz2ad to the result that the degree of conversion fer the
off-gas combustion in the elevated flare must be figurgq at the
least a2t 99%. Accerding to this figure, the resulting emission
would be 70 t/year. o

If we now gxtrapolate this figure, for example, to the re-
finery caracity in the Rarlsruhe area, that is, tc the refineries
Obarrh. Mineraldlwerke, Esso and Mebil 0il, Wicth, we cobtain at
a crucde oil capacity of 1£.5 million t/year an emissjion of organic
gases and vapors of 4600 t/vear at a conversion rate of 75&‘&30
of 180 +/vear at a convarsion rate of 99%. These two figures
which éiffer by a factor of 25 make it clear that the elevatead
flare as an emission source may, depending on the conversion
formulaz, be cf conziderable impoxtance, for example, in calculating
the air pellution load. ' *

The specification of a conversion degree of 75% for the
off-gas combustion in elevated flares has also led to the fact
that in socme refineries the construction of ground-level flares -
in additien to the elevated flare - has been ordered in which
a conversion degree of 95% may be figured for the oif-gas com-

bustion [31].

Tha Language Sent:r, line L
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According to the Refinery Guideline No. 1.1.8 -[34], "elevated

flares may be used only in an emergency. Tor operating_difficulties

during which an installation continues to operate (controllable
operating conditions) and also for the starting up and shutting
dovm of installations, ground-~level flarss or equivalent daevices
are to ba usedl

gummarizing, it can be sald that the discussion dea’ivg

w1t1 =he criteria geverning the operation of elGVHtﬂd ;labﬂs

concerning the emizsion of nonatmospheric fubatances hag lackad

a
"
QO
<
1)
W3
)
I}

(181
v}
3
{©
]
ck
W
r
0

~cause only contradictory and inadequzata
findings have besen available conceraing the degra2e of convErsion

of flars geas in alevased flares and the pollut an.q emigtad

This has made 1o diffianlc to arrive 2t an ageimate of fhe' |

emissicns occurring in the operaticn ¢ refineries and at

’
an objective evaluation of the conditions necessar

<
h
0
ki
o
o
&

operation.
For this reascn, it has been the objective of this investi

gation o detsrmine bv experiment the degren of conversion of

flare gas in refinerv alevated flares and, more particularlvy,

to obtain data on the emission of nonatmospheric gases and

vapors during flaring.

Tn order to obtain represcentative tegt results, the cperamng
conditions of the expsrimental flare had to be comparable with
thogse of elevated flares integrated into the refinery opcrat;on'

an operating cendition corresponding to that of an emergency

The Language Cen r, |
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shut~down was excluded. With the experimental flare system'
selected-, it was impossible to simulate this state of operation
poth for reasons of safety and also becaurse of a lack of gas.
The frequency of this state of operation is very low and is
alsoe excluded in the specifications of the TA=-Luft (= technical
guidance for the maintenance of clean air).

The tests were, therefore, restricted to those states of
operation in which the accumulation of flare'gas,can-bé.traéed
to the starting up and shutting down of installations and alsc
to thusa operating difficulties in which the instzllation con-

tinues to operate. TFor these states of operation, sufficient

steam for a soot-free combustion was to hbe available.

-
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3. LITERATURE SURVEY
The literature with the emphasis on "elevated flares" con-
cerns itself mainly with measures for reducing the incidence

of flare gas and increasing the operational safety of elevated

flares.

Thus, in recent years, the gas volumes fed to the elevated
flare have been considerably reduced. This has been achieved
by storing the gas accumulating in the flare gas network inter-
mediately in gasometers or by feeding them directly into the
heating~-gas network [1l, 2, 3:‘5]. Measures taken at the equipment
level such as, for example, refitting of fixed roof- to floating
roof-tanks énd the improved design of valves have also led to
a reduction of the incidence of flare gas [29]. For the safer
operation of elevated flares, not only the aforementioned mea-
surss to prevent ingress of air into the flare system [4-6] but
also the length of the flare flames [37-42] and their heat ra-
diation [38, 43, 44] are of importance since they determine
the distance of the elevated flare from the process installations.

Only very few studies are known which deal with the degree
of conversion of the flare gas in elevated flares., In some
of these studies, the knowledge gained with tube burners was
applied to flare burners. However, the studies on tube burners
were carried out with objectives other than the emission of
nonatmospheric substances.

GRUMER et al. [46], in a study of the stability of hydrogen
flames at flare burners also examinéd the effect of the wind

on the discharge of unburned jet substance. The burner had
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a diameter of 9.2 cm. The velocity of the hydrogen jet was
0.28 and 3.5 m/s and that of the wind 7.6 and 11.9 m/s, resp.
In spite- of the large velocity ratio of the gas- and wind-jet,
they were unable to measure any discharge of.hydrogen.

GUENTHER and LENZE [33], in dealing with the emission from
refinery elevated flares, start from the supposition that unburned
gas can be emitted by the detachment of batches at the edge
of the jet. They assume that the burnout of detached eddies
amounts to.cnly 50%. From the eddy diameter and the freguency
of detachment they estimate that as a result of batch detachment
a maximum of 1% of the gas throughput is discharged unburned.
They arrive at the conclusion that the burnout must be figured
at the least at 99%.

LANDERBACK [21] fails to report any conversion degrees
for the horizentally arranged £lare with water injection into
the flame for the suppression of scot even though.iﬁ would ke
relatively simple to make such measurements with this flare.

It is difficult to judge whether the injection of water
along the flame promotes the combustion or whether farther
downstream.thé fuel pyrolysis is increasingly prevented so that
unburned material is emitted in gaseous form.

SCHWANECKE [45] believes that "in the operation of elevated

£flaregs the formation of nitﬁogen oxides at the flame surface

takes place to a larger extent than in a combustion muffle because
the dwell time in the flame required for splitting the nitrogen
oxides into nitrogen and oxygen cannot be maintained”.

Because of the large temperature dependence of their rate
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of formation, the formation of nitrogen’ oxides is tied to high
-temperatures. However, high temperatures are present in the
core of the flame and not at the "flame surface". Moreover,
in the case of flare flames.the flame surface is in contact
with the cold atmosphere and not with the hot surroundings of
the combustion chamber. For this reason alone it is to be ex-
pected that because of the lower temperatures smaller amounts.

of nitrogen oxides are formed in the flare flames than in flames

burning in a combustion chamber. -

-

BRCRER [32] made measurcments on model fIares in the wiﬁd
tunnel. With natural gas as the fuel, he reports at wind
velocities between 5 and 10 m/s burnout values of 99.8 to 99.9%,

BRZUSTOWSKI [20] starts from the supposition that even

ot =

with a steam/gas ratio sufficient for a soot-free combustion

Ay
Y

it cannot be assumed that the combustion is completé; Whﬁﬁ
the flare is operated under controllable operating conditions,
he suspects a source for unburned gas at the end of the flame
and also above and in the lee of the flare mouth. He himself
calls his statements in the chaptér "Air Contaminations by Flaresg”
a "little speculative" since accurate measurements insjide and
outside the combustieon field of the flare flames are lacking.

LEE [37] assumes that under the influence of the wind the
. Cross scection of fhe jet becomes horseshoe-shaped since the
outer jet substance possesses a smaller impulse than the inner
ore. He calculates which segments are blown éway at right anglcce

tc the flame axis to such an extent that they are no longer

in contact with the rest of the jet. The calculation shows
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that the largest amount of jet substance is carried away within
the first one-sixth of the jet path. The amount carried away
is greatly dependent upon the wind and is calculated for a flare
diameter of 50 em at 0.4% at a slight breeze (1 m/s) while with
a strong wind (5 m/s) the carry-away may increase up to 12%.
Since the burnocut begins from the outside, the substance separﬁted
from the flame by the wind consists predecminantly of off-gas.

STRAITZ [47] reports thdﬁ'in the combustion 6f natural

gas in flares with diameters between 5.1 and 23 cm a cenversion

- g

degree of more than $9% is attained even without an additicn
of steam. A dependence of the degree of conversion on the nominal
width of the flare head could not be detected.

With a small steam addition, the degrse of conversion and

the temperature at the end of tha Ilame wers inc:aasgd, wWith

increasing steam addition, beoth reached 2 maximum and'thenf@rcpged
0ff again, which was caused by a gquenching of thé £flame. With
natural gas, the maximum occurred at a steam/gas rﬁtio of 1 kg/kg.
Measurements with sooty flames of other fuel gases showed conversions
of 75%. With the addition of steam it was again possible to
achieve a conversion of more than.99%, which dropped off again
with excessive steam additioens. '

According to STRAITZ himself, the wvalidity of his data
-is difficult to quantify} Uncertainties are caused by the
flickering of the flame, the effect of the wind and also by
dead time and mixing in the sampling lines. Furthermore, prolonged

sampling would be necessary to support the statements.

From another publication by STRAITZ [10] which describes
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the experimental setup and procedure and also reports a few test

results, the following can be inferred:

Because of the experimental arrangement chosen, only the
vertical ‘edge of the flame was accessible. 1In the tests, neither _
the flow velocity of the off-gas nor its carbon dioxide volume
portion was measured. Therefore, nothing definite can be said
concerning the degree of conversion or the local burnout. More-
over, some of the data from the table "Typical resﬁlts qf tests

relating to the emission from flares (without steam)” contained

in [10] contradict the statement made by STRAITZ in [47] according
to which a degree of conversion of more than 99% was attained.
He repoxrts, for example, with natural gas as the fuel, a maximum

voluma portion of hydrocarbons in the off-gas of 5.2% at an
oxygen volume portion of 11%. This would corresPondﬂ;o a conver-

¥
sion degrze of less than 50%, -

Y

According to the TA-Luft (31] No. 3.27.1l.l1l.m, "the emissions
of organic gases and vapors in a refinery without further petro-
chemical processing should as a ru;e not exceed 0.04% of the
mass of crude oil processed; for this, at the most 75% can be
figured as the degree of conversion for the off-gas combustion
in the elevated flares unless some special proéf makes the applica-
tion of higher degrees of conversion appear permissible”.

Accordingly, in calculations of the emissions of organi&
gases and vapors from the percentage lost by combustion via
the elevated flares, an emission factor [28] of at least 25%
must be taken into account. Since emissions of socot are not

mentionad, it must be assumed that the flare flame should as a
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rule burxn free of soot. -

According to the opinion of the parties involved in the drafts
of the TA-Luft (§ 51 BImSchG), the tests on modél flares cannot
be direcély extrapolated to elevated flares. As a justification
it is adduced that the model flares were coperated under optimal
combustion conditions and that these'do not ceorrespond, according
to experience, to those encountered in the practical operation
of refineries. In addition, the burnout degrees in the case
of elevated flares must on the whole be rated as lessfsatisfactory
than those of ground-levzal flrres {95%) since tnéicombustion "
does not take place in a combustion chambker but in.an open flame
in a manner largely uncontrellable., In additicn, the combustion
process is at least in part associated with the discharge of
partizlly unburned or burned substancs, which i§ ffensified

-l
by large load fluctuations and changing gas ccmpesition.

e
-

In this, the parties involved ware awarz of the fact that
the postulate of a soot-free combustion refers only to the range
of a 0~25% flare load, that is, to the controllable operating
conditions at.which an adequate steam mass flow is available

for a soot-free combustion [48].
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4. GENERAL
4.1. Description of the Combustion Process [12,49)

Fig. 4-1 shows by the example of the photograph of a flare
flame which burned without steam addition that in turbulent
free-jet flames there is no closed combustion front, but that
a distinction can be made betﬁeen a large number of separate
and incoherent zones. This can be explained by the fact that in
the flow field no individual molecules are transported but
tight associations of molecules - so-called cells or batches =
in which the combustion has already progressed to a greater or

lesser extent.

O I
R ) X 23
izl T S

Pucony s 2 &7

Fig. 4-1 : Photograph of a flare flame burning without
steam addition,
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During the combustion, the fuel components are converted by.
echemical reaction with atmospheric oxygen to carbon dioxide and
water. _

'CﬁHn-n-(rn-n-g_) oz—a-mco2+’z‘ H,0

The reaction does, however, not take place in one step but
by way of a large number of intermediate products which can be
considered as secondary fuels. The oxidation reactions can proceed
only when the required energy cf activation is available and the
reaction partners have been mixed with each other. As far as the
flames are concerned, a basic distinction has in this case to be
made between macroscopic mixing where molecular associations
participate in the mixing process and molecular mixing where
individual molecules take over the mixing process. The oxidation
reactions can, however, prgceed only when the reaction partners

have been mixed on a molecular scale.

4.1.1. Flow and Mixing in Freely Burning Diffusion FTlames ([12]

Macroscopically, the flow- and reaction~field of the flare
f£lame is determined by the forces of inertia and buoyancy. The
mixing necessary for the reaction is brought about by exchange
processes between the fuel jet and the medium surrounding the jet,
in which case the velocity-, temperature- and material gradients
control the exchange processes. Because of the turbulent state, the
flow velocity, temperature and composition of the mixture vary

réndomly around a mean value. For the veloeity, for example, the
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momentarj value 1 can be perceived as the sum of the chronolegical
mean value u and the momentary difference 8 between u and 4. @ has
also been designated as the fluctuation variable and the mean
square deviation of the fluctuation variable from the mean value
22

4 as the mean fluctuation variable. The chronological mean

values differ from one location to the next. )

For the mathematical description of flow and mixing, the
impulse transfer equation by REICHARDT [50] is frequently used.
He determined from measurements. that in the case df free turbulence
the velocity profiles related to the axial values can be represented
by error functions. In order to derive this behavior of turbulent
flow from the impulse equation and, more precisely, for a flow
which is steady and frictionless and in which there exist no pressure
differences, he postulated that the flow of x-impulse (x-direction
of flow prior to the entrance into the region of turbulent mixing),
which flows off in the transverse direction y, is proportional to
the impulse gradient in the transverse direction. The proportionality
factor, the transfer gquantity A, is a length which is independent
of the y-direction but which may be a function of the longitudinal
direction x. The error functions are solutions of the defining
equation for the impulse when, for example, for the round free
jet the transfer quantity A is made equal to A = % cg * X. The
dimensionless transfer factor c¢; is considered as constant. The
same applies to the distributions of material and heat. The
numerical values of the transfer factors are determined from measured

values. The numerical values of the transfer factors for material

and heat are equal. Impulse is exchanged more slowly than heat and
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material. The most important factors of influence are the
Reynolds number and the density ratio between jet and environment.
The exchange decreases with:iﬁcreasing Reynelds number and
increasing density ratio.

LEE [36] expands Reichardi's equation by including the buoyancy
Forces for whose description he introduces a dimensionless buoyvancy
number. The latter is dependent upon the transfer factor, the
flow path, the Proude-number based on the jet origin and on the
density difference between gas-air-jet and surroundings, based on
the density of the gas jet at its point of origin.

:In free-jet flames, the combustion lags considerably behind
the mixing. This is taken into account by the state of segregation
{51] which depends on the interaction between macroscopic and
molecular mixing and which must be determined empirically.
According Eo LINZT [52], the segregaticn Is sroportional to the

eddy factor and conversely proportional to the fluctuation variable.
- This flow=-mechanical medel for the mixing and combustion process
in flames affected by bucyancy repreduces their length fairly
accurately, in which case the flame length can be taken as 2
measure of the path necessary for the molecular mixzing of fuel and
oxidant.

4.1.2. Beaction-Mechanisms of Partial Reactions Involved in
Combustion

It is customary to divide flames into premixed flames and
aiffusion flames. In premixed flames, HOMANN [53] distinguishes

between the blue oxidaticn zone and the yellow pyrolysis zone.
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Some authors, for example, GLASSMAN [54] make a further subdivision
into a post-reaction zone in which a large portion of the pre-
viously formed carbon mono#ide and hydrogen is reacted to carbon
dioxide and water.

In contrast to premixed flames, diffusion flames cannot be
separated into different zones. In the following analysis, it is
assumed that in regions where the molecular mixing of fuel and
oxidant predominates, oxidation zones are present. They can be
found primarily at the boundary surfaces of the batches of fuel
and oxidant. Regions in which there is no molecular mixing of
fuel and oxidant, but in which the temperature is sufficient for
thé pyrolysis of the fuel, are considered to bhe pyrolysis zones.
In this case, pyrolysis zones may be formed either due to the fact
that in the fuel batches only heat has been transported but no
oxidant, or else due to the fact that the fuel batch has become
mixed with combustion products instead of with oxidant.

It can be imagined that the diffusion flame consists of a
multiplicity of small premixed flames in which the optical prop-
erties of the pyrolysis zones mask those of the oxidation‘zones.
This has been justified by the fact that in the combustion in
premixed flames and in diffusion_flames the same intermediate
products are formed. Thus, for example, HOMANN and WAGNER [55]
were able to detect in the oxidation zone of premixed methane
flames polycyclic aromatic hydrocarbons which are looked upon as

nucleus-formers for soot. However, the formation ¢of socot can be
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observed only in the pyrolysis zone. Morecover, the properties
of soct formed in flames are hardly dependeﬁt on the type of flame
[56]. |

(The aboée-notion that the diffusion flame is composed of
many: small premixed flames is expedient for the explanafions-below
but represents the true conditions only with reservations. 1In
premixed flames, fuel and air are mixed prior to ignition and the
combustion takes place in the reaction zone whose location is
determined by the equilibrium between flow- and flame velocity.
In the diffusion flame, on the other hand, the molecular mixing

- is achieved by diffusion at the boundary surface between fuel and

air and the reaction proceeds at the point to which fuel and oxidant .
diffuse at the steichiometric ratio.)

In the oxidation zone, a portion of the fuel I3 burned o
carbon monoxide and hydrogen while the other porticn is reacted

to carbon-containing intermediate prdducts (R 4=1). Since in the

"

oxidation zone there is already a formation of water and carbon
dioxide (R 4-2 and R 4-3), oxygen continues to be consumed so that
the formation of hydrocarbon radicals according to R 4-4 may be

larger than their oxidaticn:

-

‘CpH,+y0, ~——= 2yCO+3H,+(m-2y) C R 4-1
Hy+OH —= H,0+H : R 4-2
CO +QH -;q- (]32+44 R 4-3
CxHy-.-OH L. —== H0-+ c:_x;--;y_.1 R 4-54,
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In hydrogen~containing flames, the autodissociation of
hydrogen can be considered as the starting reaction for the

formation of hydroxyl radicals:

l;iz+M —"3" 2H+M . R 4=5
H+02 —— OH+0 ' R 4-6
O+H, —== OH+H . R 4-7.

In aliphatic hydrocarbon flames, acetylene is always formed
as a stable intermediate product. HOMANN and WAGNER [55] assume
that, for example, in methane flames, acetylene is formed by the
recombination of methyl radicals via ethane and ethene:

Acetylene is considered the smallest molecule in the reaction
sequence leading to the formation of soot-nuclei according to a
radical mechanism. Only when in the oxidation zone fuel and air
are mixed sufficiently on a molecular scale is it possible to
reduce the formation of acetylene, for example, by reaction of

the methyl radicals with oxygen:
CH3+OZ—=-CH3_OO-—3-CHZO+OH R 4-9,

Besides, excess oxygen may also cause a rupture of the chain
in the polymerization reactions of hydrocarbon radicals of

higher C-number, for example, with the formation of oxidized
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products such as aldehydes:

0+ 0QH : - R 4-10,

R-CH3+_-02-5—- R--CHBOO—e.—-R-O-iZ_

Plaring without steam-addition is genmerally accompanied by
the emission of soot, since the formation of scot partiéles
predominates over their combustion. The fact that also. in
soot~-free flames carbon particles are formed as intermediate
products can be raépgnized'by +he luminosity of the flame. The
‘yellow color of the flame is due to the fact that, at che témpera-
tures present in flames, the eye perceives the continuous
radiation of a black body as yellow.

We designate as soot particles of high carbon content whose
cemposition can he rendered approximately by the summation
formula Cgi. The particls diametsr generally ranges between
10 and 50 mm. Each particle consists of appr&ximately 104 erystal-
liteqt A crystallite is formed by 5 to 10 layers of carbon atoms
comparable to those in graphite. Each layer comprises approximately
100 carbon atoms [54].

The formation of scot can be divided into the formation of
soot nuclei and the particle growth with subsequent particle=
particle coagulation. The most important step is the formation
of soot nuclei which proceeds in the pyrolysis zone at temperatures
between 500 and 800°C and for which several hypotheses are under
discussion [56], for example, the formation of scot nuclei via

radicals [55] or via ieoms [57].
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According to investigations by WEINBERG et al. [57], the
formation of soot increases with increasing ion intensity.
The ion concentration reaches its maximum at the end of the
oxidation zone and drops off sharply in the pyrolysis zene.
The formation of ions does in this case not seem to be
temperature-related since the temperatures at the end of the
oxidation zone and the beginning of the pyrolysis zone are
comwarable. It is, therefore, assumed that the ions are formed

by proton transfer reactions between ions and molecules:

RH* + CH,0 —= CH

> 00 + R - R 4=11,

FPor this reaction, the formation of CI-IO+ by chemi-ionization

according to R 4-12 is considered to be the primary step:

CE + O —= CHOY + e~ R 4-12.

FPor the formation of soot nuclei, the ion of an unsaturated
hydrocarbon adds othef ions or molecules and forms a cluster
which by dehydration and polymerization grows into a stable
particle with a high C/E-ratio. Investigations by WERSBORG [58]
show, however, that in flames without an electric field approxi=-
mately 70% fewer ions are formed than in flames with an electric
field.

A radical mechanism for the formation of soot nuclei which
is sketched in Table 4-1 has been suggested by HOMANN and WAGNER
[55].
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Table 4-1:

4-10

Formation of soot acecording to a radical mechanism [35]

Acetylene

Addition of

radical reactions

a radiecal

with Czﬂ-and C233

chain

branching

polycyclic aromatic
hydrocarbons

4

reactive, partly cyelic
hydrocarbons,
hydrogen-rich

small scot particles
(reactive)

large soot particles

pelyacetylenes
polyacetylene radicals

. addition of czﬂz

and polyacstylenes,
cyclization

addition of

pelyacetylenes

addition of small soct
zarticles and
polyacetylenas

inactivation

agglomerztion of large soot particles
to soot, slow growth by heterogeneous
decomposition of acetylene and

polyacetylenes
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By the addition of radicals to acetylene, polyacetylenes are
formed in the reaction zone which c¢yclize to pelycyclic aromatic
hydrocarbons (PCAK). While PCARK without side chains are
considered to be final products, hydrogen-rich cyclic hydrocarbons
continue to add acetylene and form small reactive scot ﬁarticles
at the transition from the oiidation zone to the pyrolysis zone,
Simultaneocusly with the addition and decomposition of poly-
acetylenes and with the addition of other soot particles to form
large soot particles, the particles are deactivated. The large
soot particles agglomerate into soot.

One shortcoming of this mechanism is that it cannot explain
why soot nuclei are formed only at the beginning of the pyrolysis
zone, that is, discontinuously, even though later on enough
- polyacetylenes are still present.

LESTER and WITTIG [59] conclude from their experimental
data that radical as well as ion reactions lead to soot nuclei,
with the ionic mechanism prevailing in weakly fatty mixtures.

The combustion of socot particles already formed proceeds as
a heterogeneous reaction at the surface of the soot. According
to MILLIKAN [l102], soot is oxidized rather by hydroxyl radicals
(R 4-13) than by carbon dioxide (R 4-30) or water (R 4-3l1) even
when the latter are present at a concentration many times higher.
FBNIMORE and JONES [60] show that soot is disintegrated substan-
tially more rapidly by hydroxyl radicals than by oxygen. According

to their test results, soot is hardly oxidized at temperatures

The Language Canter, Inc,




4-12

below 1200 K ewven at an oxygen parltia.l pressure of 0.21 bar.

WRIGHT [(61] concludes from his experiments that oxygen
atoms play an important role in the oxidation of socot (R 4-14 a,b,c)
.and that carbon dioxide is already formed at the surface of the scot
and not by the gas-phase reaction of carbon monoxide with oxygen

atoms (R 4-32).

C+0OH-—>= CO+H . R 4-13
C+CO,- - 2 CO _ R 4-30
C+H,O0 —= CO+ H2 .' ‘ R 4-31
c+0 S (co)a : . R 4-1.43
(COy)y+ 0y —=C02+ 0, , R 4-1bc
CO+O+M—E—CDZ+M R 4-32

According to the results of WRIGHT's tests, in the temperature
range between 500 and 900 K the reaction is restricted to the
external surface of the scot. In contrast to this, KURYLXO and
ESSENHIGE [62] concluded from their experimental data that
the intermal as well as the external surface of ﬁhe scot is
affected by the reaction, with the reaction site being dependent
on the temperature. At approximately 800 R, the reacticn at the
external surface is so slow that the particles may lose up to

80% of their weight without any significant change at their external
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surface. At temperatures above 1250 K, however, the weight
loss could be readily correlated with the decrease of the

external surface.

4.2. Preliminary Thermodynamic and Rinetic Analyses

The tendency of the hydrocarbons toward decomposition into
carbon and hydrogen and the tendency of the.reaction products
carbon monoxide, carbon dioxide and water to be formed from the
elements can be read from the standard f£ree enthalpies of

formation AG? of the components.

600 - T | LT Cs Hy
kJ
Mol CoHig
400 G H;
200 G Hs
0 CJ-IZJOZ
i CH,0
____._.——--—_Hzo
- - - —— ——
200 —-. co
=400 =T T i T 1 i L |. ] ‘L'Oz

300 500 700 900 1100 1300 K 1500
T :

Fig. 4~2 : Standard free enthalpy of formation as a
function of the temperature.
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Pig. 4-2 shows the standard free enthaléies of formation
as a function of the temperature for some of the components.
Negative numerical values signify that the component is stable.
The values of the standard free enthalpy of formation are found
in the literature in tabular form ([63,64].
It is evident from the diaéram that | :
- all saturated hydrocarbens become unstable upon heating
and deccmpose into their elements carbon and hydrogen,
- the stability of the paraffins decreases with increasing
temperature more rapidly than that of the olefins,
- only acetylene becomes more stable with increasing
temperature, |
- in the group of the paraffins, methane is much more stable
+han ethane, prcrpans, ets.,
~ carbon dioxide and water are more stable than the'hyd:o-
carbons in question. |
The maximum degree of conversion of a reaction partner which
is thermodynamically possible in a reaction under specified
experimental conditions can bhe calculated from the equilibzium
constant. In Pig. 4-3, the common logaritim of the equilibrium
constant‘xé is shown as a function of the temperature for various
summary reactions. A large numerical value of KP signifies that
the equilibrium of the respective reaction lies far on the zight=
hand side. The values for K. were for each of the reactions

B
indicated or the diagram calculated from the standard free enthalpies

-
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' of formation. It is evident from the diagram that the thermo=~
dynamic equilibrium lies far on the side of the desired reaction
products.

In order to.obtain an idea of the number of the parts by
volume of gases alien to air contained in the offfgas,.for

example, after the stoichiometric combustion of methane with air

we calculated the equilibrium composition of the off-gas according

to G 4-1 [65]

©ein, Vi jeny
i g “k Ckat| i iy
| Y log T = log K; 1.2[1;-109 £l (%'Vl)lagP
i 1+[-yk'l o UR,GI G 4-1
In G 4-1:

“equilibrium constant

Ka = Vi = molar number of component i
fl = fugacity coefficients Vi = molar number of leading
' - ' component
P = total pressure
X = mole fractions of
’

initia) mixzture

The calculation shows that at a temperature of 1500 K an
equilibrium degree of conversion higher than 0.999 is attained.
This degree of conversion corresponds to a methane volume portion

of ca. 4 ppb.
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e [0 +H,0 ==(0,+H;

3 1 T i

—r
300 0 00 %00 1100 1300 K 1500

Fig. 4=3 : Equilibrium constants as a function of
the t=mperature. .

The thermodynamic eguilibrium between carbon dioxide and

carbon monoxide

1o " R 4-16
C‘.Oz —— C‘.O-u-z 02. : R
also lies in the off-gas at temperatures lower than 1000 R completely
en the carbon dioxide side. The carbon monoxide volume portion

in the off-gas at temperatures below 1000 X amounts to less

than 2 prm.
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This upward estimate shows that from the standpoint of
thermodynamics conversion degrees higher than 0.99 are possible.
Bowever, thermodynamics does not allow any conclusions
concerning the intermediate products, the reaction rate and the
reaction mechanism. These are so complex'in the case of flames
that a unified presentation is impossible. While rate constants
for many of the partial reactions involved in the reactions can
be found in the literature [49,66), calculations for the reaction
sequences are available only for the oxidation of methane in an

ideal homogeneous mixture with air and oxygeﬁ.

CREMER [67], for example, uses for the calculation of the
methane-air-oxidation the model of a reaction mechanism which
comprises 25 elementary reactions for the methane oxidation and
19 elementary reactions for the simultaneously occurring formation
of nitrogen oxides. For a starting temperature of 1200 K and a
pressure of 8 bar and with nitrogen as an inert component, the
methane portion has after only ca. 380 ﬁs dropped by a factor
of 10710, Eis calculations with nitrogen as a reaction partner
show that the formation of nitrogen oxides impedes the progress
of the reaction. A total of 20 components, 8'of them radicals,
participate in the simultaneous reactions.

This preliminary reascning shows that from the thermodynamic
standpoint a complete conversion is possible and that with

homegenecus mixing and sufficient temperature the reaction rates

are such as to permit the velocity of the reaction sequence to be
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determined by mixing processes. The emission of unburned fuel
from flare flames must, therefore, be caused by a macroscepic lack
of oxygen, high segregation or the quenching of the reaction

partners below the reaction temperature.

4.3. Formation of Nitrogen Oxides in Flames

The complicated processes leading to the formation of nitrogen
oxides in flames have thus far prevented the develcopment of a‘
unified theory. However, Ifrom numerous investigations the rela-
tionships are at least qualitatively quite well known. It appears
that in the case of fuels which do net contain any nitrogen com-

pounds, basically 3 processes are involved.

Process 1 : Feormation of thermal NO
Process 2 : Formation of prompt NO

Process 3 : Transformation of the resulting NO into NO,

In the formation of thermal NO according to the so-called
Zeldovich-mechanism [68], atmospheric oxygen and nitrogen react -

to form nitrogen monoxide:

N, + O, —==2 NG . R 4=17
Nz-o-O —2-NQ + N ) R 4-18
N-.-t.'J2 —NQ O . ‘ R 4-19,.

In this case, R 4-18 as the slowest reaction is rate-determining

and is, owing to the strong temperature-dependence of the rate
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constant‘(kl) tied to high temperatures [95].
According to FENIMORE [692], nitrogen monoxide is formed
in hydrocarbon flames not only according to the- Zeldovich-mechanism.
He postulates that in the reaction zone hydrocarbon radicals
react with atmospheric nitrogen by way of the intermediate
stages HCN, CN, OCN to NO. He called the NO formed in this
manner "prompt NO". The formation of prompt NO has been confirmed

by the experiments of BACHMEIER et al. [70]:

CH + Ny—==HCN + N : R 4-20

Cz+lﬂz-—éb-2C»4 k ) R 4-21.

In flames, the equilibrium between CN-radicals and HCN

establishes itself very quickly (71]:
CN-t-H2 == HCN +H R 4-22
CN + H,0 Z2=HCN + OH R 4-23,

In zones which are not excessively rich in fuel, the resulting

CN-radicals react immediately further to form NO [72]:

CN +0,~—==0CN+0 ° R b4-24
OCN+QO—=CO+NO . R 4-25.

However, the prompt NO formed in the reaction zone accounts

for only a small portion of the nitrogen monoxide formed in the
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region downstream of the flame where the Zeldovich-mechanism
controls the nitrogen oxide formation.

The oxidation of the nitrogen monoxide formed in flames
to nitregen dibxide occurs for the most vart only in the

atmosphere:

2NO+0Q,—==2NQ, ' | R 4-26.

In Pig. 4-4, the equilibrium concentration of nitrogen
dioxide (calculated according to G 4-1) has been plotted against
the temperature for an initial nitrogen monoxide volume portion
of 0.1% in mixture; with an oxygen volume portion of 1 and 20%
respectively. The slope of the curves shows that the c#idation
of nitrogen monoxzide to nitrogen dioxide increases with
decreasing temperaturs.

The rateée of oxidation also increases with decreasing
temperature [34] (p; 766). However,'under“the conditions nermally
presant in thé-atmosphere, the oxidation reactioh R 4-26 proceeds

very slowly. Thus, for example, for a nitrogen monoxide volume

portion of 1 ppm in.a.mixturé.with air at 20°C, the half-time amounts

+to 56 hours. (The half-time value was calculated according to

Eg. 3b in [84] (p. 768).
On the other hand, investigations by MERRYMAN and LEVY [73]
show that nitrogen dioxide is already formed in the oxidation zone

of flames and is again consumed in the near downstream region of
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XNG = 1000 ppm

.- a ) —

A 200 300 400 500 600 °C 700

T ——

Fig. 4-4 : Equilibrium concentration of nitrogen
dioxide as a function of the temperature for a nitrogen
monoxide volume portion of 0.l% in mixture with oxygen
volume portions of 20 and 1%, resp.

the flame with the formation of nitrogen moncxide. For this

they postulate the reaction sequence R 4-27 to R 4-29:

M s0,—nNO+ ? R &-27,
NO + HO, —== NO, + OH R 4-28,
NO2+0—=-NQ+02 : . R 4-29.
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5. EXPERIMENTAL PART

5.1. planning and Scope of the Experiments

The degree of conversion of flare gas during the combustion
in elevated f£lares is jmpossible tO determine on an elevated
flare integrated into the refinery operation. T+ cannot be
done because of the difficulties of sample-taking and also
for reasoné of safety. FoOr the experiments a flare head was.
therefore, jnstalled on the plant premises of the Oﬁerrhe%Pische
Minera;oel-Werke (OMW) Karlsruhe, and connected to‘;Hgir élé&e
gas network. The mouth of the flare head was sié&é@ed 5 m o
above the ground. The probes for taking samples weTe mounted
on a movable conctruction crane. We tried €O gimulate the
wind effect PY means of a blower. I
The determining considerations 0T the selection~gf the

¥

o

£lare head were the following: e

According to +he objective of the investigation, the tests
were to cover a load range in which the formation of £flare
gas is conditioned by operating difficulties with controllable
operating conditions and by the starting up and shutting down
of installations. For these operating conditions, ab aldequate
supply of steam for a soot~free combustion was tO be available.
The stipulation of a soot-frée combustion was to apply o maximal-
ly 25% of the rated load of the flare head [48]. |

of the flaxe heads forming part of the refinery operation
no data were known concerning their diametex, rated load, fraquent
operating loads and maximum 1oad for a soot=-free combustion.

Only feor one elevated flaxe was a part of the data available,
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perimental operation because the flare gas mass flow even for

‘ranges are also of interest.

5-2

+hat is, the rated load with 82 t/h at-g flare gas standard
density of 0.74 kg/m> and the diameter with 0.6 m [33]. However,

a flare head with such a capacity is not suitable for an ex=-

small partial loads is not available on c¢all in the running
oparation of the refinerxy.

In the case of the flare burners, a flow-mechanical simi-
larity cannot be attained with models since the flow fiesld
of the flame is determined by the forces of ine;tia'éng up~
drart. Characteristic variables are the diamete}mdf the“flafé
head and the velocity of the flare gas at the exit from the
flare head. 1In the Reynolds number, the diameter stands in
rhe numerator and in the Froude number in the denominator.

s e

Ths vaelccity apsears in tha Reyrolds number in the

first and
in +iha Trouds number in the2 second power. ' -

-

The flars gas mass flow Zfor the tests was limited by the

—

OMW to 4 &/h. Although flares are operated almost exclusively
in load ranges far below the rated load and the tests were
to cover load rangss up to 25% of the rated load, higher load
_ '
The flare head was, therefore, designed for a rated load
of 10 t/h at a flare gas standard demsity of 0.75 kg/mB. Further-
mere, a flare head was selected in which the aspiration of '
air, the mixing and the combustion take place on different

planes. This was based on the idea that these flare head de-

signs correspond, particularly in the lower load ranges, to

the stzte of the art.
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Althouéh the flare gas composition’does have an effect
on the steam addition necessary for soot elimination and, there-
fore, on the combustion, it could be seen at the beginning
of the tests that very specific gases such as occur, for example,
in the éetrochemical industry could not be included in the )
testinﬁ program since they were not available. |

An overview of the scope of the tests and the operating
times of the test flare for our own tests is given in Fig.
5=1. In the table at the head of Fig. 5-1,*Lings l?td‘B-show
the data and Line 4 the beginning and the end.ocf the tests.
On line 5, the testing days are numbered consecqfively. These
are the numbers to which the digits in front of the period
refer in the system of numbering the tests in Sect. 6 and in
Appendix 1. On the diagram, the flare gas mass ETE@, the flare

gzs standard density and the steam/gas ratio are presented

.

in the form of bars. For the first two gquantities,the height
of the bar indicates their_value. The bars representing the
steam/gas ratio are subdivided by horizontal lines. This is
to signify that at the respective flare gas mass flow several
steam/gas ratios were fixed whose value is given by t?e height
of the bar sections starting from zero. .

The flare gas mass flow ranged from 0.13 to 2.9 t/h with
flare gas standard densities between 0.54 and 1.86 kg/m3. ‘The
steam/gas ratio was varied between 0 and 1.73 kg/kg.

Ig the tests; the flare gas mass flow was limited by the
pressure drop in the test flare gas line and by the back-pressure

on the main flare gas line. A limitation of the back-pressure
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- , .
was, however, necassary for reasons of ‘safety since in the
event of an uncxpected accumulation of gas in the flare gas

network, this gas had to be-burned via the main flare.

5.2. Descripition of tho Experimental Flare System and of
the Meaguring Technigue for Determlnlnc the Input
Mass Flows

A general view of the testing area is provided by the site
plan in Fig. 5-2, The test flare head together with the wind
machine is shown in FPig. 5-3a and the flow dlagram of the test

-

flare system in Fig. 5-4. ' -

-
- -
L7

The tests were carrised out with a2 f£lare head of uhc Flars-

Il o

gas Co., type FS-6=-antipeollutant. The nominal width of the

iy

flare head at the entrance inte the cone-shaped mixing chamber

i

amoun<ted t2o ZOIcm and the upper diameter of the 30 cm long
cere amcuntad to 70 cm. Ths meouth of the flaré head which
is identical with the uprar edge of £ha cons was sitjateéwﬁ-
m above the ground.
L3 The cone accommodated 6 Coanda nozzles, so-called
Flarejectors® which were fed with steam in order to aspirate
air. The steam temperaturs at TJ 121 ranged between 190 and
210°C and the steam-preésure at PJ 123 between 1 and 9‘bar,
depending on the steam load. The dependence of the pressure
at PJ 123 on the steam load is shown in Appendix 6. Accor&;ng
to the manufacturer's data, the optimum operating‘pressure
is of the order of 4.5 bar.

A longitudinal section through a2 Flarejector is shown
in Fig. 5-3b. The steam exits from the annular gap at high

velocity and due to the shape of the adjacent walls hugs these
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walls. As a result, a suction is created above the wall jet

so that air is aspirated into the cylindrical Flarejector.

Fig. 5-3b. Section through a Flarejector® T74)

Tne pilot flame which was fed from a different. gas network
could be ignited with a Flare-Triboliter® (climbingwflame igni-
ticon). During the tests, however, the pilot flame vrras ué':azally
lighted with a fuse since the Flare-Triboliter had to be supplied
with combustion air from compressed air cylinders.

The experimental flare system was connected to the flare
gas network of the OMW. To this end, the test flare gas line
was tied into the flare gas network ahead éf the water-trap
of the main flare.

During the periods when the test flare was not burning,
the test flare gas line was plugged'off from the flare gas
network by a contact disk.

In order to protect the flare gas line against backfire

and the invasion of air during operation of the test flare,
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' ’ VIEW A
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Y- Steam
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I
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Pilot gas

94

T i

Flare Wind machine

Pig. 5-3a. Test flare head and wind machine
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a backfire grid was ;nstalled in the foot bf the f£lare and a
quick shut-off valve in the flars gas line., The guick shut-
off valve closed autamatiéally during operating troubles, for

example, power failure, and opaned via PCZ+ a steam barrier
valve. fhe flare gas line downstream of the quick shut-off -
valve was then flushed with steam.

The flare gas mass flow was adjusted by way of the pressure
in the maiﬁ flare gas line and with the slide valve H 111.
The intended regulation via the quick shut-off valve -(in manual
operation, a control valve) could not be realizéé:~ The poor - .
control behavior of the valve led to a large pressure rise
in the test flare gas line and to the rupture of.;he bursting
disk in the main f£lare gas line.

The flare gas mass flow was measur=d with an~=CGAR Ilcwmstexr
EM 70 (FQR 111). The mater was imstailad in the &35% Zlas
gas line according to the installing instructions of the manu-
facturer. The flownmeter was, based on the cross section of
the flare gas line at the point of installation, designed for
a flare gas mass flow of up to 3.13 £/h in the measuring range
1 and of up to 8 t/h in the measuring range 2, The mass flow
was determined by-means of the calibraticon curve suppl;ed with
the instrument. |

In a few tests, the flare gas mass flow was calculated -
from the gas velocity and the gas density. To this end, the
dynamic pressure in the flare gas line wa%%easured with a Prandtl ./

Pitot-tube with an inclined-tube mancmeter (FT 111) and the

static pressure with a Becurdon tube pressure gage. The flare
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gas temperature was determined with a résistance thermometer
- PT=100 (TR 111). |
The agreement betweén the two measuring methods was better
than 10%, based on the valué determined with the AGAR flowmeter.
HABER réports the.mean error of the AGAR flowmeter compared )
to the diaphragm at less than 1% [9].
For the analysis of the flare gases, samples were drawn
at Q 111. The samples for the determination of the volume
porticns of hydrogen and hydrocarbons were takeg with §as—
collecting tubes which had first been filled with acilulated *
water. -

In the gas-chromatographic analysis which was carried

out in the laboratory, the components were identified via the

. -
-

retention times and quantified by a peak-area ¢omparison with

TR
an external standaxd. ¥ o

. -
Hydrogen sulfide was determined titrimetrically according

to the VDI Guideline 3486, Sheet 2. The analytical methods
are described in Appendix 7.

The steam mass flow was adjusted by means of the slide
valve H 121. 'The steam flow was measured with a stand;rd
diaphragm whose differential pressure was shown in a BARTON
cell (FI 121) and recorded by hand. The diaphragm section
haq been laid ocut by OMW. The maximum measuring range amounted
to 1.25 t steam/h.

For the wind simulation, a blower with an air capacity

S

of 10 m3/h was set up. The geometrical dimensions are shown

in Fig. 53-3a. The delivered air volume flow could be controlled

The Language Center, Inc.
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via a by-pass. The average air exit velocity was determined
after the test.

To this end, the air-velocity was measured for one minute
with a f;n—wheel anemometer at 20 points in the blower exit
area whieh were spaced approx. 0.25 m horizontally and 0.5 m

vertically. The arithmetic mean from the results of the
spot measurements was taken as the mean air exit velocity.

The wind direction and the wind path were masured with

a WOELFFLE recording anemcmeter and the air temperature and

"humidity were measured with an ASSMANN aspiratioﬁfpSychrometeﬁ*

at a height of 5 m above the ground.

.-

5.3. Measuring Technigque for Determining the Measuring Objects
in the O0ff-Gas :

5.3.1. Experimental Setup and Measuring Network _

o T

The experimental setup for taking samples’at thg.end of

2 . ; :
the flame ip shown schematically in Fig. 5-5. g

For the sample-taking, a travelling hoisting crane on
a rail-track 35 m in length was provided. The maximum hook-
height of the crane could be increased from 8 m to 12.5 and
17 m above the flare mouth by the insertion of tower sections.
The bobm-had a length of 30 m. The crane operator's cabin
was installed next to the instrument center.

In order to be.able.to guide and to position the probes
at will, the trolley was rebuilt in such a way that the steel
plate could be moved vertically by means of the hoisting cable.
The steél plate was supported and guided by 4 pipes 8 m in
length which were in their turn guided by way of rollers at

the trolley. The free height of lift of the steel plate was

The Language Center, Inc.
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5 m. The cage formed by the steel plate and the 4 pipes was on
all 4 sides insulated with aluminum sheet/rock wool/aluminum

sheet up to a height.of.l ﬁ.,

In order to be able to rotate the measuring probes horizon-

~ tally, a supporting device for a gear motor was meunted on -

two pipes. The rotary_mction of the motor (turning speed 120°/mm)
wag transmitted via a spur gear and sprocket wheel to a_shaft
which projected 1 m from the steel plate. The gear motor was
controlled from the crane operator's cabin. The turning range

was 180°. Since the motor had been installed ;@“Ehe hot region,

it was.cooled with forced air. Upon overheating (80°C), the |
motor was turned off by a built-in thermostatic c;;rload protector;
at the same time, an acoustic signal was activated in the crane
operator's cabin. etk

Fd

The probe holder 1 was flanged to the lowex end™of thf
shaft. The probe holder was 5 m long and 2 m high. A&t a.ﬁéximum
hook height of 8 m, samples could be drawn at levels bgfween
0 and 5 m above the flare mouth.

The probe holder 2 had a length of 8 m and could be adjusted
vertically by hand in meter distances between 0 and 3 m with
reference to the ldwe:'edge of the steel plate via a g;rvel
joint screwed to the sﬁeel plate. The sampling height could
thus be chesen between 0 and 8 m above the flare mouth.

The incoming and outgeing supply- and measuring lines along
the crane boom were laid for the first 5 m from the trolley

in a cable conduit and from there on via 4 line carriages.

Along the crane tower, the lines were braced on a wire rope.

The Language CTencer, Inc,
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The electrical supply lines were gilicone-insulatad, the
leéds for the thermocoupler were teflon-insulated. The maximum
permissible ambient temperature amounted to 180°C.

The surface temperaturé of thé_shaft and the ambient
temperature in front of the steel plate was monitored with -
thermocouples (chromel/alumel) and recorded in the crane operator's
cabin with a 2-channel potenticmetric recorder (200°C 2 100 sct).

The instrument center was mounted on a travelling rail
car coupled to the crane. The instrument center housed the
sample gas »reparaticn, the ahalytical.instrumgﬁgs; potentio-?
metric recorders and thé supply gases.

For the fixation of the measuring points, aw%orizontal
grid system was adopted for the field surrounding the flare
haad. The spacing of the grid lines was 50 ¢m. “THé measuring
points werza situated at the points of intersec::.ion B‘f‘.' the#grid
lines, with one peoint cf inter“section placad at the centerﬂ
of the flare head. The measuring height was related to the
flare head mouth. |

The approach to a.measuriﬁg-pcint was guided by color
markings at 0.25 m distances on the rail track, the erane boom
and on one of the pigés bhetween the cage and the cranertrolley.
The meter markings were provided with numbers. The correlation
between measuring point and marker value for the different
probe positions was determined by plumbing the sampling orifice
on the canter of the f£lare head. For the setting of the crane

boom at right angles to the rail track a marker was provided

on the turntable. The space coordinate parallel to the crane

The Language Centeor, Inc.
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track was designated x, the one at.righg angles to it y, and
the height z. The origin of the coordinates lay at the center
of the flare mouth.

In. the initial tests, the position reached via the markings_
was measured in addition with 2 theodolites. The discrepancies
Letween the positions reached via the markings and those calculated
goniometrically were on the average less than %5 cm so that

after three trials the theodolite measurements were dispensed

—

with. o -

.-

5.3.2. Sampling, Gas Analysis and Calibrationrdk the Gas
Analyzers

The flow diagram for the taking of samples at the end

.

of the flame is shown in Fig. 5-6.

The off-gas to be analyzed was aspirated‘ﬁt'dfioo by way
of an alloy steel probe (S 210) (¢i = 14 mm). The‘ggﬁpl;gg
gas inlet was expanded to 30 mm and filled over a length SE
5 cm with quartz wool in order to separate any soot (A 210).
In order to keep the guartz wool from being sucked into the
sampling gas line an alloy steel screen was inserted at the
point of reduction. The transition from the alloy stﬁfl line
to the flexible heatable teflon line (S 211 to § 213) occurred
in the case of the probe holder 1 underneath the steel plate
and in the cése of probe holder 2 in the cage. § 211 was 10 m
in length and s 212 ahd § 213, 40 m each.

The sampling probe was not cooled since during sampling
the sampling gas was cooled more rapidly than if it had remained

in the off-gas stream. In addition, for the determination of the

The Language Center, inc.
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<
degree of conversion the samples had to be drawn in a temperature

region in which, had they .remained in the off-gas stream, a
further reaction would not héve been likely. |

The. gas to be analyzed was aspirated with blower P 210
which under the testing conditons transported a volume flow
ef 60 1l/min. -

The temperature of the éampling gas in the sampling line
was measured at TR 210 to TR 213 with thermocouples (chromel/
alumel). During the tests, the temperature 5%.the s;ﬁpiiﬁg

-

gas at TR 210 ranged between 60 and 100°C. Atfiﬁ-le to
TR 213 this temperaturs was raised to between 120“and 140°C

by TRC 211 to TRC 213 (temperature of the teflon wall, installed

by the plant engineers fer controlling the heating) ...

-
v

e T

as pa

\

Be

Iy

8

3e

Uy

ors entarxing the blcwer P 213, the sampling

A

through the gquartz woel £ilter A 211 which was heated to 130°C.
The filter housing was made of glass. Its length was 10 cm

and its diémeter 2.5 em. On the pressures side of the blower,
the sampling gas stream was divided.

One partial gas stream of 9 l/m corresponding to am approach
velocity of 6 m/s passed over the sensor of the,dew?point hygro=-
meter (QR 216). The partial gas stream was adjusted with the
hose clamp ¥4 216 and monitored with the flowmeter FI 216. In
accordance with the manufacturer's recommendations, the sensor
was mounted inside a cylinder which was thermostated with water

at a temperature of 40°C.
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Another partial gas stream of 10 l/min was dehydrated
to a dew point of 10°C in the measuring'gas cooler W 216; the
remaining residual gas stream was vented into the atmosphere
via the water trap FI 213.

In the dehydrated measuring gas streaﬁ, after its passage
through the quartz glass A 212 and the measuring gas distributer
GV 212, the following measuring objects were determined with
continucusly recording gas analyzers:

Oxygen (QRI 211) .

Carbon dioxide (QR 212) T

Carbon monoxide (QR 213)

Sum total of ionizable organic compounds (QRT214)

Sum total of nitrogen monoxide and nitrogen dioxide (QR 215)

The measuring gas flow not needed for the gas _analysis

-~

was ventaed into the atmosphere via the water trzap szzll.

Filter Rhcousing & 212 consisted of glass. Its léngﬁh“;mounted
to 5 cm and its diameter to 2.5 cm. The gas distxibutor was
made of teflon. It had a length of 10 cm and a diameter of
2.5 cm. The exit ports to the autosuctioning gas analyzers
were set into the cylinder jacket. The £ilter housing and
the sampling gas distributor were therzmostated at goec.

The gas analyzers with the measuring-object-specific sampling
gas preparations were housed in an analytical cabinet. The
sample gas lines between the gas distributor and the analyzers
were made of teflen (@i = 4 mm). The flow.diagram of the gas

analysis downstream of the measuring gas distributor GV 212

is shown in Appendix 9. The measuring principles and the measuring
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ranges of the gas analyzers, together witﬁ the test gases used
for.their calibration are listed in Table 5-1.

The gas analyzers were calibrated before, during and after
the tests with test gases from compressed gas cylinders. To
this end the test gases were switched via solenoid valves into
the system upstream of the measuring-object-specific sampling
gas preparations. The test gases were always supplied in excess
and the residual gas stream which was not needed was discharged
into the atmosphere via a water trap. The test gaseS'with
analysis certificate were obtained partly from Messer Sriesheis
and partly from L'Air Liquide. -

Individual organic components in the off-gas were determined
by spot tests. For this Purpose, gas samples were drawn at

- T

Q 213 with evacuated gas~collecting tubes. These samples were
“"?f'

analyzed by gas chrematography (cf. Appendix 7). ¥ _;,_

The soot content of the of ff-gas was determined at Q 206
with a STROEHLEIN type head filter probe., As the filtering
medium, glass-fiber cartridges were used whose specifications
together with their Preparation are described in Appehdix 7.

The off-gas temperature at Q 200 was measured with 2 suction-
thermocouple (TR 220) (chromel/alumel). The gas flow velocity
at the thermocouple was 7 m/s. The suction blower P 220 was
installed in the crane tower. The reference junction was kept
in ice water.

The off-gas velocity at Q 200 was determined with a "Stack-

Gas-Velocity—Meter", Model EGSM-1 D 5 KX of the Teledyne Hastings-

Raydist Co. (FR 230). The measuring principle is a combination

The Language Center, Inc-
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" of Pitot tube and hot-wire anemometer. Uhder calibration condi-~
tions, the measuring range extended to 8 m/s (cf. Appendix 8).
The f£low probe (S-tube) was mounted inside a flow tube 13 cm
in diameter and 30 cm in length. The flow tube could be aligned

- manually in the main flow direction. The flow probe and the
méasuring bridge were connected by 2 alloy steel tubes (¢i = 8 mm).
In the case of the probe holder 1, the flexible transition

below the cage was made of teflon. The measuring bridge was

»

housed in a sheet metal box in the cage. The pressuré"(ER-ZBO)

and the temperature (TR 230) were measured at the inlet +o

the measuring bridge.

5.3.3. Calibration of the Megasuring Svstem

For the calibration of the thermocouple TR 220, the solidi-

fication curves of antimony (630.5°C), zinc (419<6°C)%J1ead
(327.4°C) and tin (231.9°C) were recorded. An additio;él cgli-
bration point was determined by the boiling temperature of
water. At the reference junction, ice water was used. The
measuring value for 700°C was set at 100 scale divisions on
the potentiometric recorder.

The calibration curves for the thermocoﬁpler TR 210 +to
TR 213 were determined by the temperatures of ice water and
boiling water. |

The arrangement for measuring the flow velocity was calibrated
volumetrically. To this end, the flow tube was lengthened
upstream by 1 m and air from a blower was made to flow through

it. The air volume was measured with a gas volume counter

and the time was determined with a stopwatch. The velocity was

The Language Center, Inc.

Lo A e e o



- 5=24

calculated from the air volume flow and'é%é cross section of
the flow tube. Good agreement could be noted between the calibration
curve determined in this manrier and the calibration curve of
the manufacturer.

The gas metering arrangement was calibrated with test
gas mixtures which were prepared dynamically. To this end,
a constant flow of the measuring object was produced by way
of microdiaphragms and injected into a constant £low of carrier
gas. As the measuring objects we used carbon‘dioxide; ethene
and propene and as the carrier gas, synthetic aIE?“WThe speciffed
volume coﬁcentration for carbeon dioxide was 99.9%,- for ethene
99,7% and for propene 99%. A change in concent:atiqn was brought
about by varying the pressurz of the measuring Objfiﬁ upstream

of the diaghracgm, the diameter of the diaphragm-orifices and
. ~,

¥

the f£low of the carrisr gas. S
' .

The test gases prepared in this manner were introduced
at Q 200 and Z 200 and fed into the gas analyzers. The test
gas was always prespared in excess and the residual gas stream
was discharged into the atmosphere via a water trap.

In Fig. 5-7, the test values of the gas analyzers after
the introduction of the test material ét Q 200 has been plotted
against the corresponding ﬁalues cbtained after the introduction
at 2 200. It can be seen that the measured values are in goéd
agreement so that any adscrpticn in the sampling gas line can |
be neglected.

In order to be able to make a statement as to how the
nearly 100 m long sampling line may affect the measurement

of organically bound carbon at QR 214 compared to a direct

The Language Center, Inc.
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Fig. 5-8. Flow diagram for the testing arrangement for deter-

mining the behavior in time of

the sample gas line.
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measurement at QR 200, we studied the behavior in time of the
measuring arrangement.

The testing arrangement is sketched in Fig. 5-8.

In the carrier flow of synthetic air, propane was apportioned

via the rocker-arm valve E 310. The concentraticn of organically

bound carbon in the test material was measured at Q 200 with
the FID 2 whose samplc gas line was 20 cm long and at Q 124

with the FID 1 which was reached after traversing a sample

e
. B

gas line approximately 100 m in length. | T

The FID 2 had first been matched with the -FID 1, that
is, with the same length of sampling line, the same output
signal was obtained for the same input signal. The test data

were recorded on 2 potentiometyric line recorders each of whose
chart speed amocunted tc 60 cm/h and 1 cm/s, resp. In the

-

follewing, the signal of the FID 2 was adopted as the input

l.l

—
-

signal at Q 200. At first, different concentraticns of propane
were introduced at @ 200 in the manner of a jump function.
A jump function means the following:

At a point in time t=0, the concentration of a marker
substance jumps from zero to the value pi? and retains this
value for all times t>0.

The measurinq-signal.at QR 124 always attained the faiue
at QR 200. The 90%=-dead time which is here defined as the

time difference between the 90%-value at QR 200 and +hat at

QR 214 was found to be t = 20 s.

Because of the large fluctuations in flames, a concentration

change at Q 200 is approximated by a needle~point function

The Language Cantar, Inc.

v mama b




5-27

rather than by a jump function. 1In thé45ase of an input signal
according to a needle-point function, at the time t = 0 a specified
amount of a marker substance is introduced into the test material
in the shortest possible time Ato.

When the marker substance is introduced in the manner

of 2 needle-point function, the quantity m, is found to be:

in - in .
m, " = 91 v,dt:o . . G 5-1

»
—m

The quantity charged must after an infiﬁitely long time

have again left the sampling line so that the amdunt added

can be determined from G 5=2; -

. ® .
n. . .
m, =V fg'.m-‘t dt G 5-2
1 2 l

-~

The volume which at Q 200 was sucked into-the sample gas
-

¥
line amounted to 1 1/s. .

¥

In order to approximate a needle-point function, the time
séan (Jump duration) during which the valve H 310 was open
was varied between 5 seconds and 1 second. The amount of organically
bound carbon which was introduced at Q 200 and receiﬁed at
Q 214 was determined by graphic integration of the area underneath
the input and output signal (R2 and R4), resp. The limits
of integration were giﬁen by the departure of the measuring
signal from the Zzero line. The resqlts have been.summarized
in Table S5-2.

Column 1 shows the test value which would have resulted
if the marker substance had been added in the manner of a Jjump

function. Column 2 shows the duration of the jump. Column 3

The Language Center, Inc.
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shows the quotient formed from the amount detected at Q 214

and the amount added at Q 200.

Column 4 shows +the same fof

the maximum deflection of.the recorders Rl and R3.

Table 5-2.

Compariscn between added (Q 200) and

detected (Q 214) amount of organically bound carbon.

: max
x™* . Moz Mg
CH, M@zog AT
| @200
ppm - s
100 5 1,10 1,00
3 1,10 0,87
2 1,06 0,79
1 1,09 0,50
880 5 1,00 0,95
' '3 0,98 0,28

max

% eH

ppm

880

75

4

=N WU =N

max
M@21s M2
M@zoo  A™ex .
@200
1,00 0,74
1,01 0,55
1,03. 0,59
. 1,07 . 0,94
t
1,05° 02,82
1,35 0,53

The quotient in Column 3 is close to 1 irrespective of

the amount added. This proves that no loss of volume has occurred

as a result of the long sampling line.

The quantitative determina-

ticn must, however, be done planimetrically because, as shown

in Column 4, the analysis of the height produces errors of

up to 50%.

The quotient in Column 32 happens to be for the

most part larger than 1. During the atienuation of the measuring

signal when the latter approached the zero line asympﬁomatically,

the difference between the twe was small so that an accurate

The Language CTentear, Inc.




5-29

F
planimetration was no longer possible.

It is also important. to know what amount of organically
bound carbon must be drawn in at Q 200 in order to be still
recognized at Q 214 (Rl). In order to determine this amount,
the duration of the jump - at different concentrations -
was shortened to intervals of less than 1 second. The amount
added was determined from the area underneath the output signal

at Q 214 (R2). R

In Fig. 5=-9, the maximum deflection of thgn;ecorder
1l has been plotted against the amount of orgaﬂfﬁglly bound
carbon, added at Q 200. The parameter is the measuring range
of the FID 1 which was 10 and 100 ppm, resp.

Recorder Rl had a recording width of 25 cm whigh corre=-
sponded to 100 scale divisibns. The background noige. in both
measuring regions was less than 1 scale division so Ehat 2,
deflection at Rl of 2.5 scale diﬁisions could be recognized'
as a test value. The amount of organically bound carbon which
must be aspirated at QR 200 in order to produce a deflection
at QR 214 can be determined from the point of intersection
of the compensating straight line with the ordinate value of

2.5 scale divisions. It amounted to 1.5 mg C for the 10 ppm

methane and to 8 mg C for the 100 ppm methane measuring range.

The Language Center, Inc.
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Fig. 5-9. Maximum +est value as a function of
the aspirated amocunt of organically bound carbon.
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P

5.4. General Data on Experimental Procedures and Evaluation
of Recording Charts- -

Prior to the beginning of the tests, the test flare system
was flushed for ca. 12 hours with inert gas and cleared for -
testing only when the oxygen volume portion in the test-flare
gas-line was smaller than 1.5%. After igniting the pilot flame,
the disk plug was pulled and flare gas was called in.

The measuring system was turned on about 2 hours before
the tests were started so that steady conditiong;gxisted.Qhen_ﬂ
the measurements were begun. In order to testnéﬂe tightness
of the gas sampling line, the line was sealed off at Q 200 and
the volume f£low delivered by the blower P 210 was checked on
the pressure side with a gas volumeter for steadingss.

The measuring points were found with the aid oﬁ{the markings.
The measuring height was in most instances adjusted in aégﬁrdance
with the end of the flame which was determined by ébservation
from the crane tower. The measuring time - as a2 rule 3 minutes
per measuring point - was noted on the temperature recording
chart with an event-marker giving the number of the measuring
point, the measuring height and the pressure reading of the
BARTON-cell. The clock time was marked on all the recording
charts and recorded at irregular intervals. The chart speed
in all the potentiometric recorders was 60 cm/h.

The communication between the instrument center, the
crane operator's cabin and the metering point at the flare gas

input line was by two-way telephone and communication with

The Language Center, Inz..
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6. EXPERIMENTAL RESULTS AND DISCUSSION

In_Fhe following sections, the experimental results are
frequengly presented in exemplary form in figures and tables.
The measured data are listed in Appendix 1 which is divided
into Sheet 1, 2 and 3.

Sheet 1 containg first the day of the test, with the
test days being numbered consecutively. On the léft side of
the sheet the flare gas is described in terms of thetvéiume
portions of the flare gas cownponents. The standard density,
mean molecular weight and the carbon- and hydrogep-portions
of the flare gas are listed on the right side.

Sheet 2 contains the flare gas- and steam mass-flow

and the values measured at the point of sampling in tabular

A

form. ’ -

»

On Liné 1, the measuring point is marked by the serial
number between the event-markings (cf. Section 5.4).

The Lines 2 to 4 contain the flare-gas flow M;, the
steam mass flow mD and the steam/gas ratio WD,G in:kg steam
per kg flare gas. The space coordinates x, y and z of the
measuring poiﬁt have been entered on the Lines 3 to 7. The
origin of the coordinates is the center of the circular exit
area of the flare head. On the Lines 2 to 7, a value is shown
only when the latter has changed in relation to the value
shown in the preceding column. The Lines 8 to 15 describe the
combustion off-gas. The off-gas composition is listed on

the lines 8 to 12. The volume portions of the measuring objects,

The Language Centar, Inc.



oxygen, carbon dioxide, carbon monoxide, organically bound

carbon (reported as methane) and nitrogen oxides (reported

as nitregen monoxide) relaté to test material dehydrated to

a dew point of 10°C. The volume portion of nitrogen is not -
shown. In calculating the latter, it is necessary.to consider
that in accordance with the adjusted dew point the volume
pertion of water in the test material amounted to 1.2%.

The dew peint of the off-gas is shown on Line 13,“the q?f-gas
temperature on Line 14 and the flow velocity;-baged 5nlthé
calibration conditions {(Appendix B)--on Line 15. 1In the

case of f£lames burning in a2 cross-flow, the flo@‘velocities

were not measured so that for theseée tests no value is

reported on Line 15,

P

On Sheet 3 are listed the components of tiae organically

—

bound carbon in the ofi-gas. -

-

6.1L. Degcription of the Flare Flame as § Tubular Reactor and

Definition o:f the Dagree OFf GONVErsion and O:f che Emisaion
Facter for Monmatmespheric Gases )

In the waste-gas combustion, the aim is a2 complete oxi-

dation of the combustible flare~gas components. The desired
reacticons can be described summarily by the reaction equations

R 6=-1 o R 6-5:

C H,+(Z +2) 0, ——mco+} H,0 R 6-1,
co+3 0, —= CO, R 6-2,
- C+0, —=a---.¢:r:32 R 6-3,
H, 4.% 0, —— H,Q R 6-L,
H,S + 3 Q—s 5O, + H,0 R 6-5.

The Language Center, Inc,
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An undesirable side reaction is the formation of nitrogen oxides

by the fixation of atmospheric nitrogen according to

N. + O —= 2NO R 4-17,

As described in Sect. 4.1, the processes are in reality

much more complicated because, owing to the temperatures in

flames, radicals are involved in the reactions.

L

In the combustion of hydrocarbons, intermedicte products'

=

in the form of hydrogen, carbon monoxide, aldehydes as well
as unsaturated hydrocarbons and, particularly, acetylenes
cccur. Acetylenes are capable of binding hydrocarbon radicals.
In this process new radicals are formed and ulfimate%y - via
the polyacetylenes and cyclic compounds = soot partiéles;“:"

For the calculation of the degree of conversion from
the measured data the flare flame is considered as tubular
reactor with a steédy mode of operation (Fig. 6-1). The
reaction space ~ the flame - is geometrically described by a
truncated cone. The feaction partners contained in thé flare
gas enter through the flare tube into ﬁhe reaction space. The-_
reaction partner atmospheric oxygen is in part admixed at the
"reactor entrance and in part aspirated via the lateral surface
of the reactor (jacket of the truncated cone). 1In the reactions
are formed both the desired reaction products carbon dioxide
and water as well as relatively stable but undesirable inter-

mediate products such as carbon monoxide, hydrocarbons, oxygen-—

The Language Center, Inc.
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containing hydrocarbon compounds, hydrogen and soot. The
latter may be reacted further to carbon dioxide and water
or élse_be discharged from the reactor as undesirable reaction
products. This means that the discharge f£lowing out of the -
reactor is a mixture consisting of the reaction products and
unreacted reaction partners. The composition of the
reaction mass, as well as its temperature and flow velocity,

varies from place to place. The differencas exist beth, in the

-

axial as well as radial direction. =

-

o

0f the components of the reacticn mass, carbon menoxide,
organically bound carbon and soot are classified 3s environmental
pollutants. They are in the fdllowing also referred to as"non-
atmospheric gases? Furthermors, the term "organically bound carbon”
stands for the carbon present in the form of oigani:fcompounds
which can be ionizzad in a hydrogen fLlame. Ccnsidereé as'gﬁreacted
is carbon which is present at the reactor exit bound as carbon
moncxide, crganically bound or as soot. _Qn the assumption that
the flare gas is free of carbon monoxide, which was the case with
the flare gases used.iﬁ the tests, the degree of conversion

L

can be calculatad according to Eguation G é-l:

+ @in _- . + aus :
g € H) — mc - (CH, Co, Rud

+ 2in
M (C.mHn)

G E-1.
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For the_orgénically bound carbon at the reactor entrance,
the designation C (CmHn) was- chosen since at that point the
individual components are known from the flare gas analysis.
At the reactor exit, however, the organically bound carbon was
measured as a sum, for the most part without knowing the indi-
vidual components. For this reason, the organically bound
carbon at the reactor exit has been designated by”C(qxﬁy),

For calculations, it is necessary, on the basis of the cali-
bration, to egquate CxHy with JH4. e

The carbon bound as carbon monoxide or carbon dioxide
has been designated by C(CO) and C(COZ), respectively.

Since it was impossible to measure the mass conéentration

- T

of the scot continuously, it is impossible to calculate its

T

mass flow like that of the gaseous components. For this -

-

-

reason, the following restrictions become necessary:

~ A prediction concerning the degree of conversion of flare
gas in the combustion in elevated flares is possible only
in the case of soot-free £lames.

- In the case of sooty flames, only the indication of the
emission for gases extraneous to air - in the following
usually designated only as emission factor - is possible.

The emissioh factor Ega is defined by Equation G6-2:

* aus ., :
- me ‘CO’CxHX) G 6-2.
ga

+ ein
Me (Cnﬁﬁg
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- I-
Desirable reactiocn products CU._. Hzaf ('502 )
Undesirable reaction pr.cducts £0,C, Hy Ly HyO-’ H, soor, (NC, ]
Reaction partner not reacted Cm Hn' H., 02, HéU . (HZS‘) , {sz

Relatively stable intermed. productsx £o, Cg{'/, e Hy 0,Hy i sooT™ 7

-
/

\H,0,0H c, ;f;,c H,0

Unstable intermec. products

xx,, X;, =fl(r.zl

(i, Jpor k- ‘gageous,
onsuluue7 s

T =flrz)

\ us=flcz) J
Air -:__._' | é\ ‘ -
—

—

Steam and Air __.--” /

' Ca Hn
Hy

. 1‘

Flare Gas

Fig. 6=1: Flare flame as a tubular reactor (schematic)
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6.2. Degree of Conversion in Soot-Free Flare Flames in the
Absence of Wind

Emission Factor of Socoty Flare Flames in the
Absence of Wind

The determination of the degrée of conversion and of the
emission factor reguires a steady mode of operation of the
flame. The angle between the flame- and the flaré-head axis

is greatly affected by the wind. The wind, However,"ié-sub—

-

jéct to strong and short-term fluctuations with respect t
direction as well as to velocity. A steady mode of operation
is, therefore, most likely t0o exist in calm weather. 1In the
following, calmness means wind velocities up to lm/s-. Further-

more, when there is a wind - 2lso referred to.as a cross
e PR

draft - the exit plane of the reactor is inclined to%ard ﬁgg
horizontal. This makes it difficult to £ind suitable measuring
points since the measuring plane cannot be determined in ad-
vance, Because.cf these two reasons, the determination of the
degree of conversion according to G 6-1 and that of emission

factor according to G 6-2 was restricted to flare flames without

cross draft.

6.2.1. Test Evaluation and Estimate of Errors

For the calculation of the degree of conversion and of the

emission factor the following measured variables were available:

at the reactor entrance

- flare gas mass flow mG

- analysis of the flare gas Xc H
m n

The Language Center, inc.
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at the reactor exit

-~ volume portions of carbon:monoxide and organically bound carbon
(based on methane) is the off-gas which has been dehydrated
to a dew point of 10°C X4

- flow velocity of the moist off-gas, based on the calibration

conditions ukal

- temperature of the off-gas TB

ol

From this we f£first calculated the following éuantities:

for the reactor entrance

- mass £low of organically bound carbon -
o _
- x - e .
: ™ cn % H Mo
. 2 - (] \ m n m N — : G-
ma (C_HJ) = ] G 6=3
c m n QQ M . .
G Caln 4 o
o s
QG ¢ standard density of the flare gas
o .
9, +» standard density of the hydrccarbon C_H
cC - mn
m n
M  : molar mass
a : C - nu@ber'of'the hydrocarbon CmHn

"for the reactor exit

- mass concentration of carbon bound organically and as carbon

monoxide in the standard cubic meter of dry cff-gas

The Language Canter, Ing,
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Qe = G 6-4
o™ M..

‘ i
'XH o : "volume portion of water corresponding to

2 a dew point of 10°C (0.012)

Q‘i’ : standard density of the component .i

Cq, CH, ' | L

- flow velocity of the off-gas under standard conditions u,
The calculation of the flow velocity U, from Upal is de-

scribed in Appendix 8.

= amer

Deviations of the air pressure from the standard pressure
‘“Il"‘

are neglected.

A
5

With these gquantities it is possible to calculate the

—-

degree of conversion and the emission factor:

e in s out
ma (CmHn) - mga ‘__(Cx_l-ly, co, RUG_).

U = ‘
. [ 2 in ] . . . .
me (CmH n)
« Out -
_ rnc (CxHy, CO)
ga e in '
. mC (cmHn)

The Language Center, Inc,
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.
The mass flow through a r=actor céoss saction is determined
by integration of the mass flow density across the reactor cross
section. The mass flow density is given by the product of mass
concentration times flow velocity. The mass flow density at -

the distance r from the axis is to be designated by J(r). The

"mass flowing through the circular area with radius r, per unit
time is then calculated by the specific integral: |
r ré . . ~ T
. a 2 a 9
m'i = rf J: (I')d(l') = JT‘/- 9‘ (f)'Ui (f‘)'d (f)h_ G 6"5- -
v] =] '

The integral was determined graphically. To this end, the mass

flow density was plotted against the square of the radius and
the area undsrneath the curve was determined with a2 vlanimeter.

-,

The mass flocw =hus beccmes: . : -
J e A,
. LY -
th, = 1% i ., Gs&é,
i 8
A,
i,v
J -

y - mass flow density for the reference area

Al ¢ planimeter value for the unknown area
A.. -

x,v' planimeter value for the reference area . 1]

The radius of the reference area was not equal to that of

the unknown area. Since the reactor is not bounded by walls at

The Language Center, Inc.

e 3 i 1
k]

e : ———g




6-11

s

the exit, the reactor boundary r,  was specified by a carbon
monoxid? volume portion of 0.1%.

The relative errors affiicting the particular derived
quantities result according to the law of error propagation
[76] from the errors of the measured variables. For this,

the fellowing values were estimated:

- volume portion Crip in the flare gas - Lt 3%
- flare gas mass flow m, ) - o 43
- velume portion of the orf-gas component X{ - : 2% )
- off-gas temperature TB - : 2%
- dew point TP : 2%
- flow velocity Upaq 2%

- T

Concerning the measuring error caused by Eilting-of the
flow tube with respect to the principal flow directién, ﬁgf'
statement can be made. In drawing up the balance sheet of
the reactor in Sect, 6.2.2 an attempt will be made to arrive
at a statement. For the time being, this error is assumed
-to be negligible. ‘

For the errors of the derived quantities we then dbtain

the following estimated values:

- mass flow of organically bound carbon ﬁcin : 8%
f- mass concentration of the off-gas component p; ¢ 2%
- flow velocity u, : 5%
- mass £low of carbon bound in gaseous form and
non-atmospheric gases mcgut : 6%
- degree of conversion U, emission factor Ega : 10%

The Language Center, Inc.
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6.2.2, Results of Measurement and Balance Sheet of the Plare

FPlame

Thé_distributions of the measured components in a secant
with a sooty flare flame burning in a calm atmosphere are
shown in Figs. 6-2a and 6-2b. The flare gas mass flow amounted
to 1.78 t/h and the fiare gas standard density to 0.75 kg/m3.
No steem was added. The measuring height was 8 m.above the
flare mouth, the observed length of the flame was of the order

of 10 m. ' '

e -

In the diagrams, the volume portions of carbon diocxide,
carbon monoxide, organically bounéd carbon (report;d as methane)
and oxygen, as well as the temperature and the flow velodityr |
were plotted against ithe radius. akentll

It can be seen that the distributions droé'off“b‘h botJh
sides freom the assured flame axis teward the edge of the fi‘::'.me;
as expected, the oxygen volume portion varies in the opposite
direction. The distributions have the shape of a Gaussian
bell-curve as expected on the basis of law of free jets.

However, the distributions also show that the assumpticon of

M

a steady mode of operaticn has not been met. Thus, the dig~-
tributions in the right-hand portion of the diagram do not
_dfop off steadily but rise again between the measuring pcinf‘
at r = 1l mand that at r = 1.5 m. This rise can only ke
explained by the fact that because of the springing up of a

light breeze the flaﬁe had been deflected. Moreover, the

The l.angt.iagg Centam, inc.
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distributions are not symmetrical to the apex. All the com-
ponents have at the measuring point with r = 0.5 m to the
right of the apex higher values than on the left. From this
one must conclude that the flame axis in the X-y-plane was
not located at r = 0 m.

It is worth noting that already in a measuring plane 2 m
upstream from the visible end of the flame the voiume'portion -
averaged over the measuring time - of carbon-ﬁonoxidé“éﬁd'or-
ganically bound carkon (reported as methane) iﬁ’ﬁﬁé.presumed -
flame axis amounted to only 0.67 and 0.28%, respectively. At
a volume ratio WC(COZ, Co, CXHY) = 1:0.16:0.07, this‘corresponds
to a local burncut degree of a' = 0,.88. Local burnout is de-

e T

fined in Sect. 6.3. ' - -

14

As an example of the distributions of the measured coh=
ponents toward the end of the flame, this flame was selected
because at the end of the visible flame the volume portion of
carbon monoxide lay, even in the extreme values, below the
limit of detection of 0.01%, Organically bound carbon was
at that point detectable only for brief periods of time.

This is shown in Appendix 10 on a section of the recording
strip of the flame ionization detector. The peak-~like appear-
‘ance of the hydrocarbons is due to the fact that there is no
closed combustion front but that separate zones can be dis-
tinguished in which the combustion has aiready progressed to

a greater or lesser extent. What this means is that the

The Language Center, Inc.
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Fig. 6 = 2 : Distribution of the measured components in a secant
of a flare flame burning in a calm atmosphere
Test No. 13.011-,020 -
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measuring material f£lowing past the sampling point contains
next to burned also unburned material in rapid variation.

Table 6-1 lists the degree of conversion of the emission
factor for flare flames in a calm atmosphere together with
their operating conditions and balance sheet data (cf. below).
In this table, each flame is correlated with one of the
columns 3 to 7. As shown by a comparison between the incoming
and outgeing mass flows of carbon bound in gageous fdrm?and
non-atmospheric gases (Lines 3, 7, 8), in soot*fféé‘flare.
flames a degree of conversion of over 0.99 is attained (Line 9).

Even in the case of a sooty flame (Flame 4), the emission factor

for carbon bound in gaseous form and non-atmospheric gases

o

lies surprisingly enough below 1% of the incoming ﬁas; flow

of organically bound carbon. w -

In Sect. 6.8. an explanation is given for the low mass
concentration of carbon bound in gaseous form and non-atmospheric
gases at the end of the flame.

In order to verify the statements concerning the degree
of conversion and the emission factor, the material balance
sheets were drawn up for carbon aﬁd water.

The carbon balance can be written in the form of

Equation G 6 - 7:

*in - Qut- *out *~ut « out _
mMia (_CmHn) = ma (C:Oz) *ma (CO) « me (CXH)') + M~ (Soot)G 6 7f

The Language Center, Inc.
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Since, as mentioned already in Sect. 6.1., it was not possible
to measure the mass comncentration of soot like that of the
gaseous_components, the drawing up of balance sheets must be
restricied to soot-free flare flames.

In drawing up the balance sheet for water it is necessary
to congider in addition to the steam mass flow (D) and the
' mass flow (R) of the water formed in the combustion also the
mass flow (L) of the water introduced by the-moisturé in the

-

air. The water balance is, *herefore, as follows: '

s in ;‘ *in d
© My g = My g B+ m

g R)+ Mg (L) = mSE G 6-€.
2 2 :

i m m
M, H,0 H,0

-~ g =

The mass flow of the water introduced by the moisture
in the air is given by the product of the volume fl&ﬁ of The
input air'Lin and its water mass concentration DHZO' The
air volume flow Lin results from the measured off~gas volume
flow v°U* and the air- and off-gas volume flow at Stoichiometric
combustion. The latter can be determined by the combustion

calculation [12]: *

The Language Centor, Inc.
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-J'
* in ;out . - | . G 6_9
ks "v,c *lg-vg
) ¢ in ' -
Lo ? air volume flow under standard conditions _
-VB' ¢ off-gas volume flow under standard conditions
[ 4 ' .
lc + air volume flow for stoichicometric combustion
under standard conditions
Vg ¢ off-gas volime flow at stoichicmetric e

combustion under standard conditions

For drawing up the balance sheet, the following items

ware available (c¢f, also 6.2.1.): e

at the reactor entrance

- veluma portions of the hydrccarikons in.the flare gas Xe g
- volume portion of free hydrogen in the flare gas Xg
- flare gas mass flow iy

- steaﬁ-mass flow ﬁD

- temperzture of the_dry and wet thermometer of the Assman

-

aspiration psychrometer

at the reactor exit

.= volume portions of carkon dioxide, carbon menoxide and organically
bound carbon (baséd oh methane) X4

- dew peint of the off-gas TP

- off-gas temperature TB

- flow velocity of the off-gas Ual

The Language Center, Inc. -
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From these, the following quantities were calculated:

for the. reactor entrance

- masi flow of organically bound carbon
* in
ma" (CmHn) nachG6 -3

- mass flow of hydrogen rﬁ%?

ein _ ein in ‘ a i
mH = mH (CmHn) + H (Hz) v G 6 iC
2 2 z - by .
) i N
o n'.IG y: H 'QC H ¢ MHZ:_.E_ .
WIER ol (C M) = G 6-11
2 o Me H ~
m n
N : number of hydrogen atoms in the hydro=- CmHn
arbon

E;xnd _ ‘ ‘ln - 0 - .

with (H}— "‘"‘_'" H * QH “'\f G 6_12
Q 2 pd : R
G : 7
- masé flow of water produced during the combustion
M0
v G 6-13
moo R} =
H
20 Hz M"’z

- mass concentration of water in the ambient air DHLO' These

2
values have been tabulated as a function of the psychometric

temperature differences and of the temperature of the wet

thermometer [77].

for the reactor exit

- mass concentration of carbon bound in the form of carhbon
dioxide, carbon monoxide and organically Oc(l) accordlng to

G6 - 4.

The Language Center, inc.
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- mass concentration of water gHZO. These values have
been tabulated as a function of the dew point [75],

- flow velocity U, (see Appendix 8)

With the data determined in this manner one then obtains

the following gquantities:

r2 rZ
e QUL .
oo rf JHD(r)d(r)-JTf QHOm o <r>d<r2> Gé-14

-

with ry=T (xCD = 0,1 %)

,out r; 2 _
v, = Ty ) SR e G 6=15
A D .
with r_=r (xco =0,1l%) . i o
o 3 rz : " '
QU : :
(i= .ch J A @rd (e ) _ G 6-146 )
""20 L) = L g H,Q ' ' G 6-17,

Balance sheet data which for reasons of clarity have been omitted
in Table @ - 1 are Shown.in Appendix 2.

. In Column a of Lines 12 and 14 6f Table 6 = 1 are listed the

retrieval rates from the carbon-~ and water balance sheets. The

retriev;l rate is defined as the quotient of outgoing and incoming

mass flow. The retrieval rate for carbon shows in the case of

Flame 1 with 68% the highest value. Considering the estimated

The Language Centar, Inc.
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error of * 8% for the incoming and of * 6% for the outgoing
carbon mass flow, there remains a deficit of ca. 20%. On
the basis of the results of the calibration of the total
measuring system (cf. 5.3.3.), an incorrect measurement of the
components at the end of the flame of this order of magnitude
can be ruled out. Nor can the deficit in the case of Flame 1
be attributed to the fluctuation of the flame or to the position
of the measuring points in secants which were not diamefers.

Figure 6 - 3 shows for Flame 1 the mass flowiﬁensity pro=- -
files of the carbon hound as carbon dioxide in 4.§Lame diameters.
At the measuring points no carbon monoxide and only sporadically
organically bound carhon was measured. Since the median, the
apex and the variance of the Gaussian mass floy'déﬁéity profiles

L3 . -‘”l. L] v
are comparable, it can be assumed that the measuring :point_ did

—

. +
indeed lie on the reactor diameters. However, as shown by the

distributions on the left-hand side of the diagram, also in this
test scme deflection of the flames had occurred.

Since with all the flames the retrieval rate for water .is
higher than that for carbon and since the calculated mafs flow
of the water introduced by the moisture in the air depends on
the off~gas volume flow, it was natural to check whether the
deficits could be attributed to an incorrect measurement of
.the £low velocity. To this end, the outgoing carbon mass flow

was equated to the incoming flow. The resulting factor (Line 13

of Table;s - 1) was used to multiply the measured off-gas volume

The Language Center, Inc.
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-

flow. With this éorrected_off-gas ﬁolume flow, the mass flow

of the water introduced by éhe'moisture in the air was calculated

anew. If one now forms the quotient of the ocutgeing and the in- -

coming water mass flow, the resulting retrieval in the case of

Flame 1 amcunts_td 103%. This.deviation lies within the limits

of error and must be considered as satisfactory fgr-field tests.
The balance sheets for Flame 1 shown with a steady mode

of operation.of'the flame and with the measuiing,pqints l;categ

on diameters the retrieval rate = disregardinélﬁéasuring errors -

is of the order of 70%. The deficit must be attributad to a

-

low reading in the flow measurements which is caused by the tilt

of ths flow tube with respsct to the principal flow-.dirscticn
. ¥ -~ e .

cutside the flame axis. : -
Beczuszzs cf the unusually lang duwstion ofF czlmness ansi-”

due to the relatively large steam/gas ratio, the burning
stability of-Flame l‘was exceptionally good. These optimal
conditions did not exist in the case of Flames 2 to 3 so

that in contrast to Flaﬁe L only a traverse could be surveye<.
Moreover, since the flame flukttered slightly to and £rd owing

to the.fluctuating wind, the measuring points along the traverse
did not always lie on a diameter. éince, however, the value of
" the measuring cbject drops off sharply from the flame axis
toward the edge of the flame, even slight departures from the

diameter lead to low readings of the outgoing mass flows.

The Language Center, inc.
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l‘r
150 —
Eg._c" - mE =7,7 f/h ¥ -
hm? || &~ =10kg/m’
M0 ~068kg/kg
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L =7m
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100 —
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Fig. 6 - 3: Distribution of the mass flow density of the carbon
bound as carbon dioxide in 4 diameters of a flare
flame burning in a calm atmosphere
Test 11.011-,035
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The larger deficit in the carbon balance in the case of
sooty Flame 4 compared to the soot-£free flames must also be

attributed to the aforementioned causes and cannot be explained

-

by a2 high soot emission, hecause then improbable soot mass
concentrations would have to occur in the off-gas. To this
end, the following estimate was made.

The outgoing carbon mass flow was corrected with ...

factor 2.975 from Flame 2 and the then still remaining Earbon_
mass flow was éssessed as soo. emission., In thaé-dése, the
corrected off-gas veolume flow shows a carbon mass _concentrxation
of approximately 1 g/m3 for Flame 4 at an oxygen volume portion

of around 19%. This estimated scot mass concentration is higher

- s T

than the one measured by Becker [78] in the flame axes of the
‘ 5
Zuzion flames. : v

L'

Backer examined the variation of the scot mass concentration

In

turkulent di _
along the flame axis of vertically burning turbulth.diffusion
flames. Pof-the taking of samples he used a water-~cooled probe
with a2 £ilter connected dcwnsﬁream; He reports for propane
flames a maximum scot mass concentration of 0.8 g per standard
cubic meter which.was found toward the end of.the}first half of
the flame., The fact that the scotmassconcentration measured
by him along the axis of propane flames are low in comparisoh
with the results of the measurements by Hein (79] he_explains
by the fact that the flame studied by Hein burned horizontally

inside a combustion chamber, The burning characteristics of

The Language Center, Inc.
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the flames are, therefore, not comparéble since in combusgtion
chambers there exists a back flow. Hein reports soot mass con-
centrations of around 7 g per standard cubic meter.

However, since the soot formed in the flame reacts further,
the results of the measurements by Becker and Hein are in any
event not comparable with the soot mass concentration estimated
here. Nevertheless, the comparison does show that the asses-
ment of the deficit in the carbon balance remaining after the
correction as soct emission c¢ives a soot mass ‘concentration in
the off-gas which is much too high. After conversion to an air
number of 1, it is of the order of 10 g per standard cubic
meter.

PRETTL

Furthermore, the estimated soot mass concentratiqn is by 1L ¢

-
.

per standard cubic meter out of line with the results of the

-

experimental determination of the SO0t mass concentration in
the cff-gas of a very sooty flare fla&e. In this case, soot
mass concentrations of between 20 and 80 mg per standard cubic
metef were found (cf. Sect. 6.7.). Consequently, also in the
case of Flame 4 the deficit must be largely attributed to the
location of the measuring points in a secant which was not a
diameter,

A check of the off-gas volume via the oxygen volume portion
by a combustion calculation can give a correct description of
the conditions only as far as the tendency is concerned. Because
of the large size of the oxygen volume portion of between 19 and‘

20%¢ at the end of the flame, its effect on the off-gas volume

The Language Center, Inc.
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flow is considerable. The calculated oxygen volume portions Y
are listed in the a-columns of Line 15 of Table 6 - 1 for the
measured off-gas volume flow and in the b-column for the cor-
rected off-gas volume flow. Line 16 shows the oxygen volume
portion cbtained by measurement and averaged across the reactor

exit according to G 6 - 18,

ve : ’

:n.'f I @D | — -
2 LI -
xD = Q G 6-18
2 T2 | -
a 2 =
:7’ u (£)d (=°)
Q
I = xcz () 2@ ‘ 4-.,?:.'--

-t = 0,18
T, .r(xmz _CJ,__ o4)

The oxygen volume portion inereases for all the flames in

the order of: (uncorrected), X0 (corrected, Xg (measured) .
2

X

Oz 2
The discrepancies between the corrected and the measured oxygen
velume portion even.lieawithin the estimated error of 2%. This
.compariscn which is to be appraised only with respect to the
tendency alsc shows that the correction of the off-gas volume
flow applied here is justified.

If in the case of the outgeing mass flows allowance is

made for the errors caused by the tilt of the flow tube with

Thea Language Cantear, Inc.
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respect to the principal flow directioé and by the location of

the measuring points outside of diameters, then the degrees of

conversion or emission listéd on Lines 9 and 10 of Table 6 - 1

are in fact corroborated by the material bélances of carbon and ~

water. Therefore, as far as the off-gas combustion in elevated
flares is concerned, the following statements can be made:

- In soot-free flare flames without a cross draft, the organi-
cally bound carbon of the flare gas is converted to.carbon
dioxide at a rate of at least 99s%. )

- In the case of sooty flare flames without a-éross draft the
emission factor for carbon bound in gaseous fs}m and non-

atmospheric gases amounts maximally to 1% of the incoming

mass flow of organically bound carbon. RN

- *
-,

The results of the tests for the determination of the éﬁgree
of conversion in soct-free flare flames burning in a calm at-
mosphere confirm the assertion of Glinther and Lenze [33] that
in the case of flare flames without the detachment.of balls
the burnout at the end of the flamc is complete.

Brzustowski's supposition [20] that even in the case of
soot-free flare flames unburned fuel is still present at the

end of the flame has been invalidated by our test results.

6.3, Definition of the Local Degree of Burnout and of the

Minimum Degree of Conversion and Maximum Emission Factor

The fesults of the tests for the determination of the degree

of conversion in flare flames without a cross draft showed that

The Language Center, Inc.
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even in a calm atmosphere a steady mode of operation of the
flare flame exists only conditicnally since the position of
the flame is greatly affected by wind. As a consequence, the
arrangement of the measuring points on flame diameters was -
subject to the vagaries of the wind's behavior. The fluctuations
of the wind increase with increasing wind force.

An example of this is given in Fig. 6 - 4 which shows the
temperature distribution in a heorizontal plane acécss.g‘flare
flame operating in a cross draft. The plana‘was“sétuaéed-ca. Ilm
upstream of the end of the flame. The-operatiﬁéﬁconditionr afé

specified on the diagram. stands Zor the ratio of the area-

e
G,Q
related impulse-forces of the gas jet and the wind. The impulse-

force of the gas jet was calculated from the average velocity

Hy

of the fuel jet ~ basad on the entrance *+o the’'mixing. chamber
of the Zlare head - and from the average density of the cop~
bustion gasas at a mean temperature of 900°C. The standard

density of the combustion gases was set equal £o that of air.

On the diagram, the temperature has been plotted against
the space cocrdinate x; the space coordinate ¥ is the pérameter.
In spite of the large ratio @G,Q = 20, the temperatufe'maximum
is found not, as expected, at x = Cm, y = Om but at x = -2m,

Y = Om. This corresponds to a deflection of the flame by 20°
- from the vertical. The diagram further shows that on the line
with y = 2m, a2 low was present instead of the maximum. This

can only be explained by the fact that the wind was not censtant

The Language Centar, inc.
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g =126 /h, €2 =081kg/m?, mp/m=006kg/kg

ug =15m/s, 850~20,L=6m, Z=5m | )

Fig. 6 ~ 4: Distribution of the témperature in a horizontal
plane of measurement in the case of a flare flame
burning in a slight cross draft

Test 03.040~.094

-during the surveying of the line. As a result, the position
of the flame was changed.

Unéer these conditions, the determination of the degree of
conversion according to G 6 - 1 is not feasible with the experi-

mental arrangement chosen when the flare flame burns in a Cross

The Language Center, inc.




6~30
."r.
draft. The reasons for this lie, however, not only in the
unsteady mode of operation qf-the.flame but also in the 4iffi-
culties ln fixing the reactof exit plane and in measuring the
off-~gas Qelocity in the principal flow direction.

According to the objective of this investigation, the
eperating conditions of the test flare should be comparable to
the operating conditions of elevated flares integrated into the
refinery operaﬁion. However, elevated flares burn for ithe most
part under the influence of wind. This is cong;iped by Fig. .- §
which shows the distribution of the wind velocity at different
heights in the Karlsxruhe area [3C]. VWhat is worﬁg noting par=-
ticularly is the increase of the frequency maxima ¢f 1-2 m/s at
the 20 m level to ca. 6 m/s at the 100 m level and-=lso the

large decrease of the weak breszes and calms with iftreasing
-

-+

height,

In order to be able to make a statement concerning the
degree of conversion and the emission factor also in the case
of flames buﬁning in a cross draft we resorted to the local
degree of burnout [12].

The local degree cf_burncut.indicates which pcrtiéﬁ of the
carbeon present at a point exists there in burned form. The
value is normalized with the total carbon present at the same

point both as burned.cv and unburned cu:

- g (G
a= gc{cv) +9c{cu)
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Since the soot mass concentration could not be measured like
that of the gaseous components, in the case of scoty flére
flames dhly the carbon portions bound in gaseous form are
availabié for the calculation of the local degree of burnout. -
Therefore, the term local burnout.is always understood to
mean the local degree of burnout related to the carbon bound
in gaseous form. It is further stipulated that:
- the carbon portion present in bound form as carbdn:diqxide

-

is considered as burned.

LI

- the carbon portion bound as carbon monoxide is at measuring
points located upstream of the end of the flé;é considered
as an intermediate stage of the fuel oxidation to carbon
dioxide and one half each is added to the burned and to the

-

unburned carbon portion. At measuring points aEyBr down=-

stream of the end of the flame the carbon portion bouﬁé'as

carbon monoxide is added exclusively to the unburned material.
- the organically bound carbon portion is always classified

as unburned irrespective of the location of the measuring

point.
L]

The local degree of burnout is, therefore, defined by G 6 - 20

and ¢ 6 21 as follows:

. = for measuring points at and downstream of the end of the flame

Q; (C0,) | ¢ 6-20,
O (€0, ) +9; (C0) + O (Co H,)

‘The Language Center, Inc.
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Frequency per. 1 m/s step width

—in% :
30 - ) period: 12/1/72 - 11/30/73
7 meas;:iggﬁ ' windlessness: a.t.2.0 m height- 6..7%
- at 60 m height 0.4%
7 at 100 m he_ight O._Z%
] aﬁ. 100 m height 0.5%
20 - T |

Wind Velocity

.Fig. 6 = 5: Distribution of wind veloccity at different heighits [80]
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r
- for measuring points upétream of the end of the flame

o= Q- (C0,) + 7 9.(CO) —

O (C0;) + 9 (CO)+ Q (GH,) -

The smallest local degree of burnout Grin 2t a'measuring

point of the measuring plane at the end of the flgme is linked

to: o

- the maximum degree of conversion‘Umin in the_case of soot-

L

free flare flames by
Unn = Qpn . G 6-22,

- the maximum emission factor for carbon bound in.gaseous and

non-atmospheric gases in the case of sooty flarerflames by

-

Ega, max = l-a'min ’ a ot G 6"23’

6.3.1. Effect of the Mass Concentration of Unburned Carbon at

the End of the Flame on the lLocal Degree of Burnout

The minimum degree of conversion and the maximum ‘emission
factor cannot be verified by drawing up material balance sheets.
For this reason it is estiméted what effect an incorrect measure-—
‘ment of the organically bound carbon at the end of the flame
can have on the minimum degree of conversion and on the maximum

- emissiorr factor.

The Language Center, Inc.
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To this end we calculated for a flare gas with a standard
density of 1 kg/m3, whose cérbon portion is of the order of
0.8 k; carbon per kg flare gas, the mass concentration of
organically bound carbon in the off-gas as a function of the
degree of convérsion at three different oxygen velume portions.

The method of computation is described in Appendix 3; the

results are shown in Fig. 6 - G.

ZO —]m::-— -
0,9 -
U —
04 _
0,8 -
07 _ T T T .
- 10° 107 102 - 10Pmgsm® 10°

é?c (CeH,)

Fig. 6 - 6: Degree of conversion and local degree of burnout as
a function of the mass concentration of organically
bound carben with different oxygen volume portions
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In Pig. 6 =~ 6, the degree of burnout has been plotted
against the mass concentration of the organically bound carbon
in the off~gas at an oxygen volume portion of 16, 18 and 20%,

It can be seen that the slope of the curve is wery flat at a

.high degree of burnout. . Therefore, at a burnout degree of

around 0.99, an incorrect measurement of the organically

bound carbon by, for example, 10% has hardly any éffgct on

-

the prediction of the degree of conversion.

6.4, Minimum Degree of Conversion in Soot-Free Flare Flames

and Maximum Emissien Facter in the Case of Scoty Flare

Flames Burning under Windy Conditions

6.4.1. Effect of the Wind on the Combusticn afieaaia

If the length of the flam2 is considered a measﬁ'i;‘fe of the

-

path necessary for the aspiration of air and for the mixin&ﬂof
fuel and air, then the combustion ¢an be graphically described
by the flame length. )

The length of up-draft flames burning under the influence
of a cross wind has been calculated and explained by Lee [36].
Lee's calculations show that with a given flare-head diameter
and mass flow the length of the flame first decreases and then

again increases with increasing wind velocity. He explains this

by saying that with increasing wind velocity the air penetrates

farther into the substance of the jet and that the aspiration
of air is improved as a result. At high wind velocities, however,

the jet is already deflected at the flare head to such a degree
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that the wind direction and the flame axis become nearly parallel,
Due to the low relative velocity between the jet substance and
the surrounding medium the impulse exchange is reduced, which _
results in longer flames. Since at the edge of the jet the ratio
0f jet and wind forces is smaller than aﬁ‘the center of the jet,
the jet cross section assumcs the shape of a horseshoe. This
means that at the edge of the jet certaiﬁ portioné can be de-
flected vertically to the jet axis to such afdeéree thét ‘they
are no longer in contact with the jet, which ﬁay:iéad to an
emissicn of unburned fuel, -

Brzustowski [20] supposes that in the case of flare flames
burning in a cross dxaft unburned material is disqhé;ged on the

side furnsd toward the wind. - .
"7!“
; s

A ' R T
6.4.2., ZEZxperimental Procedure and Presentation of the Test Resulss

In the tests for determining the loeal degree of burncut in
flare flames burning in a cross drzft no secants, as in the test
described in Sect. 6.2., but planes were surveyed. The measuring
planes wers applied.horizontally and vertically at the end of
the fléme. The boundary of the measuring field was sp;cified by
a carbon dioxide volume portiom of 0.1% in the off-gas.

In Figs, 6 =7 to 6 - 10 and.also in Appendix 4, the test
"results are presented in the following manner:. The centers of"
the circles arranged in the measuring plane indicate the coor=-
dinates of the respective measuring point in the x/y-plane and

the y/z-plane, respectively. The third space coordinate is
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shown on the diagrams together with the operating conditions.
The sector angle of the filled-in circle segment is a measure
of the quantity presented. The reference values indicated by

a sector angle of 0 to 360° are shown in the illustrations.

6.4.3., Local Decvree of Burncut in Flare Flames Burning in a
Cross Draft

Figs. 6-7a and 6-8a show for 2 different opefating_conditions
the distributions of the carbon dioxide vcluﬁe pg;tion in a
horizecntal measuring plane above the flare flaﬁejburning in a
cross draft. The average wind velocity in the tel3ts shown in
Figs. 6-7 and 6-8 was of the order of 1.2 and 2 m/s, respectively.

In the draft direction of the wind, the volume portion of
carbon dioxide drops off mere slowly at the edde of _the flame
than in the flame axzis. Although one could easily aétribﬁﬁe
these horseshoe-shaped distributions to the causes described
above, this can be done only with reservations. These dis-
tributions could also have been brought ahout by a slight
turning of the wind. Since the measuring of the wind direction
only had a resolution of about 30°, an uneguivocal correlation
is not possible. The temperature distributions shown in
Appendix 4 likewise do not permit any sure conclusion in thi;
-direction.

The distributions of the local burnout degrees for the two
flames are shown in Figs. 6-7b and 6-8b. 1In the illustrations,

a sector angle of 0° is assigned to a local burnout degree of 1

‘Tha L.anguége Center, Inc,
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and a sector angle of 360° to a local burnout degree of 0.975.
To measuring points in the measuring plane which lie outside

the measuring field a2 local burnout degree of 1 would have to

be assigned.

It can be seen that the local burnout at all measuring
points is almost complete. At the edge of the flame, a
slight drop of the leocal burnout degree can occasiongl;y be
notad. Howaver, no general relationship can be derived fiom
the test results. '

The distribution of the local burnout degreed at the
end of a flame burning in a strong wind is shown in Fig. 6-9.

The ratio of the area-ralated impulse forces of gas..jet and

&
N
|—
o}
W

wind @c Q amcuntad to appreximataelv 3,8, The me
= 1

-
was applied vertically in order fo Dick up also nen-atmesza=ric
-~ ™y - r

a

f

suzing g

i

gases discharged in the lee of +he flars head. 1In this test,
a discharge of material at the flares head could be observed.
It can be seen that even in the case of a flame burning in
a strong cross wind the local burnout degree at the end of the
flame is nearly complete. Also at the flame edge in tHe lee
no discharge of unburned gasecus material could be measurad
(z=0mand 2 =1m so that the observed material discharge
" consisted of carbon dioxide and water vapor.
This result has also been confirmed by Test 08.001 to 47

(Cfc Figc 6-10) -
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me=0.78 t/h, §§ =11kg/m’, mp /g =0.29kg /&g

' = X
Ua=2m/S,L=5m,Z;5m  //Tﬁ

Fig. 6 - 8: Distribution of the volume portions of carbon

dioxide and the local burnout degree in a hori-
zontal plane across a flare flame burning in a
cross draft

Test 03.001-.039
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Fig. 6 - 9: Distribution of the local burnout degrees in a
vertical plane at the end of a flare flame burning
in a strong cross wind

Test 16.001-.027
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M =094 t/h
€5 =11kg/m’

M
E% =0 kg/kg

Fig. 6 -10: Distribution of the local burnout degrees in a
vertical plane at the end of a flare flame burning
in a cross draft '

Test 08.001-.047
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These test results agree with those reported by Grumer [46]
who was unable to measure any discharge of uﬁburned fuel with
flare flames operated with hydrogen as the fuel gas in a cross
draft,

In the case of flare flames burning in a cross draft,
Brzustowski [20] suspects unburned material above the flare
head. 1In order to be able to pass judgement on this conjecture,
the measuring in the case ¢f a flare flame burning iﬁ a cross
draft was done in a plane extanding through the axis of the
flare flame and through the axis of the flare heag (Fig. 6-11).
In the measuring_plane, the measuring points lay on grid lines
of 2, 3, 4 and 5 m above the flare mouth. The distance of the

- T

vertical grid lines was Ax=l m. The measuring points were lo-

l-.!'_.'
cated at the points of intersection of the grid lines.

- et
5

In Figs. 6-1la to 4, the local burnout degree has been

e

plotted above the space coordinate x. The diagrams differ
from each other with respect to the height coordinate z. The

wind drift ran parallel to the x-axis. If we compare at the

heights of z 3mnm and-z = 4 m the local burnout degre% of the
windward (cross-hatched) edge of the flame with the one in the
lee, we recognize that in the lee the local burnout is complete
'while on the windward side some unburned material is discharged,.
The discharge increases as we move upstream. The local burnout
degree a at the measuring point .064 was found to be a = 0.76
and at the measuring peint .063, ¢ = 0.97. The volume portions

of the carbon-containing off-gas component and the ofif-gas

temperatures amounted to:

_Tha Language Center; Inc.
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- at the measuring point .064 (z = 3 m, x = 0 m)

- - 0.05 % - _ an®
xm2 = 0.2% Xog =0.05% _xcxHy =145ppm T=80°C

- at the measuring point .063 (z =4 m, x =-1 m) )

xccz =0.1% xCO 0.01 % xCxHy = 25ppm T= 1wl c,

L]
3

The presence of carbon moncxice and carken dicxide at fhe
measuring point .064 leads to the conclusion that the mixture
of matericls discharged at that point had been quenched after
the icnition. Furtlermore, it must be assumed that the C-ccn-

-

taining csmponents measurad at ths measurine soinz 063 had al-
£ ) - -,

raady been discharged abcve the £1ars head and had been driven
by the wind toward the flame.

The discharge of unburned material above the flare head
must be attributed tc.the'fact that the impulse force in the
z-direction of particular cells is sufficient to detach them
from the flame. Cells detached in this manner are, howeyer,
quenched very guickly below the reaction temperaturs. They
move into a regien where owing to the cross wind there is a
constant flow of cold.air-éo that their heat of combustion is
not sufficient to maintain the temperature necessary for the
progress -of the reaction. : ‘ E

These cells are, however, driven by the wind toward the

flame where they burn out. This assertion is based on the

The Languagse Center, Inc.
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6 - 1ll1:

Local burnout degree in and at the edge of a flare
flame burning in a cross draft and its flame axis and
isctherms of 200, 400 and 600°C.

Test 16.049-.089
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fact that the local burnout degree at the flame edge in the
lee is complete and that even at a height of z = 5 m no un-
burned material could be detected in the off-gas.

Fig. 6-lle shows the course of the flame axis and that of
the isotherms of 600, 400 and 200°C in the ﬁeasuring plane.
The flame axis was determined as the connecting line of the
temperature maxima in the measuring plane., The diagram shows
that the course of the flame axis is determined by three forces.
In the initial region of the :Ilame, the inestial forces pradon
inate; after that, the efiect of the wind produces at first a
strong deflection of {he flame axis, which toward the end of the

flame is ve nad by the effect of the up-draft. The dotted

- e

line shows ths local burpout degree of 0.28. 3*:;ne-m re, the
isothzrms akove the flame axis lis ¢loger %o it than in the
ragion below the axis. This can be attribuited to the fact that
in the resgion below the flame axis there is a flow of hot off-
gases while in the region above the flame axis the flow consists
mainly of fresh air.

In order to determine the local burnout at the end of the
flame in very gusty wind, the sampling locations were kept con-
stant for a longer period of time., 1In Pig. 6-12, the test re-
sults have been plottad against.the'temperéture for three mea-
suring points. Departing from the usual procedure, the diagram
does not show values averaged over the measuring time but momen-
tary values instead. It can ke seen that the local burncut dg-

gree calculated from the maximum momentary values is subject to
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large fluctuations and shows no dependence on the temperature.
This must be attributed to the mode of emission of the organically
bound carbon. The volume portion of organically bound carbon -
shows, in distinction from that of carbon dioxide and carbon
monoxide, no dependence on the temperature. The decrcase of
the carbor dioxide volume pertion with decreasing temperaturce
is based on a dilution of the off-gas. The diagrém also shows
that carbon monoxide is present only at off-gas.temperétufes
above ca. 400°C. -

In contrast to the burnout degrees calculated from the
maximum momentary values, the local burnout degree averaged

over the measuring time was at all three measuring points

higher than 0.9%, ‘ ..
o

The test results obtained with flare flames burﬁing unger
the influence of wind can be summarized as follows:

In flare flames burning in é cross draft, the local burnout
degree at the end of the flame is greater than 0.99. Therefore,
in soot-£free flames a cenversicn dégree higher than 0.9% is
attained even in the presence of a c¢ross draft and in sooty
flames the emission factor becomes smaller than 0.01. The
results obtained with soot-free flare flames agree with those
.obtained by Becker ([32] with model flares in the wind-tunnel;_
Brzustowski's supposition [20] that in flare flamés burning in
a cross:draft unburned material is discharged above the flare

head has been confirmed by our results. However, organically

The Language Center, INnc.
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P
bqund carbon discharged above the flaré:head cannot be counted
as having been emitted unburned since it is driven toward the
flame and burned. Similarlf, no unburned material could be
measured in the discharge at the flare-head edge on the lee =
side. Lee's conclusion [36] that the substance separated from

the flame by wind consists predominantly of off-gas has thus

been confirmed.

The Language Center, Inc.
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6.5. Effect of the Steam/Gas Ratio on ‘the Degree of Conversion

6.5.1. Effect of the Steam Addition on the Optical Flame
Picture and on the Combustion

Imr flaring, the addition of steam is the only operating
variable by which the combustion can be controiled. The effect -
of steam addition on the flame picture and the flame length
is comparable to the admixture of air in a Bunsen flame.

Without ﬁhe addition of steam, the £lare flame is very
sooty. It burns as a diffusion flame without premixing. The
combustion extends over a wide region which is defined by
molecular mixing of fuel with air. The time required for
cerbusgicion is determined by the mdlecular mixiné‘bf the fuel
with air. Because ¢f the soot eddies which form in the fl;me.
and because of the relativaly low f£lams temperaturc, the flame
apoears cptically orange which can be attribuced torfadiant
scot particles. -

With the addition of steam, air is introduced inﬁc the
gas jet before the ignition as a result of the aspiration
of air associated with the steam injecticn and with increasing
steam a&dition the flare flame burns more and more like a
diffusion flame with premixing. At the same time, molecular
mixing is enhanced by the addition ¢f steam. The color of
the flame always changes from'orange toward yelloew and at
the end of the flame no soct formation can be observed any
longer. Although scot particles are still formed in the
flame “- which can be recognized by the yellow color of the
flame = the socot formed in the flame is reacted to carbon

dioxide and water before it reaches the end of the flame .
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If the steam addition is increasééhfurﬁher, a double
flame with a blue inner cone and a yellow outer cone can be
observed. The time required for the combustion is determined
for the fully premixed portion of the fuel-air mixture which -
reacts in a thin layer along the surface of the blue inner |
cone by the time reguired for the ignition and reaction. The
length of the inner cone is determined by the ratio of the
flow velocity to the flame velogcity. The mixture £lowing
between the inner and the outer cone consisfé mostlf Sf garbon
mornoxide, hydrogen, carbon dioxide, water and'hiiicgen; the
hydrocarbons are reacted in the premixed flame [12] (p. 98).

If the steam addition is increzsed still more, the

yellow cuter cone changes into the blue inrer cene and the

e

flame bLurnes as a fully premixed flame. (In spite c?_?.__the blue
light of the flame which is attributable tc the glo&ing oL
CH~ and Cz-radicals, in the following a nonluminous f£lame
is understood te be a flame which consists only of the blue
"inner cone"). The length of the flame is greatly reduced
during the transitiqn from the sobty to the nonluminous flamna.
When after the establishment of a nonluminous flame still
more steam is added, no substantial changs in the optical
flame picture can at fifst be recognized. Only with a very
large increase of the steam addition is it possible to obsefve
inside the bluec cone a white cone which consists of water
vapor with droplets of condensate. The end of the blue flame
becomes slightly reddish, which can be attributed to soot

particles.

The Language Center, inc.



6-52 v

Steam or water is added not only during the flaring of
gases; for example, water is sometimes added to reduce the
formation ¢f nitrogen oxides or for the soot-free combustion
of higﬂ-boiling cils [81].: In spite of the frequent applica-
tion oé water in combustion, the resulting effect cannot be
explained in detail. In a survey article - "water addition
for practical ccmbustion systems - concepts and applicaticns' -
DRYER [8l] distinguishes between physical and chemical cffects.

Phyvsical Effects. In the combustion of water-oii'emulsions,

-

physiczl effects appear to re2 of major importance. With fine
dispersion of the water droplets, the latter are occluded
in the oil. Upon heating, the enclosed droplats vapeorize

more2 guickly than the enveloping oil. The result iz a "seccond

-

atomization" or "micro-explosion" in which many smaller dreonless
'-.w_"
ara ZIZormed whnich have a shorter combustion #ime. This effact
P

b1 - . - =l
sults in an enlzrgzmaent

[[}]

in ths combustion ¢ droplsts which
of the boundary surface between fuel and air can be comparad
in the burning of gases in flare flames with the breaking

up ©f the fuel balls by stzame-air-injection.

Chemical Effects. The flame velocity of laminar hydrogen
flames is slowed down by the addition of watar and that of
stoichiometric methane— and butane-air flames by the addition
of steam., There is no logical e#planation for this delaying
action by water or steam on the flame velocity. The assumption
that the addition of water favors the recombination of hydrogen

and molecular oxygen and thus reduces the chain branching

according to R 4-6
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H+0,—=J + OH L " R 4-6,

has not been confirmed by kinetic calculations of the methane
oxidation which show that the reaction rate of the total re-
action is hardly affected by the addition of water. With

a 10% substitution of oxygen or nitrogen by water, the oxygen-
atom concaontration decreases in both cases by approx. 208,

while the concentration of hydroxyl radicals increases-by
approx. 30% [82]. The flame velocity of carbpﬂlmonoxide-

air flames, on the‘other hand, is catalyzed by moisture. he
¢atalysis of carbon monoxide oxidation by water.;an be explained

by R4-3 which is considered to be the principal reaction in

the oxidation of carbon monoxide to carbon dioxids"[54] (p. 36).

”

CO+OH——'=-CO#+H_ RIA_B"—
CO+0 ——a= COZ R 6-6
CO+C‘2——-.-C:OZ+Q ' R 6-7

It has been mentioned in Sect. 4.1.2. that hydroxyl radicals
are involved in the oxidation of‘soot particles. As long
as little oxygen is present in fuel-rich zcnes, few hydroxyl
radicals are formed according to R 4-6 and R 4-7 so that the
reaction of hydrogen atoms with water (R 6-8) is the richest

source of hydroxyl radicals:
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s
HZ+O-:-—OH+H | R 4=7
!."l_-l- HZCJ—-—HZ-c-OH : _ R 6-8.
Furthermore, hydroxyl radicals are said to have an effect

on the formation factors of soot nuclei so that at high concentrations

of hydroxyl radicals fewer soot particles are formed (81].

6§.5.2. BEffect of the Steam/Gas-Ratio on the Flame

Tength
and Compariscen ¢f Ohcerved and Calculated Fil

rn
me Lenaths

’

=
o
-

The cffect of the addition of steam on the:flama lengtﬁ is
shown in Figs. 6-13 where the flame lengths obsexrved by night
have been pletted agazinst the steam/gas~-ratio. The optical
impression of the flame is depictad ¢on the diagzam for Flam= 1.

It ¢an be seen thét as a result ¢I the steam-ad itioﬁ zha
flame 1g sheortened by up to 530%, The reducticn of the Slame
length can be explained by the transiticn from the fturbulsni
diffusicon flame via the diffusion flame with premixing to
the fully premixed flame.

Double flames or fully premiﬁed.flames are of little

significance in flaring. The interest in estimating the length

of flére‘flames is, therefore, limited to diffusion flames.

in which case it is above all the maximum possible f£flame length

under full lcad which is of interest because of the heat radiation.
In Table 6-2, the flame lengths chserved in our own tests

are compared with those which were calculated according to

formulae proposed in the literature with emphasis-dn "alevated

flares"” for estimating the length of flare flames. The operating

data of the f£flare are shown on Lines 2 to 9.
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Fig. 6-13. Observed flame lengths as a function’ of

the steam/gas ratio.
Tests 11 and 13

Line 10 shows the lengths of flames cobserved in our own
tests which burned without sﬁeam addition and in the absence
of wiﬁa.

The flame length on Line 11 results from aproposal by

KENT [38] (1964) according to which it is 100 times the
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diameter of the flare head. Formulas y?ich give the flame
lehgth as a multiple ¢of the diameter of the burner are common
for estimating the length of flow-~controlled flames.
On "Line 12, the flame iengths calculated according to
a proposal by REED [39] (1968) according to G 6-~24 are entered. -
REED fails to give an explanaticon of the method of calculation

suggested by‘him.

Q@ =H- m in  G/Mh

flare-hesad diameter in m

d:
L: £flame length in m

-

The relation G 6-25 which givas the flame lengthﬁqnly as
a IZuncticn of the incoming heat flew was determined Ey HIITNIR
(401 (1970) by regressicn analysis. He took the reguired
data from the API-Reprint 521 ([l4] which lists the flame lengths

ocbserved at different heat f£lows.

L=1,188 L/é—u - - . G 6-25
QU=HJ e in Gd/h

L: flame length inm

Lee [36] (1877) calculates the length of up~-draft flames
by expanding known formulas for the spreading of impulse and
material in free-jet flames by including up-draft forces (and

wind forces). His calculations showed that for city=-gas

The Language Center, Inc.
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<
as the fuel and for Froude numbers smaller than 10° the length

of flare flames can be calculated according to G 6-26:

. 2 \02 |
— - 0’2 - 0 G 6"26- -
d - 16,8 Fr= = 16,8 54,

u_: flow velocity of the flare gos at the flare head
in m/s
G: gravitaticn constant
a_: flare—he;qLQiameter in m R
L: flame iéngﬁg ig m
The flame lengths calculated with G 6-26 afé shown on
Line 14.
In comparing the flame lengths, we are struck-by the
fact that those con Line 1l are always longer %han ghbse observed.
On the other hand, good agrzement can ke noted between tgé
observed flame lengths and those calculated according to G 6-24
to G 6-26. The flame lengths calculated according to Lee
[36] come closest to those observed.
The reason why the oﬁserved flame lengths and those cal-
culated by LEE [36] are comparable is that the composition
of the flare gases used here is similar to that of city-gas
in which the volume portion of hydrogen is of the order of
44% and that of methane of 22% [12] (p. 16). The transfer
factors which describe the exchange of impulse and material
and whzch enter into LEE's calculations thus become comparable.
Formulas like those precposed by KENT([38] which give the

flame length as a multiple of the flare diameter are bound to
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‘give flames which are too long éince they neglect the effect
of the up-draft.
Table 6-2: Observed and calculated flame lengths
1 Test No. 13.001-.020 14.017-.021 11.142-.147
2 mg kg 1780 940 1109
Q 3 ' |
3 9a  ke/m 0.75 0.72 . ©Lg
4 Ug - mfs 21 11.5, R
5 ° Frg | 227 | 68 -.17 eg”
5 H, kJ/kg 31700 30130 - 42179
7 H, kJ/kg 35650 34100 | 470583
s G, G 56.57 28352 . T sese
o G, ain 63.47 32.10 517
10 L* m 10.5 8 8.5
11 L/38/ m 20 | 20 20
12 L/39/ m 9 . &S . T4
13 L/swo/ m 8as 6.3 &l
14 L/36/ m 10 . 8 7.5

L: flame length extending from the entrance of the flare
tube into the mixing chamber

(see Fig. 5-3a, p.5-9)
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The length of the flare flames is still affected by the
forces of the up-draft even in operation under full load.
For example, for a flare hegd which is integrated into the
refinery operation and whose design data are known (d0 = 0.6 m,
ﬁmax = 110,000 m3/h at a flare-gas standard density of 0.74 kg/m3)
the Froude number with 2,000 lies even under full load still
in a range in which the effect of the up~-draft on the combusiion
cannot be neglected. According to investigations by ILSS

5

[83], with Froude numbcrs smaller than 107, the effectfof

the up-draft on the flamz length has to be taker into account.

PO

6.5.3. Examples of the Effect of Steam Addition on the Degree
of Local Burnout -

The dependence of the degree of local burnout cn the
steam addition is shown in Fig. 6-14. 1In this test, the steam/
gas-ratio was varied between 0 and 1.1 kg/kg. ~ Samples were
withdrawn at heights of 3 and 4 m above the f{lare méuth.‘i"

At a height eof 3 m, the degree of local burnout increases
from 0.94 in the case of a very scoty flame with increasing
steam addition to 1. At the same time, the flame becomes
soot-free. In this test, the carbon monoxide was counted
at one half each as burned and unburned material, resp., since
the sampling site was located upstream of the flame end.

. At a steam/gas ratio of 0.6 kg/kg, a flame length of 4 m was

- Observed.

At a measuring height of 4 m, no carbon monoxide could
be measured in the off-gas at any steam/gas ratio. The degree

of local burnout increases with increasing steam addition
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and about 0.5 m upstream of the flame end already reaches values

of around 0.99.

10 -
- / ;
o | ™G =125tk
([) Ve - R |
o C/x/r Sz =079kg/m’ T
] __ o ocom
2 s _
0,9S — (/ z=3m -.
094 — T T T T T T T T T T 1
Y 02 0% 05 08 -1 7{‘.‘_9_ 12
My /g R

Fig. 6-14: Degree of local burnout as a function of
the steam/gas ratio
Test 07.0535-,.077

The reason for the improved combustion in f£lare flames
with steam addition has thus far been seen both in the fact
that the steam addition has a favorable effect on the equi-

librium of the heterogenecus water-gas reaction (R 6-9) [43]

-

C+H,0——=-CO+H, R &-9,
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and also iﬁ the fact that the jet impuiée is enhanced by the
steam addition and that the gas jet aspirates more air [17].
On the other hand, the results of our own tests reported in
the following permit the cohclusion that it is above all the
molecular mixing which is promoted by the steam addition.

Table 6~3 shows the oxygen volume portions which were
measured at and above the flare mouth at different steam/gas
ratios. It can be seen that without steam addition, oxygen
is present at the flare mouth and that the oxygen decrcases
even with increasing steam addition. This cau be-explained-m
by the fact that because of improved molecular mixing more
oxygen is consumed.

g T

Table 6-3. Oxygen volume portions at and above the

flare mouth at different steam/gas ratios o
Test 16.091-.095 | 17.047-.051
".’G t/h 2,2 1,72
th kg :
._- —— - 0 U,ll .\ 0 0’17 0,35
mg kg .
4 m 0 1 0 1 0,5 0,5, 0,5
. XOZ % _ 8,2 12 5,3 6 6,8 3,8 2,&

The large oxygen volume portion shows that in flare
flames, molecular mixing lags considerably behind macroécopic
mixing already at the beginning of the flame. According to
LENZE [52], the segregation which describes the difference

between the mixture and the burnout is proportional to the
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size of the vortex and indirectly proportional to the rate
of fluctuation.

Without steam addition, fuel and oxidant drift downstream.
in separate cells and the mixing is determined solely by the
exchange variables of impulse and material. With steam addi-
tion, con the other hand, the inclination ¢f the steam=-air
jet toward the fuel jet causes the break-up of the fuel cells
sb that the molecular mixing of fuel with air and steam is
promoted., As a c¢onsequence, the number of zones in wifich
a reaction is possikle, if *he activaticon enezéy'is availasklo,
is enlarged.

Aside from the comminution of the fusl balls, the stcanm

addition alsec raises the flow velocity of the fuel-air off-

- N . = e
gas Jjet.
.

-

0;]

[N

g. 6-15 gshcws the flow velocity under operaéiﬁg con-
éditions in the flame axis aé a functicn of the st=zam/gas ratio
for 2 fixed measuring points. The flow velocity increases
with increasing steam addition.

(The drcop-off of the velocity at steam/gas ratios hetwaen
0.1 and 0.2 kg/kg cannot be clearly explained. During the

: .

tests it was observed that at these steam/gas ratios two vortex
paths rotating in opposite directions are sometimes formed
in the flame, such as can also be observed in flue gas plumres).

Since the degree of turbulance is largely independent

of the Raynolds numker, the fluctuation variable increases

with increasing velocity:; impulse- and material exchange are

accelerated., This promotes molegular mixing and reduces the

The Language Centear, Ing,




segregation so that the zones oé ﬁossible‘neaetionsare increased.
Due to the improved.molecular mixing with steam addition,

the heat generation takes place in a s'r;traller.flame volume

which - also because of the change in the radiant intermediate

products - ieads to a hotter flame.

M,
S

Q

. voa X i
g [+/h] 2.2 078
& [kg/m] 11 10
Fim] 00

P

| ztml 7 %

0 -1 R | I _ T ] k I
0 0z 05 1 1hg 18

' Fig. 6-15. Effect of steam/gas ratio on off-gas

velocity.
'Tests. 08.127-.132 and 08 167-.172

Fig. 6-16 shows the temperature downstream (and upstream)

of the end of the flame. The steam/gas ratio is the parameter.

The Language Scnts £
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The end of the f£flame which is marked on - the diagram by L was
identified by a local burnout degree of 0.98,

It can be seen that Eeqause of the improved melecular
mixing due to the steam addition, the flame becomes hotter,
Therefore, in the zones of possible reaction the reguired
energy of activation is more likely to be available than in
the case of flames without steam addition in which possible
reaction zones do not ogeour until farther downstream where,
however, dus to the large volumes of ballast-air thettehpe:ature

drops off more and more.

- . e

800 - | —
or lis | MG =078kg/h |
§’°=7,0kg/m3
T §00 - 6 -
ro=-Unm
T 400 -
200 - - L R
12 [—5-] 0 029 058 087 .
G Lkg
¢ A L t T
3 4 5 .m 6

Z

Fig. 6-16. Temperature downstream (and upstream) of
thHe end of flame L as a function of the steam/gas ratio.
Test 08.133-,151
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This has also been confirmed by the results of the tests
in which the components and also the temperatures at different
steam/gas ratios were meésured along the axis of the flame.

Of ﬁhis, Fig. 6=17 shows the volume portions of oxygen
and the temperatures. These have been plotted on the diagram
against the measuring height. The steam/jas ratio is the
paraneter. At a steam/gas ratio of 0.17 kg/kg, the flare
flame burned with slightly scoty peaks; at 0.38 kg/kg the
flame was soot-free,and at 0.52 kg/kg almost nonlunminous.

-

The place wherze the lecal burnout degree amounted to ' = .20

l

is marked by v. The absolute values of the oxygen volume
portions must be examined criticeally sincz no cooled sampling
probes were used so that a further reactison of the gas mixture

and, therefore, an oxygen consumption in a segmenc of the

i T

sample-gas Cemperature

i —

samprling line cannot be ruled ocux. Th

0]

at TR 120 amounted in these tests to 160°C max. (cf. Fig.ﬁg-G).

A comparison of the oxygen volume portions and of the
temperatures shews that at the steam/gas ratio of 0.17 kg/kg
the oxygen volume portion is the largest and the'temperature
the lowest. In the almost nonluminous flame, on the other
hand, the oxygen volume portions are only near the.fl;re mouth
and toward the end of the flame higher than in the soot-free
flame.

In the almost nonluminous flame, the temperature maximum
is likewise reached cnly farther downstream than in the other

two flames which implies a longer preheating zone since more

air and steam must be heated along with the rest. But then

The Language QCenter, Ina,
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400 - 20
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X
O
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o 172 o7
x 157 038
A 7,‘72 052

-

slightly sooty peaks
soot~free

almost nonluminous

Fig. 6-17., Temperature and oxygen volume portion aleong
the flame axis at diffcrent steam/gas ratios.

Test 17.002-.046
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the mixing is so efficient that the heat generation due to

the reaction and the losses due to radiation and heating of

the aspirated air balance each other, which leads to a tempera-
ture plateau. Although in the soot-free flame the temperature
maximum is reached farther upstream, the heat losses predominate
in tha£ case and the temperature drops off, In the flame

with slightly sooty peaks, macroscopic mixing predominates

over molecular mixing to such an extent that only a relatlvely

- o
— -

low f£lame temperatu::e is attained. -

-
[ a—_— -

These test results lead to the conclusion-that it is
above all the molecular mixing process which is improved by
the steam addition. PFurthermore, the effect of the steam
addition on the course of the chemical reactions is.probably
slight in comparison with its mechanical and dynégzﬁtpontribu—
tions toward better combustion. Even without stean:%dditégp
and at low steam/gas ratios which are not sufficient to make
the flame scot-free, oxygen is present in the macroscopic
mixture. Therefore, the formation of hydroxyl radicals is
not limited to the reaction of hydrogen atoms with water (R 6-8)

but is also possible according to R 4~6 and R 4-7:

R 4-6
My + O——=—OH + Iy | R 4-7
H+HO=>H, +OH | | R 6-8.

To investigate the effect of large steam/gas ratios on

the emission of unburned fuel by quenching of the flare flame

The Language Center, Inc.
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we increased the steam/gas ratio up to. 1.73 kg/kg. _

In Pig. 6-18a, the local burnout degzee and the temperature,
and in Fig. 6-18b, the volume portions of zarbon meonoxide,
carbon dioxide and those of the organically bound carben have
been plotted against the steam/gas :atic. The sampling point
was.siéuated in the flame axis which at steam/gas ratios higher
than 0.19 kg/kg coincided with the flare axis. The measuring
beight was 4 m and the flame length observed at z steam/gas
ratio of 0.84 kg/kg was 4 m. ~ <oe

The degree of local burmeut and the temperdfre first
increase with the steam/gas ratioc. A complate bg;ncut is
achieved. With further steam addition, the local burnout
degree drops off again. As shown by a compariscon of the volume
portions of carbon monoxide and organically bqpnakgarbcn,
increased amounts of ¢rganically bound carbon are é?gcha;ged
dne to the guenching of the flame. : -

Figs- g=19a and 6-19b show the effect of large steam
additions on the teamperature and on the volume portions of )
organically bound carbon and carbon monoxide downstream of
the end of the flame. As evident from the diagrams, % large
steam/gas ratios the temperature decreases with inereasing
steam addition while the discharge of unburned material. in=-
creases. The discharge of unburned material is, even at large
steam/gas ratios, restricted to a narrow region around the
flame axis (cf. Test 11.107-.11.118).

The increasing steam addition not only promotes molecular

mixing but alse introduces more steam and air into the flame.
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oa
-~ =T — 400
- _ -
. g =078 +/h - 300° < .
- g5 =10 kg/m’ L2 o

=0m 200

zZ =4m

Pig. 6-18. Effect of large steam/gas ratios

a) on the local burnout degree and the temperature

b) on the volume portions of organically bound carbon,
carbon monoxide and carbon dioxide

Test 08.167-.172
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mgG =0,78 +/h
?E =1,0kg/m’

r=0m

Jﬁ' 3 Q A x o= ‘ -
. —.Q-[—g] 173 146 115 0FT
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pom

300

.xca .

2&;}4
200 N

700 -

W
-‘\-—H}
iy ¢
3
18,9

Pig. 6-19. Effect of large steam additions on the
temperature and on the volume portions of organically
bound carbon and carbon monoxide downstream of the
end of the flame.

Test 08.148-.1656
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Air and steam which after adequate mixing are present beyond

the measure necessary for stoichiometric combustion reduce

‘the flame temperature since they have to be heated up with

the rest. Therefore, the probability that in zones of molecular
mixing the regquired energy of activation is available, is
reduced. Added to this is the fact that particular zones

may even be diluted below the ignition limit.

A discharge of unburned fuel caused by a quenching of
the flare flame has also been reported by STRAITZ [47} who
does not, however, cite any figures. Our owq;ggst results S
show that even with an excessive steam addition the drop in
the degree of conversion is less than 53. -

However, steam/gas ratios many times higher than necessary

to make the flame soot-free rarely occur in the Tpération

-
‘-

of a flare. “?

6.5.4. Burnout of Detached Balls

The high degree of segregation in flare flames may lead
to situations where fuel drifts downstream in balls which
are not ready for reaction until near the end of the flame
where they can still be ignited. Due to heat generatgd during
the combustion, the ball receives an additional lifting force
which may cause the ball to detach itself from the flame and
to burn independently.

Observation has shown that the detachment of balls occurs

very irregularly and that sometimes the entire end of the flame

The Language Centar, Inec.

T Y e S T

™~

L



6=72 e

is detached. The freguency of ‘ball separation increases with
increasing steam addition.

In the tests, the ball gseparation was observed from the
crane oberator‘s cabin. As soon 2as a ball hit the sampling
orifice, which haopened about 100 times during the almost
100 hours af testing, rhis event was reported o the instrument
center and noted on the recording strip of the PID. puzing’
these events, ne organically bound carbon was measared, net -~
even in the small measuring ranges (measuring range down to

10 pem CH, and 100 ppm CH4, respeotivelv).

gowever, these rest results do not permit the conclusion
that no crganically mound carben is emitted bY S cetachea palls.
Because of the geometsy of the gampling proke, it wa§ meooilble
to capture an eptire ball but always only & pertion of itol it
can, therefore, not be ruled ouk £hat‘the captured.amount of
organically bound carbon was roo small to be recognized.

For this reason. it is first estimated whether, during the
passage of a still unignited ball through the sampling Fperture,
this event eould have been :eoognlzed.on the recording strip eof
the FID, To this end, the following assumptions are made.’

The original fuel volume of 2 soherzcal.ball is supposed
to amount *O 2200 and 60 cm3, :espeotlvelv, with a proportlon
of organically pound carbon of 0.8 kg C/m . The ball is heated
Lo 600°C without a reaction and as a result, 2 volume of 7035 or

190 om; and a diameter of 23 or 7 cmy respectively, is obtained.

. " s rama a3, H T3
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.1‘ .
The mass concentraticn of organically Eound carbon in this
ball is calculated at 250 g c/m3. At a velocity of 6 m/s,
the ball is for a period of maximally 0.038 or 0.012 s in the
area of the sampling aperture. At a suction capacity of 1 1/s,
38 or 12 ml is taken from the ball as a sample in which are
contained 9.5 or 3 mg C, respectively. This amount is offered
at Q 200 (cf. Fig. 5 - 6) in a kind of needle function.

In Sect. 5.3.3., it had been shown that‘amountsjoﬁ.a:s ng C

and amounts of .1.5 mg-C in

T,

in a measuring range of 100 ppm CH,

were still recognized.

a measuring range of 10 prm CH,
A comparison shows that a ball which had noE‘9et been
ignited could, depending om ball size and measuring range, just
barely be recognized. However, the amount of orgamically bound
carbon in a ball decreases very rapidly after Ehe ig?ition so

that balls in which the ignitien had already set in were J:i‘féble
to produce a measuring signal. ‘
Detached balls do not always burn out completely. This
<can be recognized by the fact that they tend toward soot for-
-mation. The combustion is presumably broken off because the
ball has become mixed with too much air and has, therefore,
been cooled below the ignition temperature.
On the assumption that the large balls burn out only by
" one half and that the separation frequency is l/s, we obtain
an emission flow of 4 m>/h of unburned material. At a flare

gas throughput of 1000 m3/h, this would result in a lowering

of the degree of conversion by 0.004.

The Language Center, Inc.
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The above~assumed fuel volume of 2200 and 60 cm3 were
estimated from the cbserved diameters of detached and burning =
that is, -mixed with azr - halls which ranged between 0.3 and
im. To -this end, we ﬁade use of the relation G 6 - 27 reported
by Fay and Lewis /85/ for the maximum diameter of burnxng balls

as a2 function of the orlglnal fuel volume.

-

- . /3 e ': n
-q.n?ax = 7.7 Vl . . . G 6-27
' o - T
fénmm: maxlmuq diameter in cm
v' - . N & : 3 ~
! original fuel volume in cm

They .studied the size and burning time of nethane - ethane-
- “i
and propane balls whzch wers enclosed in a soap bubble befcrs
3 _ -

?pqugsults of the tests by Fay and Lewis /85/ can be

- ST .

applied to the ball sgparaticn from flare flames only with
qualifications. The‘bails used in their tests were ignited at
roem temperature and without initial impulse. This means that
the exchange varzahles for these balls and for those from
flare flames are different. .

6.6. Effect of the Flare Gas Composition on the Degree of
Local Burnout

6.6.1. Effect of the Flare Gas Composition on the Combustion

The compos;t;cn of the flare gases varies very widely,

=anglng fxom hydrogen-rlch gas all the way to l;quld petroleum
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gases. The effect of the gas composition on the combustion
can be recognized by the tendency toward soot formatioh of
the flame.

The C/H ratio is usually chosen as a measure of the
tendency toward soot formation. However, in addition- t&-this,
the molecular structure and the state 6f mixing of ‘thé-Flame
are also of significance. In diffusion flames,  thé:tehdéncy

L3

toward soot formation in the case of the paraffins increases

—

- -

slightly with increasing C-nuwuber while in the wase of the
olefins it decreases with increasing C-number. - Ungatirated
hydrocarbons tend more toward soot formation than:satuvatred
enes, and branched hydrocarbons more than 'straight-chéﬁi.hed
ones [86]. - . --'H'__

In Sect. 4.1.2. it had been shown that &ven" iif-it..l%‘%as;g;of
methane the fuel oxidation proceeds by way of a’ large—-number
of intermediate products and that unsaturaéeé7h&dfbéékbdﬁﬁ¥aaicals
are soot precursors. The combustion of hydfocarbbnsﬁWiEﬁﬁhigher
C-numbers becomes more complicated because of the irstability
of the higher alkyl radicals and the large scattering of, the
secondary products.

According to Fristrom and Westenberg [49]°, in oxygen-rich

flames saturated hydrocarbons are broken down according to

R6 - 1l:
anZm-Z*OH_!__HZO + %HZn-ﬁl_g'(;n-lHZn-Z + C:H3 ' ‘ . R 6-10
Gy *H =ty » QR ) — Gne12n-2 + CHs R &6-11.

.
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The radicals formed by splitting off one hydrogen atom
split off one methyl radical with the formaticn of an olefin.

The reaction sequence according to R 6 - 1l can also pro-
ceed without an oxidant. When the reaction starts as in R 6 - 10,
no molecualr mixing with oxygen need any longer be present aftar
the splitting off of the hydrogen atem. When oxygen and hydro-
carbons are not ﬁixed melecularly, the synthesgis of pclyaéetylenes
‘is more likely with hydrocarbons of large C-number tggﬁrwith

methane where such a2 synthes.s is cnly possible'égiér recembi-

nation of methyl radicals.

6.6.2. Example of the Effect of the Flare Gas Composition on
the Loczal Degrse ¢ Burnouhn

— i

The testing chazt (Fig. 5 - 1) showed that for the tests
usually flare gases with standard densities between.g;s ané_
1.2 kg/m3 were available. Furthezmors, a high propertion of
hydrogen and a low proportion of unsaturated hydrocarbons was
typical for all the flare gases (¢f. Appendix 1, Sheet 1).

Although the tendency toward soot formation is related
to the fuel composition, the test results obtained thug far
showed that the degree of conversion in scot-free flare flames
and the emission factor in the case of scoty flames (see
_Segt. 6.1., p.6=5) does naﬁ depend on the composition of the
£flara gas. This has also been confirmed by the test results
with the heaviest flare gas used. In this taest, the standard

density of the flare gas amounted to 1.86 kg/m3, with the C$+

portion acceounting for more than 65%.
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The local degree of burnout in a horizontal measuring
plane with this flare gas is shown in Fig. 6 - 20. The flare
gas mass flow was of the order of 2.2 t/h and the steam/gas
ratio necessary to get rid of the scot was 0.37 kg/kg. The
measuring height was by day adjusted optically to match the
end of the flame. The consequence was that the measuring
plane was situated upstream of the analytical end.of the

flame. The analytical end of the flame is called by ‘Lee [36]

the place where there is a carbon monoxide volgygmportion' -

of 0.1%. In this test, the maximum carbon monoxide volume
portion amounted to 0.21% at a temperature of ssézé.

On the illustration, the local degree of burnout is
presented in the form described in Sect. 6.4.2. Tt Tan be
seen that the local hurnout degree was only at’a feﬁ?ﬁeasuring
points smaller than 0.99, which was mainly due to the cafggh
monoxide volume portion. Because of the still relativély
high temperature of the combustion gases it can be assumed
that the carbon monoxide is still reacted to carbon dioxide
downstream of the measuring plane. In that case, a local
burnout degree higher than 0.99 is obtained for all thé mea-
suring points. .

As shown by the test results, the flare gas composition
in the range studied here has no effect on the degree of con=«
version in scot-free flare flames and on the emission factor
for carbon bound in gaseous form and non-atmospheric gases

in the case of sooty flare flames. The flare gas composition

The Language Cantar, Inc,
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he=22t/h, §2=186kg/m’, mp/mg =037kg/kg | -

ug=2-25m/s, L=6m, z=5m

Fig. 6 - 20: Distribution of the local burnout degree in a
: horizontal plane in the case of a flare flame
burning with heavy flare gas in a cross gdraft
Test 02.001-.086
is, however, a critical factar*in:determining‘the'steam addition
necessary to eliminate the scot. |
Thus, for éxample, with the same flare gas mass flow, but
with a standard demsity of 1.1 kg/m> (see Test 08.130-.131) the
flame was already soot-free at a steam/gas ratio of 0.2 kg/kg

while at a flare gas standard density of 1.86 kg/rn3 a steam/gas

ratio of 0.37 k/kg was necessary for eliminating the soot.
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The volume of combustion air required per standard m3

of flare gas, the C/H ratio and the tendency toward soot
formation increase with increasing gas density. Because of the
larger number of intermediate products with increasing C-number
of the fuel, a more intensive molecular mixing is necessary for
its degradation than in the case of methane because the
intermediate products formed during the combustion ¢an be
burned further only after molecular mixing with the okiéaqt.

At the same mass flow, the flow velocity and therefore the -

T

fluctuation variable becomes smaller with increasing gas den-

sity so that the molecular mixing becomes poorer. As a
consequence, the molecular mixing necessary for soot-free

combustion must be further promoted. This is accempiished by

increasing the steam addition. '
) i
-

6.7. Emission Factor for Socot in the Case of Sooty Flare Flames

With elevated flares it can be noted that in the flaring of
gases whose output could not be anticipated the flame is, after
the start-up, at first sooty until the sfeam necessary for socot-
free combustion is added. The addition of steam is not, automatic,
but is controlled manually from the control room.

Although the specification of a safe emission factor would
be desirable, this is not possible. The optical impression of
the sooty flame cannot be judged objectively as, for example,
the smoke plume of coal-fired instailations according to

Ringelmann [871.

“The Languags Center, Inc.
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In the experiments with the test flare it was fcund that
depending on the angle of view and the distance of the cbserver
the same flame can be rated from sdoty g wery "é‘icfz'c:fﬁg‘.l.y "s'-éo-ty.

The impression conveyed'by-d?é%dtf;fréfé'ffﬁhé"&epenas on
the scot mass cencentration, the'§££é'éﬁa‘éigtfifﬁﬁion of the
particleé in the soot plume, the Badkground ‘armd Bfse  the layer

thickness. It is, moreover, inteénsified with ‘incfeasing distance

of the observer from the flame. 'Sincd -the Iayer -thickness of

- aam

=
the scot plume of flare flames, even -4t a favorable angle of

view, is of the order of several meters; :it‘is vé&ky easy to

gain the impression that the flame 'ig wéry sdoty.® ‘

concentration in the cff-gas of a sGot¥Tflamé (cif. Appendix 7,
A.7=3). The flare gas mass flcw’améﬁnféﬁ'téleQ’tyhiandvghe
flare gas standard density to 1505E§Zm3§-1ﬁo steam was added.

As the point of sampling we *GHOS&Sthé streamer which was
optically most sooty. Therefore,ﬂﬁeééuse'of’thé fluctuation
of the flame due to cross drafts, €Hé §éiht of sampling had
o be changed several times. The-suédtion rate was adjusted as
closely as possible to the.dfffgaéﬁvelééitytin order to at least
approach isckinetic sampling. T.InlT

The test results have been “Swimhafizéd in Table 6-4. Line 1
shows the sample number and Line 2 the duration qf sampling.
Lines 3 to 5 contain the values of the’ temperature and of the
volume portions of carbon dioxide and oxygen, all averaged over
the sampling time. The carbon monéxidaiVblume portion in the

oA

Pt Y manes .
AR Y - et o
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,
Table 6 -~ 4: Soot mass concentration in the off-gas of a sooty
flare flame

Test 15 R
Sample :
number 1 2 3 4
At min 36 12 15 25
T o 105 80 160 170
-~ 05 0= 0S5
xcoz % 0.4 03 )
X % 20,3 204 *19,8 19.9°
02 ) _
3 300 81
g oot mg/m 68 23 _ |

off-gas was, even in the maximum values, below the-detection
limit of 0.01l% and organically bound carbon coéld beyﬁeasured
only sporadically. The soot mass concentrations are ;isféé"on
Line 6. '

There is a surprisingly small mass concentration of soot

with values between 20 and 80 lg/m>. In this case, however, it~

is necessary to consider also the high oxygen volume portion
and the dilution resulting from it. An estimate of thé soot
mass concentration in stoichiometric combustion via the oxygen
volume portion leads to soot mass concentrations between 400 mg
and 1.6 g/m3. The large scattering of the soot mass concentra-

tion is presumably due to the fluctuation of the flame.

The Language Centar, Inc,
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The local burneout degree defined by G 6-27

9c (L0,
afﬁr@—(eah UG H T Qo

G 6-27 ;

«

gives values betwgen 0 97 and 0.98 which would correspond to an

- o LT T esT

emission factcr for soot of 0.0 (pc(CO) and _ pc(c H I were practi-

o )

cally equal to zero.) ~— “ e

WU

Howgve;, lt should be peinted out conce more that it

- - = oA .- .

impossible tc specify an emzsszon factor for soot in flare

- m— -
- ----—- - -

flames and that the va1ues .¢ited here should be acceptad for

orientation and not as blnd_nc. Adde@_to this isg~¢fe Zact that

A . = oA

* eiw oas BRI m e, Lo -

the scotlng o_ the {lare 1ane ln the event flare g a; is pro-

- — e wamaa -
!'—-- - — T [

duced gs a2 result of contrcllable cneratlng Q;fhlcultles in

-l e .- - - we -

the refinery should be conflned to the start-up of the flare

. e———=a -
—---—-- =% ZaI [y

flame. The length of time durlng wh;ch the flare £lame is

——---—. = -

sooty is, therefore, short in comparzson wzth the total time

- --.--. oI T

during whzch the flame burns soot—free.

6.8. Mass Concentration of Ncnatmospherlc Gases at the End of
She-plames. - --: - s —_—

In xnstallatzons emlttlng nonatmospherzc substances, the

- - w W o

lawmaker limlts not thelr mass flow but their mass concentraticen.

Accordlng to TA-Luft Nr. 3.2.1.2., "Installations destined

to eliminate ccmpletely or partially other waste products by

- maw .. - oa -
- -_..--,',; g e

eambustzcn, Pt. e,"the em;ssmons of carbon in the combustible

The Languaga Centar, Inec.
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organic substances must not exceed 50 ng/m; (£)., pased on 2
volumé content of oxygen of 11%."
pasing the mass concentration op an oxygen volume portion
of 11% is appropriate insofar a5 quantities of air fed into
a system of the jnstallation in order to dilute ©T cool the
off~gas are not considered or are treated equally in the detex~
‘mination of the mass concentration (Ta-Luft No. 2.1.3.)-
in the case of flare flames. the mass cnncentnan;qp should
~ not be based on 2 fixed oxygen volume prrtion since the a;pingged
ajr cannot be classified as dilution air. T ‘
Fig. 6 — 21 shovws the oxygen volume portioné'énd +he mMass
concentrations of organically pound carbon in moist off-gas
which were measured in the flame axis upstream-anq,ﬂawnstream
of the end of the £lame at different gas mass fiowsfﬁsteam/gas
ratios and flare gas standard densities. The f£lame lengtﬂé’
observed at right are marked with L. It can be seen +imt the
oxygen volume portion (uppexr half of diagram) at the exd of the
f£lame lies far above 113 jrrespective of the operating-condi-
tions of the flare. The diagram further shows that the mass
concentration of organically bound carbon (lower half of dia=-
gram) has even without stean addition - and, therefore,-with a
sooty £lame = dropped at the end of the flame ©o values smaller
than 50 mg/m?.
in the case of sooty flames, the low mass$ concentzation of
nydrocarbons at the end of the £lame may be due to their con~

yersion to soot and/or to their gorption on soot. NoT «an in

o . ' The I.anguaga_(:em:er,
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this regard a reliable statement be made on the basis of the
known literature.

It can, however, be assumed that the fusl poition which is
neither oxidized nor converted into scot is small, The formation
of sovot takes place in the pyrolysis zone at temperatures between
600 and 900°C. Yet this temperature is characteristic for flare
£flames (cf., FPig. 6 = 17). Added to this is the fact that the
dwell time of the gases in this temperature range isfarbup&
one second so that with poor molecular mixing gﬁgonversion to -
soot is more probable than a sorption on soot.

The low mass concentrations of organically Q;und carbon
at the end of socoty flames measured in our own tests are in
contradiction with those measured by Straitz [10]"wWHe reports
for hydrocarbons volume portions between 200 p;m anaﬁé.Z%w
without naming a reference hydrocarbon. Since he used maiﬂly
natural gas in his experiments, it must be assumed that the
volume portions relate to methane. However, because of his
sampling device and the high temperatures which ranged be-~ .
tween 600 and 1000°C, it can be conjectured that he drew his
samples not at the end of but inside the f£flame. This ;upposition
is based on the fact that, for example, at high volume porticns
of hydrocarbons the volume porticns of oxygen ranged between
11 and 15% and those of carben monoxide always above 100 ppm,
the maximum meaéuring range of the gas analyzer used by Straitz

for this purpose. These measurements are alse in contradiction

‘with the assertion made by Straitz [47] to the effect that in

The Language Centar, Inc,
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—— 02 l// /4 40
/A ‘__./ L 7 . 18
4’/ o/
u// /l .
| s - ~
300 - R . .o
g -~ TF - o
m3 ‘ R -
200 - . A nEL
& (CH,) '
. 100 1 12
L . L
50 \AK;Q TTONCL
0 i I i i
3 A 5 6 7 m 8
. * z
o . A
g [t/h] 11 15 21
g lkg/m®] 10 11 06 ‘
mp/hg  [kg/kgl 0 015 029

Pig, 6 - 21: Oxygen volume portion and mass concentration of
organically bound carbon upstream and downstream of the end of
the flame

Test 06.171-.174, 08.058-.062, 11.142-,145
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% is attained even w1thout

steam addition. It has already béén-shown in Sect. 3 that on

Smgmes mazguyesd i= 18 Saubiy e o

‘thee-basis of the components measured it is doubtful whether

Cm massa- fmrem o mm . .= -- 2 -
BT

with the test arrangement chosen by Straitz lt is posszble at

.- -5z -._...; - e st w e om
- ——m - o oaa

all. o ‘say something about the degree 63 Eoﬁverszon.

- A am mmam om omoaa - - --._.-- .:

.11 =3In our own tests, SEIEIh Fonoxide oala Bo 35TIiisy ii

- - T

the end of the flame oniy at the Tmaximam momehtary values wrth

- = - -

velume portions larger than lOO rem. As shown in Fzg. % - 12,

- - : A I =-

only- at temperatures above 400°C had the carbon monoxide, evens

at. the extreme values, not yet been completely reacted to carbon

.

dioxide.

- ——— s mmom o - a2 - EmTr L e 2 - -

--:i_Hydrogen is of no s;gnzf*cance as an environmental ooliutant.

.-—-—-.- LT ST = -..--——-’- A s m meat v o m s - m

For tAis reason, the hydrogen volee portion was d&termined only

- -_____._ mpmem mm anez e e tesses = o= s
—_— =3 ~ad I aaFF [ g iy

inatfew samples. In three of -gas samples drawn approxin imately
o

- - ....- Pl --- e Rl
- - T

1 m:upstream of the end 5% the #lame, the ratios of'the volume

portipns of hydrogen to hyeiaaazsaaa Hoaniiz I 3 '121, 3 33.1
mmmea .o A —mg iAo aes 2. _.._':::5:;.:...-

andz1-69:1. The volcme portions of the lndlvzdual hydrocarbons

Do R e o e e o s bl " - - e ow o oe-

were.in this case recalculared For mefhane (Test 16). In another
off-gas sample, only hvé;o;eb.oould Be aéi*étéd with a volume

portion of 0.25% (Test l7). Tbese test Tesults are ih.barmony

- e m- -—.-g- —-—z zn- -- - .

with:_the observation that towar the end of the flame 1t 15

. LY .

primarily hydrogen and carbon monoxzde whlch burn out f12].

repe s - .- - . f e

Bydrogen sulfide anc sulfur oxldes were not analytlcally

determined in the off-gas. N6 hydrogen sﬁifi&e odor could be |

noticed in the off-gas. In the literature, an odor threshold

‘s mm o

- ~ E
T"'.-'—t. e )
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value of, for example, 0.0l ppm has been reported for hydrogen
sulfide /88/. It can, therefore, be assumed that hydrogen -
sulfide is completely reacted to sulfur dioxide/sulfur® trioxide

whose emission can be calculated from the volume portlon-of

hydrogen sulfide in the flare gas.

- A
=S ET

6.9. Chemical cOmposxtlon of the Organically Bound Carbon at
the End of the Flame T

The organic components differ in signiftcane aé far- as
the environment is concerned. Aliphatic hydrocarbons re BETT
interest mainly when they participate in photochegical'okiﬁefion
processes. Alkanes and alkines are not classified as photo-
chemically reactive [90]. Alkenes and aldehydes, on ‘the other
hand, are determining factors in the formation, of photooxrdants

[89] so that they are of greater significance as pollutan;s“%han

C o o w w

the alkanes and alkines.

In Figs. 6=-22 a to ¢, the ratios of the volume portfoﬁéi;

.-——-.-.-‘-._-

of the hydrocarbons in the off-gas are compared. w;th‘those-rn

the flare gas. The volume portion of the hydrocarbons‘deferf'-:
mined by gas-chromatography was based on the methane poftion of

the same sample: ==

w _ X, - S-S 6—28.
qm&waﬁ- 'xcy4
* The concentration ratios in the off-gas are represented by
the cross-hatched bars and those in the flare gas by the white

bars. The operating conditions are also shown in the diagrams.

The I.anguage Cent:er', Inc.
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tified previously by a sum, The higher hydmca:ho
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Meth}’l fadicals are also formed in the reaction
‘ : «]7 0 R6~-19 bglow).
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It can be seen that irrespective of the operating conditions
methane accounts for the major portion of the hydrocarbons iden- i

tified previously by a sum. The higher hydrocarbons have been_ J

destroyed almost completely. Acetylene which was not present ;g?
in the flare gas and which is formed during the combustion,
shows next to methane the largest volume portion. Olefins

are present only in trace amounts in the off-gasés'og flare

- - -
-

flames. -

L -

The large methane volume portion ratio iﬁ”%ﬁe.off-éas o
can be attributed to the fact that up to temperatures of approx-
imately 1650°C methane is thermodynamically more stable than

the other hydrocarboens: oniy at still highe;-temgﬁfgpures

does acetylene become more stable than methane'(cf.ﬁﬁig.4-2,
p.4-13). The formation of methane from a saturated C$+ hy&ro-

. carbon can be imagined as occurring by way of the following

reaction sequences R 6 =~ 12 and R 6 -~ 13:

cmH2n+z + M—o=FM s CmH2n+1—-=- cm_len_z + CH3 : R 6"'12,
M= H, OH, O
CHy+H,——CH, +H o " R 6-13.

The saturated hydrocarbon reacts, for example, in the case
of prdpane as the fuel, with a hydrogen atem, hydroxyl radical

or oxygen atom with the release of a hydrogen atom to a propyl

£
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- radical which.decomposes into a methyl radical and ethene. The
methyl radical forms with molecular hydrogen methane and one

hydrogen atom. Methyl radicals are also formed in the reaction

' ,ﬂ___“_lof ethene with hydrogen or oxygen (see R 6 -17 to R 6 - 13 below)

Although the mean temperatures in flare flames are rela-
tively low (max. 1000°C, cf. Fig. 6 - 17), substantially higher
temperatures occur in the reaction zones temporarily so that .
the formation of acetylene is also plausible. Acetylene is

—. already at temperatures above 1090°C more stable than ethene
so that the ethene formed in R 6 - 12 can react further to
acetylene., Acetylene can,_édéording to Homann and Wagner [55]
also be formed from methyl'radicals via the intermediates
ethana and ethene. )

Alkenes are also formed in the flare flame. This is

A shown in Figs. 6 — 23a and 6 - 23b by the example of two samples

which were drawn at a height of 0.5 m (a) and 1 m (b)), respec- -
tively, above the flare mouth. In the two diagrams, the vol-
ume portion ratios of hydrocarbons in the flare flame are com-

" pared with those.in the flare.gas. The volume portions were S
again.based on the methane volume portion'of the same sample.
Those test results show that in the flame the volume portions
of the alkenes (in this case ethene and pfopene) are larger

- than that of écgtylene. , ’ '-_

According to Wagner.[slli acetylene is broken down only
by oxygen, while ethene is broken down by oxygen and by
s hydrogen. |
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Pig. 6 - 23: Volume portion ratios of hydrocarbons in the flare
gas and in the flame
~ Test 16, 17

|
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R The reaction of acetylene with hydrogen atoms does not
1ead to the cracking of the C-C triple bond. Only hydrogen

atoms are consumed (R 6 - 14 and R 6 flS):

: R 6-1L, -

W

Czkb-rki——*f'czkb-kF&

' - S ———

When, however, acetylene reacts with oxygen atoms, the ' ,

C-C triple bond is opened up. The oxygen atom is added at the

)

multiple bond and a ketene is formed which by splitting off

carbon monoxide forms a methylene radical (R 6 - 16):

CH, + O —=—H,C,0—=—C0 + CH,_ R 6-16.

' In the reaction of ethene with a hydrogen atom, an addition

S product is formed first (R 6 - 17) which then; after a further

reaction with a hydrogen atom, decomposes into two methyl radi- d

cals (R G_f 18):

Ethene reacts with one‘oxygen atom via the intermediate

ethene oxide to one methyl- and one formyl radical (R 6 - 19):

-

The Language C‘.;nter-, Ine.
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e The methyl radical forms with oxygen formaldehyde (R 6 =20 .

and R 6 = 21):

T e L

CH3+ D—_"""",HZCD'-FH ' o R 6_20,

CHy + O, ——H,CO + OH, R 6-21,
' L : ‘ . o L A
The formaldehyde is broken down by hydroxyl radicals via
the intermediate formyl radical to carbon monoxide and water
(R 6 - 22 and R 6 - 23) [54] (p. 52): -
HCO+ OH—=HCO+H,0 . - R 6-22,
o i
o . _ |
HCO + OH -—=—CO +H,0 R 6-23.
In the tests, formaldehyde was not determined separately.
However, smelling tests in £hg.offfgas allow the ceonclusion
a N ‘

that the proportion of aldehyde in the off-gas was small. The
pungent odor of the aldehydes wﬁich is noticeable even at con-
centiations below 5 ;ng/m3 [88] occurred only in very weak form.
The formaldehyqe pértion in the off-gas ﬁas; however, in-
cluded in the sum total of the organically bound carbon measured.
This is mentioned specifically because the f£lame ionization
detector used in the analysis of individuzl organic components
did not - eveﬁ after ;eplacipg'the.sepafating column with an
enpty teflon tube - respond to fdrmaldeﬁyde. However, in the

flame ionization detector used for the off-gas analysis

-
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formaldehyde is also indicated. There is a linear relationship ' !

between the measured values and the formaldehyde portion in the

test material [100].

6.10. Effect of Rapid Load Fluctuations on the Burnout Degree

Because of the uncontrollable gas accumulation, the through- -
%

putvin elevated flares fluctuates strongly even over short pericds
of time. This state of operation could not,'as intended, be sim- _
ulated by the opening and closing of the quick-shut-off valve

(c£. Fig. 5 % 4) because this resulted in the rupture of the

safety disk in the main flare gas line.

However, because of operating difficulties in the plant, .
large and rapid load fluctuations did occur .in some of the
tests.

In the event of load fluctuations, the test program undexr

S way was, whenever possible, continued while the place.of sam-
pling was changed in accordance with the flame geometry. In
none of the tests were we able.tq detect an effect of the ;

i ' load fluctuations on the local burnout degree. ‘

Furthermore, as dgscribed.earlier;.we deterﬁined in the
tests the local burnout degree also under operating conditions

’ of the test flare which in actual. flare operation are hardly 5

encountered over. longer periods of time. This applies most

of all to theﬂflaring of gases produced during operating dif- .

<

ficulties yet with the operating conditions controllable.
Due to the broad scope of our tests, we therefore also in-

vestigated states of operation which occur transiently in the

The Language Center, Inc.
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case of rapid load fluctuations such as, for example, sooty

flames or flames burning with an excessive steam addition.

6.11. Nitrogen Oxide Emission from Flare Flames

The oxides of nitrogen of which here only nitrogen monoxide
and nltrogen dioxide are of interest, also constitute a group :i
of air pollutants whose emission has. to be watched in evaluatlng. :
a combustion plant. '
In the atmosphere near the ground, the formation of ozone
is due exclusively to the pﬁotolysis of the nitrogen dioxide [92].
Also when acting directly on the human and plant organism, nitxo-
gen dioxide is more harmful than ﬁiﬁrcgen'manoxide {93, 9%4]. . .
Nevertheless, the two nitrogen oxides cannot be considered sep-
arately since the nitrogen monoxide is oxidized in the atmosphere
£o nitrogen dioxide, in which case the reactigh in quesﬁion is
very slow unless a photochemical reaction mechanisﬁ is involved.
In the following, the term nitrogen oxides is always-under—
stood to mean the sum toﬁal of nitrogen monoxide and nitrogen
dioxide, calculated as nitrogen monoxide.

" 7he distribution of the nitrggeﬁ oxide volume portions at
the end of the f£lame is shown in Fig. § - 24, The distribution
resembles that of the other components such as can be seen, for
example, by a ccmparlson with the carbon dioxide volume portlons
which are also shown on the diagram. ' T ‘

Low'nitrogen‘oxide volume portions were also found in the

rest of the tests; the maximumm nitrogen oxide volume portion at

the end of the flame was of the order of 20 ppm.

The Language Center, Inc.
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Straitz [10] reports nitrogen oxide volume portions smaller

than 50 ppm, but it must be considered that in his test the

oxygen volume portions were smaller.

For tests verifiéd in Sect. 6.2.2. by way of the material
walance sheets, a specific nitrogen oxide emission. of ca. 20 g/GJ -
is obtained for flare flamés. This value is substantially lower
than that of other industrial gas firing systems [96]. Ia re- ! :
fine:y tgbe furnaces operated with'refinery‘gas as the fuel,

values of ca. 60 g/GJ were determined [97, 98].

. - ———— — ——_— . . [P

6 - - . -5

oy - . - .
ppm 7 °\\ | % -
1
*co,
- 0.5
0 -
s =162F/h §3=0S5kgtm® - h :

My /g =015kg/kg L=5m z=5m

s Fig, 6 -~ 24:; Distribution of the yolume porﬁions of nitrogen
S oxides and of carbon dioxide in a secant at the end of the flame
Test 01,010-~,045

L
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The small amount of nitrogen oxide formation in flare
‘flames is due to the low flame temperature whiéh is attributable
to the large excess of air.,  Because of the greatﬁtemperature.
dependence of the reaction of'nitrogen oxide formation (R 4 - 17)
according to the Zeldqvich mechanism, the formation of the _ -
major portion of nitrogen oxides in flames is tied to high tem—
peratures. In Fig, 6 — 17 ‘it had been shown that the maximum T
temperature in flare flames is of -the order of 1000°C. 1In
this temperature range the rate of nitrogen oxide formation
is, hqﬁever, very small [95].

 Furthermore, a comparison with the volume portions of _
nitrogen monoxide and nitrpgen.dioxidé at chemical eguilibrium
shows that at these temperatures still no sﬁbstantial nitrogen
oxide formation can be expected. (Fig. 6 - 25).

The low specific nitrogen oxilde emission refutes the notions

by Schwanecke [45] that in the combustion in elevated f£lares the
nitrogen oxide emission is larger than in the combustion in
closed combustion chambers. The dwell time necessary for the
cfacking of nitrogen oxides already formed is not needed in the , ;
case ofvflare flames; because-of the low temperature of the flare
flame far fewer nitrogen oxides are formed than in flames burning

inside‘a combustion muffle.

[
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7. Summary of the Experimental
Results and Conclusions

Figures 7-1 (a-d) show the Tocal burnout degree for carbon bound
in air-foreign substances and carbon bound in the gaseous state as a function
of the investigqated operating parameters, namely, the flare gas mass flow mg,
the flare gas density cga, the steam/gas ratio mp/mg, and the wind uq-

In addition, all lecal burnout degrees measured at the flame end
and downstream from the flame end are shown as a function of one operating
parameter in each of the Figures. Furthermore, the local burnout degrees
which are equal to and higher than 0.99 are assembled in the shaded bands,
and only those that are smaller than 0.99 are shown separately.

- ¥

In the experiments, the local burnout degree was determined in a
total of 1298 measurement points at the flame end and downstream from the
$lame end. As a result, the local burnout degree was found to be equal to or
higher than 0.99 in 1294 measurement points.. Only in four cases, a Tocal
burnout degree at the flame end was found to be smaller than 0.99, In one
case, this was attributed to an excessive steam addition (it is marked in the
Figures as a triangle). For the remaining three cases (marked by +), ne
correlation with the operating parameters was found.

al ;gg Go7777 777 58 meimunte £/ L L LLL L4 Fig. 7-1:

A - R T .

T A ‘ ' Local burnout degree as
""" 095 : : . a function of the
‘ T : ' ! investigated operating
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The local burnout degree was determined at 42 gas mass flows with
23 different flare gas densities. For the case of soot-free flare flames, no
correlation was found between the degree of conversion and the flare gas
mass flow or the flare gas composition. _

_ : For 114 tested steam/gas ratios, the minimum degree of conversion
dropped to values below 0.99 only at a steam/gas ratio, which corresponded to
almast a 10-fold amount required to eliminate the soot. Also, in the case of
sooty flare flames, the maximum emission factor is less than 0.01 for carbon
bound in air-foreign substances and carbon bound in the gasecus state. -

The wind velocity during the experimeﬁts was up to 6 m/s., In
this range, no unburned fuel was discharged at the flame end. :

: The éxperimental-results which were obtained during representative
field tests offer for the flue gas combustion in high flares the evidence
that : _

¢ In soot-free flare flames, the organically bound
. carbon of the flare gas is converted to carben
dioxide to at least 99%;

e the emission factor for carbon bound in air-
foreign substances and carbon bound in the
: gaseous state, independent of the optical flame
o picture (soot containing or soot-free), com-

s , prises a maximum of 14 of the organically bound
carbon in the flare gas; '

e the mass concentration of the organically bound
carbon at the flame end is less than 50 mg/m>,
even in the case of sooty flare flames;

e the bulk of the organically bound carbon at the
flame end consists of methane and acetylene;

¢ the nitrogen oxide emission of flare flames,
referred to the heat unit, is low.

_ 1t is, therefore, recommended that the proposal of the air speci-
- f#ication, allowing to proceed with a "conversion degree” of 75% during flue
gas combustion in high flares, be so modified that a conversion degree of 99%
could be considered in the future. ‘ ' '
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Fiaze cas analysis ' rest No. 01.010-.045
S X in &
o _
HZ i 69.3 @z = 0.55 }:g/m3
HZS . 1.3 |
CH, 0.04 gc = 0.36 kg' carbon .
: on m~ flare gas .
Cala
"CzE 5.5 .
58 6 vo = 0.65 kg _carbon
c3H6 0..0 m3 flare gas
i -~ 1.0
1 CLLH1O ; | -\
n-C,H 1.4 Q. = 0.14  xghvdrogen ]
4710 ol m® flare gas
i_C5H12 1.9 . _
- 1.2 Yy = 0.25 kg hydrogen
n-C5H12 . ) kg flare gas
- nn
C5 Isom. B
on
Cefs
nn
Cele |
- nn
C6H5 CH:5 _ |
- - nn
C6H5 CZHS _
N2 2.2

an: <0.01%
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zrnoendin 1 Shest 1 App. 1-4
Test No. . 02.00%-.085
Flare gas analysis :
T X in %
H, 17.8 Q% = 1.86 vg/m>
0.4 B
HZS .
CH 8.9 M= 42 /mol
4 | &
* 5.8 -
CZHS 0.06 . 1.5 kg carbon
CoHy, : gC = m3 flare gas .
nn ‘
C2H2 . . . -
21.0 '
C3H3 _ _ wa = 0.81 kg carbon
CéH6 0.06 ¢ kg flare gas
- 24.9 - = 0.32 kg hydrogen
n-C.H40 (&3 9y = 0.3 2
0.4 ' m~- flare gas
. - 1. ' .
. C5d12 ? Woo = 0.17 kg hvdrogen
H ‘ kg f£lare gas
L - I—’ 1.2 g 9
E - A |
' C5—Isom. 0.6 . /
0.1
CeHay
1.0
Cete
—CHo 0.2
- nn
. " 1.8
No
Iy
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czendin 1 Sheet 3 nEE. 2T- S ,
Volume portions of hydrocarbons and hydrogen in the off;gas--
§ )
Test No, 02 '
' L
Measuring ; . - . - ¢
object X Sample drawn at consec. No. ;
in .006 .042 ,045 .053 .065 ;9_7_§_'
CH,, ppm 26 32 a7 23 38 110 )
C,Hg . PPE  nn (. nn nn nn nn -
CZHLL : Ppm nn nn nn nn nn 9
CZHZ- .. pom 3 4 4 3 2 29 v
CBHB ppm 1 17 nn 2 1 1
" ppm o m mn . ma  ma '
i-C,H,q  ppm  nn 10 nn nn nn nn
n-C,H,q ppm 2 18 "1 2 2 3
1-CpHg PR mn nn non an nn nn
i—C5H1 2 PDm nn 2 nn nn onn on
n-CgH,, PPR  nn on - non nn nn on
Cg-Isom. ppm nn on .na  =n o nn -
" Celyy PPR - nn nn nm- - nn nn nn i
on : <1 ppm -
The Lanéuage Center, Inc.
e T o o e e T 3 - “--—_-"-l




zZppendix 1 Sheet 1

Flare gas analysis

. X in %
CHy 43.7
HZS 1.6
CH, 10.5
Colg 7.7 .
CZHh " 0.05
CZHZ _?n
CBHB 1.8.4=
C5Hg 0.3
i_chH10 3.5
n'F4H1O 5.4
1-C,Hg 0.08
i-CgHqp J4J3
n-CgH, o 2.2
C5-Ison. 0:3
CeHas R
CGHG nn
CsHs-CH3 ?n
CGHﬁ-CZHE nn
NZ nn
nn: <0.01%

Jut

TesE No.

]

1.12

25

0.87

0.78

0.23

0.21

The Language Center, Inc. .

kg/m3

“g/mol

kg carbon
3

B” fiare gas

—

" ¥ g carbon

kg fiare gas

k z hydrogen

)
R” flare gas

kg hydrogen

kg £lare gas

—
I

= —

i
!

3



Appendix 1 Sheet 1

Flare Gas analysis

X in %
HZ 56.1
HZS 1.5
CHA 11.6
C Hg - 9.0
C,E, 0.02
CZHZ nn
C3H8 12.8
c_J;H6 0.1
i"CL;H‘] 0 2.0
n—C4H1O 2.7
1 —CAH'B 0.06
i—C’5H1 2 | 2 .9
n-CgH, 1.5
'QB—Isomi 0.5
Cetlay -
Cefg o
C6H5-CH3 n.n
C6H5—C2H5 . B
N, - mm
nn: <0.01%

Test No.
gg = 0.81
M= 18
gc = 0,60
wc'¥0.7#
gH = 0.19
Wy = 0.23

N s S

03.040-.094

kg/m3

g/mol

kg carbon

m3 flare gas

kg carbon
Kg flare gas

k'z hydrogen A
3 .

m~ flare gas

¥k gz hydrogen

flare gas

The Language Center, lrec,
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bl

Appencim 1 Sheet 1

Flare gas analysis - Test No. 06.010-.174
Xin %
HZ 63.3 ._ Qco; = 0.59 kg'/m3
H,5 nn ' '
CH, 12.3 M= 13 g/mol ":
CZHG 10.2 -
CoH, 0.01 : QC = 0.43 kg carbon
. o kg flare gas
. CZHZ nn . , .
C3Fg 6.9 )
_ 'wc = 0.73 kg carbon
c3H6 0.04 C - kg flare gas
n-chH‘lO 2.3 gH = 0,16 kg hydrogen
. 1-cl}H8 nn m3_ Flare gas
ke i-C.H 2.4 )
n--(::5H12 1.2 kg flare gas

C5—Isom.A 0.2 e

CeHay nn
CgBg nn
CgHg~CHg nn
Cglg-CoHg . T2
N, nn

The Language Center, Inc,
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nppendin I, Efoocss R .
______ Flare gas analysis Test No. 07.055-.077
. Xin %
' o © 3
HZS on -
CH,, 10.6 | M= 18 g/mol N
" CoHg 6.0 - | - d
C.H ' 0.01 Q. = 0.60 kg carbon
2L 3¢ -9———'——3 .y
; m are gas
CZHZ nn
CoHg - 4.6 -
3 Yo ‘= 0.80 kg carbon
C.-,.;Hs . 0.1 : kg flare gas
i-ChH1o 1.0 .
n-C;Ear 6.7 3 = 0.1 kg hydrogen
5#10 s: 219 kg
an - m~ Flare gas
_____ 1—C4H8
i o E 0
i-C5Rq2 > “w.. = 0.20 kg hydrogen
n—C5H12 3.2 H‘ kg flare gas
C5-Iscm. 1.8 -
C6H114 nn -
CgHs~CH5 on
N, B -

L
]
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naix

!

e Shest 1 -
Flare gas analysis Test No. ps.ocl-llsz ’
X in %
B, - 55.T: - 9z = 1.1 .k?/mB
CH,, 11.9 M= 25 g/mol
CH 5.8 -
~276 .'kg carbon £y
C_H: 0.02 Q. = 0.86 -;g_?l_az_'e_gas - .
v2th o
CIZH2 nn ,
Cc.E 5.5 ‘
. 38 Vg = 0.78 !kg carbon
C.H 0.2 ikg flare gas -~
376 o : :
- 1.0 T ;
n-C. g 0.2 * . Q. = 0.24- kg hydrogen
410 5.2 °H m> flare gas
- o3 5.7
____ * CSH“IZ ) Wy = 0.22 . kg hydrogen
_ 8.1 kg flare gas
n C5H12 ' : E
Celay 11

CgHs~CHz - ™0

e <0.01%

“The Language Center; Inz. |
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. -
Appencix
L

Flare gas analysis

Xin %

H2 50.4
HZS nn
CH, 12.6
C,Hg 6.8 .
CZHh 0.02
Caila e
Csfg 18.3
CxHg 0.2
1i-C.H,g 0.4
n-CxHq0 0.3
_____ 1-C,Hg 0.1
L 1-CgHyp 3.3 .
n-C5H12 4,3
2 C5-Isom. 2.6 -
- Celay 0.3
CeH 0.3
; CSHE-CHB .Pn
CGHE"CZHB on
| N2 ‘nn
j
, -
B <0.0m

Test No. 08.133-.172

0.78

Lo
Q
u

0.78

0.22

1o
el
i

0.22

hf
i

;'Eg carbon

 xd

kg/m3

kg

, g/mol

kg carbon

: m~ flare gas

flare gas

hvdrogen

. g

kg

flare gas

hydrogeﬁ

xg

flare gas
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" Flare gas analysis

Hy '50.6
st 0.2
CHh 13.8
C,oHg 5.8 .
CZHA 0.01
C,H, no
C3Hg 1.8
C3H6 0.94.
1-CoHqg 2.2
n-C,Hqg 5.0
1-C,Hg nn
i—C5H12 L,7
n—C5H12 3.2
Cs-Isom. 9.8
C6H14 nn
Celg an
CeHs-CHs nn
CgHg-CaHs nn
N, 0.6
nn: <0.01%

Xin %

Test No.

o .
QG = 1.0
Q~ = 0.75
aC
0, = 0.22
oH
Wy = 0.22

The Language Center, Inc.

h
0
"w.
3

|

L

w

11.011-.105

kg/m3

g/mol

-

kg carbon __ .-

m~ flare gas

-

kg _carbon -
kg f£lare gas

- kg_hydrogen

m3 flare gas

kg hydrogen

‘kg flare gas
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! - ' Test No. 11

Measuring
i object

. CHy
CHg .
C,H,,
CH,
-

Heg

H - Cy

n-C4Hq0
1-CHg

1-CcH,,
n—C5H12

AR

"Gy

CRprendis 1 sheozt

My

bpn

PPm

pPm
ppm

prPm
- bpm

ppm
pPPm
PPm
ppm
prm
ppm
Ppm

L ) nn ¢ <1 ppo

Sample drawn at consec. No. )

s

iy

l“
t

o . Volume portions of hydrocarbons and hydrogen in the off-gas

»

Coordinates not known

370

&0
180

B

135

Lo
55

1

g

B

EB wbB b w

740‘ 120
5 =
150 10
335 35
5 5
- -
nn nn
.5 nn
on ‘nn
nn nn
10 nn
nn on
nn nn

The Language Center, Ine., |

!
i



w4
u
l’rJ
]
1
n
l.l

J
=
w
s 2
1

(]}

el

I

Flare gas analysis

X in %
i, L5.4
325 nn
CHA 10.3
CZHB 4.8
Cofy no
CZ"Z nn
C3H8 4,2
C3H6 nn
1i-C Hag L.t
n_C4H1O 12.1
1-C458 na
inC5H12 2.8
n—C5H12 3.8
Cs-isom. 3.5
Cetay =
C6H6 nn
CGHB—CH3 ?n .
CgHg~CoHs an
Np 7.5
| H,0 1.7
on: <0.01%

M

-}
18
M

r
H
t

Test No.. 12.030-.034

1.16

= 26

= 0,83

g.72

0.22

il

= 0.18

kg/m3

g/mol -

i

=

~Aarhmn

H
Y |

-

flare gas -~

Xg carbor

flare gas -

hyérogen

B
tHy

lare gas

kg hydrogen

kg flare gas -

The Language Center, Inc, |
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Test No. 12

Measuring b o

cbject
in
CH,, ppm
C Hg . PPm
C,H,, PPR
CHy pom
C3H8 ppo
CHg DFR
-C4H1O prm
n-CE4q ppm
1-CHg ppm
1-CoHyy Ppm
n—C5H12 pro
C5-Isom. prm
CgHayL pPm

Aoosnanin L Sheet

T4
"
'

Sample drawn at consec. No. ' -

.032

‘115
15

15
L5

85

E .

B

=034 T
2L0
5 -
20 |
100 : | -

The Language Center, Inc. |




— Flare gas analysis Test No. 13.001-.020
iy x_in % | . . - - .
" o . 3
HZS nn . . |
CH,, 13.9 . . M= 17 g/mol
- LN
C Hg 6.5 . , L
C,H 0.02 "QN = 0.57 kg carboen
244 : . &€ 3
an _ . . . m~ flare gas
CH, : : -
CBHB 3.3 . ‘= 0.76 ' kg carbon =
Cc_H 0.1 ¥ = ¢ - kg flare gas
36 '
n-C,H 2.0 Q.. = 0.18 kg hydrogen
470 of m® flare gas
1-CpEg nn :
..... i‘*“'C--H 501 ° .
572 Wy = 0.24 kg hvdrogen
n'C5H12 5.6 kg flare gas
Cg-Isom. 1.5
Cefas oa
Cetis =
C!sHs-—CH3 m
CgHg~CoHs oo
N, nn

B . nns <_0-01%

The Language Center, Inc. |
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-

e

TASPGnU AL 4 Tineee 4
=loc¢ gar omalvsis
Xin %
H, 63.4
ne  .m
dHﬁ 12.3
.CZHG 4,8 ,
C2Ry i
) s
CBHB 7.6
- CgHg | 0.01
1-CuH ‘2.0
n-CuH, 4.0
1-C,Hg oa
1-CgHyp 3.3
a-CoHy, 1.4
C5-Isom._ 043,
CGH1h_ ) nn
CSH6 on
. CgHg-CHy nn
CGHB-CZH5 nn
‘NZ S nn

]
“

an: <0.01%

Jyi

i

- 0.72

16 °

- 0.54

0.75

0.18

0.25

The Languag= Centar, Inc.

kg/m3
g/mol

kg carbon
3

‘m° £lare gas

-
e

‘'kg £lare gas

-

'kg hvdrogen

m> Flare gas

-

kg hvdrogen

kg flare gas
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’ 1-randiy 1 Sheet 1
.'Flare gas analysis Test No. 15 Soet
, Xin % . 5
H 534 Qo = 1.0 kg/n®
2 b ' G . R
HZS 0.1 |
CH, 11.5 M= 22 g/mol
i . CZHG 7!3 .- - . . *t‘,‘
= .78 kg carbon « .
i _ m~ flare gas
CoH a2 >
C.E .. 6.0 . o :
38 Vo = 0.78 kg carbon’ =~ -
C3LH6 an ' kg flare gas’
1-CpH40 o7
n—CL}H..lO. 8.5 gH = 0.22 kg hydrogen
1-C,H, " nn m- flare gas )
478 _ _ -
. i"C5H12 6‘3 — . . .
' 4.4 - Wy = 0.22 kg hydrogen
n-C5H12 T . kg flare gas
CgHas R
C6H6 nn “ B}
© CgHg-CHs o ) .
Nz _ nn -
3 ' - :
i ¥ ’
ma: <0.01% - |
P : S ' |
. : . . i
- . The Language Cénter, Inc. j
T e S — —— —
1.
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Zppendix 1 Sheet 1 -+

‘Flare gas analysis Test No. - 16.001-.089 .
X in % .
' | o o3
H, 588 . Q- 0,77 LE{!_J_:
H,5 R
CHL; 6.7 . He= 17 g/mol |
. .0
: = 0. kg carbon - *
CH, ma o kg eamaon -.
- . . m- flare gas -
Coly o o
CSHB he3 . = 0.60 xq carbon
‘o kg_carbon .
C3H6 : nn : _ . kg fla:r.:e gas
_ |
n-C,H 6.8 Q= 0.16 . kg hydrogen
. k™10 . °© m3 flare gas
s 3C5Hqp 1.8 “wy = 0.21 kg hydrogen
""" -C.H 0.6 kg flare gas
I C5 12 u- *
Cs—-Isom. 0.3 - .
Ceflay
. . nn .
C6H6 | .
- on
CgB5~CaMs
N, 1.4 .
HZO 1.8 -
nn: <0.01%
) The La;'tguaga Centear, Inc.
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Acrendin 1 Sheet 3
Volume portions of hydrocarbons and hydrogen in the off-gas d
Test No. = 16
Measuring X Sample taken under Consec.No. . 5
Object ' '
<= i -Ob22 .033  :033 ) -t
Hz . % 0057 0049 O.ALP et
cn,'_‘ ppm 915 775 520 .
CoHg . . ppm 140 145 120 )
Col,  pem . ™ 120
C C.H, ' ppm 290. 205 100
) . . an nn 130
nn on -
_______ CBHG P ?n - o
nn - o 8
i-CHyo PR
. 8-CuBg " opm - mn 175
* 1-ChHg - PPU e - = -
. i-CH,, PR ™ = =
C'5-I‘somg ppm nn o nn
Cegiqy  pPR 7% o =
mm ¢ <1 ppn

The Language Center, Inc.




Volume portions of hydrocarbons and hydrogen in the £lame

Test No, 16

-

L}

v -

-Sample drawn from consec. No.

.092
18.82
1.68
0.81

1 0.51
0.03
0.57
0.30
0.03.

: 0-37-
. 0.76

c g8 -

" 0.22

' 0.06

repmros
in
H, 4
CHy, o
CoHg %
C2H L b
CE, 5
CHg %
CHg %
1-ChHqq %
n-C E.q | %
1-CyHg i
1-CgH, 5 T
n—C5H12 5
C5-I§cm. %

nn, '

.092

16.46.

3.96

C0.74

2.18
0.07

0.2

0.68
0.09

0.16 |

Tonan

EE B

.095 .095
16.46 15.9.
1.23. 1.20
0.75  0.73
0.13 0.13
0.08 0.08
0.61  0.60 i
0.04  0.04
0.42 °  0.42
0.90 ~ 0.88
0.30 " o.29
"0.12  0.11

'-o.b9 _ -0.07

The Language Center, Inc.
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rpp. i1-34 = '
Appendix 1 Sheet 1 i
Flare gas analysis ) _Test No. '17”-.-‘-0.01"-051
Xin'%
. ‘ o
HZ 64.1 . ' QG = 0.61"‘ | kg/mB -
CHL; Tk M= 14 g/mol . >
CZHS . 5..3 ’ . bo
) . . _ . car
CoH, on g =036  SE———
an . R Y : m- - flare_ gas -
Cola _ SN
h.z .
CBHB _ ) Ve - 0.60 kg carbon : -
C.J'.HG | ' np. kg flarg_ gas ..
i—CAH"O 1 07 ‘ R
n-Cz,Hw ) 5.8 . QH = 0.14 k% hydrogen
..... . : - Q - m
‘FC - . n flare gas
PR, . h 8
1-C5fiqz | 2.2 = wI; - 0.20 kB hydrogen .
n—C5H12 _ "1 o1 ' ' kg flare gas __
Cg-Isom. =B -
CSH6 mm
CglisCoHls . . 70
‘ 11 02 - I3
. NZ e s .
The Language Centér’, Inc,
1
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Appendix 1 Sheet 3

Volume portions of hydrocarbons and hydrogen in the £lame

Test No. 17

Measuring %
object: - 4 Sample drawn- from consgc‘.' Na. . ':
. im  .006  -.005 '
H, - % 27 - b7
CH, - % 2.50 - 0.84 :
CoHg . 1.50 o b
CoHy 5 0.32 0.18
C H, % 0.14 0.10
CsHg ‘}v'_ 0.31 on
C3fig o 0.14+ = 2‘
""" 1-C)Hqq % 0.56 nn f
n'CAHﬁO % - 0.79 nn
1-C,fig % lmac [ .omm
icH, % 055 =
n-CgHy5 % . 0.29 nn
Cg-Isom. % nn .on
. CGH.“_} % nn - on
mn: <0,01 %

The Language Center, inc.




Supplement to Appendix 2

i | Calculation .0f the combustio

given:

J

/
Ve "in kg Q/kg Gas
Wy in kg H/kg Gas
IB.G- in kg/b
\‘Ioou.t in m°/h
W, 1w
: ' Mc 2
oo) xNZ(L)
= 1 1 + == mw——
o' 2
X, (@
= lo M

C -

i

¢ out o . .
3} VU - Vg ¥ lo _ Lo
- lo. 10

[P /xg]- |

n air- and off-gas volume flow and’l

of the oxygen volume £low with the aid of the combustion eguation.

-

[°/xg]

/ﬁB/h]

[+3/xg]

[ﬁ-”/hf |

The Language Centar, Imc. |
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calculation of the mass concentration of organically bound carbon

at the end of the flame as a function of the degree of conwersion.
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to Fig. 6-7: Distribution of the temperature in a horizontal
plane above a flare flame burning in a cross draft
Test 06.010-.143

Y to Fig. 6-8: Dlstrlbutlon of the temperature in a horizontal
plane above a flare flame burnlng in a cross draft.
. Test 03. 001-.039 .
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Fig. 7-8. Flame length for city-gas and natural gas, with
allowance made for segregation. -

and C: up-draft-free 1imit for natural and city-gas

and D: up-draft—affected.limit for natural and city—gas
and 5: asymptotic egquation without up-draft (7.3-1)
and 6: asymptotic equation with up-draft (7.3-2})

and 4: generally valid equation (7.3-3) '

W w Y

The diagram was taken £rom:

Y. Lee, -"The course of combustion in up—draft—affectaﬂ flames
with and without the effect of wind".

' pissertation, University Karlsruhe, 1977.
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Pressure at the flarejectors (PI '123) as a functlon of the steam
mass flow (FI 121)

- FI 121 P 123 PI 121 ° TI 121 .- PI 122 _ X

kg D/b bar bar °c ‘bar i i
100 1.9 13.2 ‘192 2.0
200 2.3  13.2 191 2.5 .
375 . 3.4 13.0 191 3.5 . -~
450 4,2 12.9 191 . 4.5 ‘
500 4.5 2.9 . 191 5.0
600 5.5 12.7 191 6.0
725 6.4 12.54 - 190 7.0
875 7.3 11.9 189 - - -8.0
1025 8.2 1.5 187 9.0
s 1225 . 9.1 10.9 186 10.0
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Appendix 7 Analytical Methods
A.7-1. Gas—Chromatograohic Determination of the Flare Gas-—

and Orf-Gas Components and Preparation of the External
Standards for their Quantification

The gas samples drawn at 0 111 and Q 213 with gas-collecting
tubes were worked up gas-chromatographically. The gas-collecting
tubes were connected via a -~ 10 cm ldng teflon line (¢i = 4 mm) L
to the gas sample inlet of a gas-chromatograph. The gas loop
had a volume of 0.25 ml and could be switched into the carrier
gas étream via a 6-way stopcock.

The feeding of the sample is sketched in Fig. 7-1. Via a
reservoir mounted higher than the gas-éollecting tube, acidulated
water was forced froﬁ below into the collécting tube and sanpling
gas was passed into the gas loop. After the elution of approxi-
mately 56 ml sample gas, the gas loop.was switched inte the
carrier gas stream,

The operating conditions for the gas-chromatographic
analysis are.iisted in Table A.7-1. For all the analyses, a
packed steel column with an i.d. of 2.2 mm was used. The
detectors were connected to an electronic integrator with liné~
recorder.

For the evaluation of the test results, the volume portidgs
of the components were needed which - after the calibration - were
calculated from the integrator values.

for the calibration, gas mixtures were prepared in gas-
collecting tubes in which the volume portions of the components

could be calculated according to Dalton's partial pressuzxe law.
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analysis.

Separating column

Carzrier gas

Fuarnace
temperature

Detector

App. 7-2
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Proportioning Loop

Table A.7~l1: Opera

Measuring objects

Spherosil XOB 075 10% C
Chyom

Aliphatics

3.5m

x: 20m1 /min
s0°¢c
" FID

FID 120°%¢

Aromatids

Se5m

arbowax 20M
W AW=DMCS

N, 20ml/min

isothermal 95°C isothermal

Pi-., A.7~l: TFlow diagram for introducing the sample‘ in the gas~
chromatographic analysis

ting conditioss in the gas-chromatographic

2y Ny

o
Carbosieve B -
NZ 15l /zin He ~
50°C isothermal
ge’c - —

120° wLD
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App. 7-3

These gas mixtures were worked up like the gas samples drawn
in the tests.

The preparatlon of the gas mixtures is sketched in
FPig. A.7-2,

A gas-collecting tube was evacuated with a vacuum pump
three times and each time filled w;th hydrugen in order to
remove the air. Then, ~after the evacuat;on, the tube was first
filled with hydrogen up to about 200 mbdr and then with the com~
ponents in a&cordance with the desired volume portion. Th.
total pressure which was chosen equal to atmospheric pressure
was adjusted w1th hydrogen. The pressure in the gas-collecting
tube was read on the manome texr and recorded by hand before and
after the addition of a component., As +he manometer, a precision
manometer with a measuring range ©f 0 to 1.6 bar was used. The
reading precision is given by the manufacturer (Wika) as ¢ 0.1%.

. The measuring objeuvts are listed below.

1. methane 9. n-pentane

2. ethane | 10. i-pentane

3. ethéne | | 11. benzene

4. acetylene 12. toluehe

5. propane 13. ' ethyl benzene
6. propene 14. hydrogen

7. n=butane 15, 'nitrogen

8. i-butane
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the Merck-Schuchard Ca;, the components 9 t2 13 from the Merck co.

and the components 14 and 15 grop the Mesée:-Griesheim C3. The
Components 1 to 8 apg 14 and.ls.ﬁere, after flushing the line
with the respective-ccﬁpcnent; allowed to flow inté the.gﬁs--
collecting tube. Caméonents‘s ®2 13 wers introduced into the

- gas=collecting tube with 2 syringe via the Septum.

According to Dalton, the ratig of the partial Pressure of
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The volume portion of the ccmponent can, therefore, be

calculated f£rom the pressure difference. ‘
The pIOCess parameters were determined for hydrogen, ethane,
propene and n-pentane. |

To this end, gas samples were prepared.with a'fferent vol-

ume portions as listed below. |

xin % . %X %« %

m,  bko.2 LB s0.7  55.3  60.3
C,Hg 5.9 2.2 15.1 20.4  24.9
.c336 4.8 9.8 14,9 20.1 25.0
Chyp 3.9 b1 b.B 6.4

For each sample, we first determ.ned the standard deviation
of the gas-chromatpgraphic analysis from 4 repeat measurements.

The standard deviation

‘ $a2 - Ak

"n -1

gave for all the components a value smaller than 0.25%, based

on the respective absolute value.

In order to be able to make 2 statement concerning the de~
gree of the relation'between the volume portions.calculated from

the pressure differences Xy and the integrator values Ai, we
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