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1. The factors studied

Performance trial no. VII was carried out to examlne the
effect of the following factors, each at two levels, on the
radiation of flames:
A. type of fuel (oil and gas),
B. momentum (1000 g and 1500 g)..
C. combustion air quantity (110% and 140% stoichiometric),
D. combustion air temperature (100° Cand 650° C).

The main purpose of the experiment was to study the effect
of factor D (and its interactions with the factors A, B and C)
on:
Rq, the vadiation of the flame alone,
RQ, the radiation of the flame + the hot refractory,
Ry, the radiation of the hot refractory (all three in

cal cm-esec'q) and = : '
R2 - R/i
e = 1 - —————_  the emissivity.
"3

These effects will be analysed in this report, whereas
a number of questions concerning a.o. the temperature and the
amount of carbon in the flames will be discussed in a second
report, 6

2. The observations

By varying the variables A, B, C and D we get 1@ combi-
nations, each of which gives "a flame". Each one of these 16
flames was produced on two different days and on each day ob-
served at two different times. Moreover the observations on
R1 and R2 where made once while the instruments were moving
up and again as they were moving down along the slots in the
wall of the furnace. From R2 only the maximum values are ana-
lysed, from R1 also the values integrated over the slots were
at our disposal. The flames were observed at the slots number-
ed 2, 3, 4, 5, 6 and 7. In table 1.1 an example is given for
flame 1 (0il, 1000 g momentum, 100% combustion air of 100° ¢)
at slot 2, as far as the radiation is concerned.

The e values are calgulated from Rq—max (average of up-
and down-reading), R,-max (also averaged over up and down) and
RB'

Because 1t was not possible to examine the flames according
to the designplanned beforehand, day-effects or team-effects on
the result if present are difficult to detect. Fortunately in
previous experiments the team effect has been found to be rather
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small. For that reason we did not take into account a day- or
a team-effect in the models described in the next section.

Table 1.1
Example of the observations
flame!slot! date time |team | 1 inte- | R, (max) Ro (max ] R e
grated 3
Ul Joun up down | up |down
1 2 1 27-6-55 14,471 B | 6.4 625 7.2 7.1]8.9] 9.1]6.578|0.72
1 2 | 27-6-55/16,44| A 6.2 5.9 |6.9|6.9]8.6| 8.3(6.578/0.76
1 2 | 28-6-55/19.50| A | 6.215.3 |7.456.9|8.3| 8.216.317/0.83
1 o | 28-6-55/21.10 A |5.5|5.3 |6.35 6.4)8.8| 8.5(6.508{0.66

3. The mathematical models used
First the observations at each slot are analysed separately.
For R (mean and maximum values) and R2 the following model is

proposed.,

(3 '1) Ljéfrnho“/a‘ 7"'/’% ///6‘/ t/bc’,é +/¢<_La */ML/ 'f;/“t,,é
AL C ’L/(’(’./'é.. ’L_/”‘] 4. F A e ‘('/a‘t}/‘/é_. ,,_/(,f_‘_/..e‘
A T RE T L Oﬁmun«*'gyég% +

‘ 7"5.;:/‘/;6710‘/'.?.{/'45%%0; 1)
where

1 = 1,2 (A-effect),

j = 1,2 (B-effect)

k = 1,2 (C- effect)
(3.2) { 1 = 1,2 (D-effect),

m= 1,2 (up-down)

n = 1,2 (date),

o= 1,2 (time).

The parameterg/bcwith one index represent the main-effects,
those with two indices the first order interactions, etec. All
these effects are normalized so as to make the sum over each
of the indices equai’to zero:

Z,u ZA =0, etc.

R e

1) Random variables are denoted by onderlined symbols.
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We suppose that-gijkln’-gijklno andlfijklmno respectively
are completely independent and normally distributed with
means zero and varianceszgﬂ 0;fand 0% respectively.
The validity of these assumptions has not been tested but it
is known from theoretical investigations that the results of
the analysis of variance, especially in the case of the so-
called 2p factorial design used here, are falrly reliable
also when the assumptions are only approximately true, So the
azﬂ 0;1<indcrzare the variances which cause the variation
respectively from day to day ("between flames") and between
two times of observation ("within flames") and between two
observations at almost the same time ("rest-variance"). The
model (3.1) is a so-called "mixed model". A more extensive
description of the applied methods and the underlying assumptions
may be found for instance in MOOD (1950), Chapter 4.

The scheme of the corresponding analysis of variance is
given in table 3.1 (p. 4).




Table 3.1 Analysis of variance of R“I and R?

\Srggri‘giigi o?e?iiiiom Sum of squares Expected Mean Square
A i §A=6q‘Z(£¢......—-?£ ....... )J' ég Z/ﬁ +4/a‘2+.zc7 + T2
. .
A;FB 1 San 32% (?Scj' _____ - NN P SR ) 3z§/c * TG4 2R ot
AxBxCxD 1 SABQDZ 8d%<ﬁ Q&'-Cjké. SESTTNES P & 'Z—'Zf’ujféf' YT 2GR L T
LN RN Ly) »
— Xkl X gkl FEG.. XL
S-SV . 397 SN N NN FEoke..
~Zp L =Fj L =FEk. e X )
up-down 1 S, = by ; (x -X bh by ,Z,‘/“Lw. e
between b S 2 :
£lames [ ___b = ,/,/:f (xLJllce n. ?_CLJke..) 57/021 *20;:‘ 1"0—2'
2
within flames 32 §W = o Lo (gg‘}-u‘m - Ecﬂcem.) 20} ot
, _ X .. - Vs
remainder 32 § o L_}J_)k’e)w’h,o C—ijfmmo -—(,/[(_61’?\’?\. ot
":ECJ'lcE.'hO + itgj'ée.%.)z
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A dot means that the observations have been averaged over
the corresponding index (no such meaning is to be attached to
the data of the unknown parametersjﬁwn_ etc; in that case
the dots only serve to indicate which factors do not influence
the value of the parameter in question).

From this table follows that the factors A,B,C, D and the
interactions between these factors must be tested by dividing
the corresponding mean sum of squares by the mean square
"between flames", whilst the up-down effect must be tested
agalnst the error term. At the same time it 1s seen from the
table that the test-statistics for the hypotheses Uf;zo and

0 '=0 are
32 8y 32 8,
and respectilvely.
716 §w 32 S

Por R3 no restrictions between up- and down—yalues can
be made and in consequence only one measurement ls available
for every flame. The same holds for the e-values which are
computed from the observed values of R3 and the averages of
the up- and down-values of R1 and RQ. Thus the index m can be
omitted and the model takes a somewhat simpler form:

(3.3) Lijklno = ptotptiikt RE klnt Efllmo

where the variances of £. and are respectively

. £ ..
=ijkln =ijklno
equal to olland o;* . The latter variance is the sum of the
variances ¢ 'and ¢*of the previous model (3.1).

The sum of squares between flames, §b is in this case

(3.4)  Iy= zdﬁe N TN

This sum of squares has 16 degrees of freedom and the expec~
tation is given by

(3.5) f;ﬁb: /6(2%2+072)

The effects A, B, C and D and their interactions have to
be tested against §b’ The variance between flames is fested
against the error-term

(3.6) :§= s%;efk(g£/E€%0"Kd/k€1~)i

which has 32 degrees of freedom.
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The analysis described so far has one drawback, namely the
dependence of the results for the different slots, as the
{jklno M the model (3.1) are the
same for all slots. In other words: when a flame gives a high

random terms éijkln’ and &

radiation in consequence of a factor not under control, the
radiation is high at all slots. The model (3.3) shows the same

picture as far as € is concerned, but & i jk1no 1s the sum

of the variationcﬁ‘éﬁgl?lame(variance o:2), which is the same
for all slots, and the error of observing(ﬁariance V{), which
we may assume independent for the different slots.

For that reason another analysis has been applied accor-
ding to a general mathematical model for all the slots to-

gether., For R1 and R2 this model reads as follows
(3'7) -:Esdj'kfmho=/"’+_/"s ..... A +/U'..J'... A kAL
M m P s T st A kL

-»L,,./”séd'- o +/,u,"~/%gl + /{"sz,'/',é_. Fo A gﬁ/'/cé.

+/UL5°'0«"[<£- A T f‘-[{/’/c@u "'gc'a:'/cfko + gsc'dz'.éé%hm
where the random terms € are all normally distributed, indepen-
dent one from another, with mean values O and variances 0“1,0;1
and 0% respectively. The suffix s runs through the numbers
2,...,7, according to the six slots. Because the existence of
the up-down effect and the presence of the variance within
flames can be demonstrated clearly by means of the analysis
of the separate slots, the further analysis has not been based

on the observatlons,xsijklmno, but on the averages
3-8 g v ol '-L Z Lot A .
( ) : S%Le% "‘/th>e —SchthO

For the averages the model (3.7) reduces to:

(3.9) Bscjlbn = M A Mg o+ g g e
’f/‘“.-..(_’ "'/“Sa'..."‘""’l'//“’,..éé
7L,""L ' P ;
S Sta‘-‘. + “'L,/“--d/éf

Freigh o AR s

7 _Z._L/L‘em + ZTSL.}'LZ’)W 9

where
1

- \
and
: 1 -2
The corresponding scheme of the analysis of variance is given
in table 3.2.




Table 3.2 Analysis of variance of Rq and R3’ all slots together

Source of degrees
variation lof freedom Sum of sguares Expected mean square
2 /28
S (stots) 2 Se= 1204 (2 -z..) T oLt +ot
A 1 Sp=3042 (zy -x. ) 304 T i} 429 ner?
- 2 < i)
AxBxCxD 7 Zancn = (/é’éjz.,u (rLG,fcé —Q?L;,,é Al ) ?Cpﬁg;:k g/”‘-c;’él + 2407 % 120 >
_ 6 - - x . 2 2
S%A 5 §SA = qs,Zc-(zcsi, x X, o~ X ) és,z:/“fd--- #ot
SKAXB)(&D 5 & — )2 ! 2 2
—SABCD T sc;%e (2?571:& L. .. 55,1.;/;&,4/“5%/'“4 * T
between
, 2
flames /5 24 = 2y 5;;;4% (29.5/'/(4% - &'—.L'J'/fz.) 2T G et
remainder do §,—_— 7 Z ot
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So all the effects in which the slots are involved have
to be tested against the remainder term, the other effects

agalnst the sum between flames,

For R3 and e we get the same table for the analysis, now

based on the averages of the two observations on

gach flame

instead of on the averages of 4 observations. Operating the
averaged values (3.8) results in a remainder term with 80

degrees of freedom in stead of 352. The power of

the tests is

however only slightly diminished by this procedure (cf
E.S. PEARSON and H.0. HARTLEY (1954) where charts of the power-
functions of the analysis of variance test are given).

4, The results

In tables 4.4, 4.2, 4.3, 4. 4 and 4.5 the results of the
analysis are gilven. The figures give the estimated effects
of the low level of the independent variable (oil, low momen-

tum, 4110% stoichiometric air, 100° ¢), as far as
are concerned: 4, , Ay etc. If we denote
of the factors with a + sign and the high levels
all interactions get also allocated a + or -sign
cation of the signs of the factors involved. The
tabulated are those which have a + sign attached

the main effects
the low levels
with a~sign,

by multipli-
effects

to it (such

as M, 5 Maq, . o My, ete). The effects have only been given
for the slots separately and for those effeects which show
significant results. The roman figures denote the levels of
significance as follows: I. probability of 0.05 to greater
than 0.01, II. probablility of 0.01 to greater than 0,001,

III. probability of 0.001 or less.,




Table 4.1 Results of the analysis of Rq, maximum values.

. model (3.1) model (3.9)
effeiz: 8 2 3 4 5 6 7 Total %?E;riigégﬂs
A +2.74 III| +3.79 III | +2.45 IIT +1.0% IIT ! +0.14 0.4 IIT 111
B +0.10 | +0.39 II § +0.57 IIT| +0.53 III | +0.20 +0.07 III IIT
¢ -0.13 P +0.12 | +0.52 III| +0.78 III | +0.71 III | +0.51 IIT | III 11T
D -.88 III | -0.81 III | -0.68 III| -0.60 III | -0.53 III |-0.57 III | III I
AB | +0.10 | +0.40 IT | +0.62 III| +0.4k IT | +0.02 ~0.03 IT ITI
AC ~0.22 II | -0.15 140,31 I | +0.50 III | +0.37 II |+0.16 III
AD -0.44 IIT | -0.43 IT | -0.31 1 | -0.31 1 |-0.15 -0.08 I I
BC
BD
¢D
up-effect +0.05 III | +0.01 +0.05 III| +0.08 III :+40.04 IT {+0.03 III
0.38 III | 0.4 IIT | 0.63 IITI| ©0.63 III | 0.50 III | 0.35 II
0.20 IIT | 0.32 IIT | 0.33 IIT | O.40 III | 0.28 IIT | 0.3% IIT
0.15 0.14 0.08 0.14 0.14 0.08
total mean 5.37 7.32 5.91 4.78 4,04 3.78




Table 4.2 Results of the analysis of R,, integrated values.
Slots Interactions
o frooTs 3 5 5 7 Total | \Sth slots
A +2.01 III | +2.60 III | +1.21 III | +0.46 III | +0.12 -0.10 IIT III
B +0.04 +0.36 I +0.31 I +0.,29 II +0.12 -0.02 iT IT
C -0.02 +0.21 +0.42 IT +0.43 IIT | +0.28 IIT | +0.37 III 11T IIT
D -0.64 TIT | -0.51 II -0.41 IT -0.39 III | -0.25 II -0.4%0 III IIT I
AB +0.01 +0.42 II +0.41 1T +0.23 I +0.06 -0.14 T I 11T
AC T
AD -0.22 I -0.28 I -0.26 I -0.12 +0.12 +0.07 | III
BC §
BD i
cD -0.21 II :
ACD -0.23 II
ABCD -0.24 1
e i
‘up-effect +0,06 TII | +0.03 I +0.06 III | +0.09 III | +0.03 II +0.07 III
0.4% 11T 0.72 III 0.61 IIT 0.36 T 0.36 IIT 0.35 II
0.24% 1II 0.17 I 0.25 IIT 0.44% TIT 0.18 III 0.21 III
0.15 0.19 0.13 0.20 0.10 0.10
total mean 4 .59 5.79 L. 45 3.66 3.19 3.28

...OL...




Table 4.3 Results of the analysis of RZ’ maximum values.

e . : : : 1| rotar |megractions
A [ +1.30 IIT | +1.90 III; +0.99 III | +0.09 20.4%7 11 | -0.AW 1ir | 1III II1
B L 40,11 | +0.15 +0.28 I +0.33 II | +0.31 I +0.09 I 11
c L +0.12 +0.23 I +0.49 TIT | +0.86 III | +0.90 III | +0.82 III | III 111
D | -1.48 IIT | -1.41 IIT| -1.%0 IIT | -1.48 IIT| -1.44 ITT | -1.53 IIT| III
AB f III
AC -0.32 II | -0.33 II | -0.09 +0.10 +0.08 +0.00 111
AD
BC |
BD |
CD ,
up-effect | +0.04 T +0.06 III! +0.06 III | +0.11 III | +0.04 IITI | +0.02 III
0.45 IIT | O.44% IIT| 0.A0 IITI ! 0.50 III| 0.71 III| 0.48 III
0.22 III | 0.25 ITI| 0.30 ITI | 0.28 ITI| 0.25 III 0.26 III
0.17 0.16 0.08 0.10 0.11 0.07
total mean 8.82 10.75 10.29 9.93 10.17 9.95

_LL’_




Table 4.4 Results of the analysis of RB’ mean values.

, model (3.3) model (3.9)
el | ; ! 5 : 1| Totm | Iaperactions
A +0.06 +0.08 -0.01 -0.25 I -0.49 IIT | -0.58 III IIT
B
C +0.40 ITI | +0.%3 IIT | +0.58 III | +0.72 III | +0.76 III | +0.79 III III 11T
D -1.20 11T | -1.29 III | -1.35 III | -1.37 III | -1.37 III | -1.36 III III III
AB
AC
AD
BC
CD I
0.48 1II 0.47 1II 0.55 III 0.56 III 0.54% III . 0.57 III
0.19 0.25 0.22 0.19 0.28 0.24
total mean| 7.36 8.00 8.68 9.19 9.71 9.96

.-8!/—



Table 4.5 Results of the analysis of e, the emissivity.

L
it | B3 u s : 7| oty |Imteractions
A 70.198 1II| +0.2%4 III| +0.165 IIT | +0.084 III| 40.028 II | +0.011 IIT IIT
B +0.008 +0.037 III| +0.042 III| +0.037 I | -0.006 +0.003 II IIT
C -0.006 +0,014 +0.04%0 II | +0.037 I +0.034 III| +0.018 iI 11
D v
AB +0.008 +0.035 ITTI @ +0.044 TII | +0.027 I | +0.007 +0.001 II III
AC -0.003 | +0.002 40.030 IT | 40.035 I | +0.021 T | +0.014 I II
AD | § |
BC : §
BD
cD i |
0.020 | 0.041 IIT | 0.054 IIT |0.070 III | 0.032 I 0.064 III
0.036 . 0.036 0.023 0.033 0.038 0.016
total mean| 0.529 % 0.567 0.491 0.439 0.374 0.380

"EL-
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5. Conclusions derived from the tables 4.1 - 4.5

Considering first the tables 4.1 and 4.2 we see that
the results of the maximum and the integrated values of R1
are nearly the same. It 1s seen that the oil flames give
more radiation than the gas flames,mainly in the first part
of the furnace. The effects of the B-effect (momentum) and
the AxB interaction are approximately equal, This means that
this effects more radiation with a low momentum at the slots
3.4% and 5 is only present with the oil flames. There it is
the sum of the B and the AB effect. With gas flames we have
to give the AB effect a minus sign and no effect is left.

The C effect on the maximum radiation is most pronounced
with oil flames as can be seen from the C and AC effects, At
the chlmney-end of the furnace an increase in the amount of
combustion air causes a decreasing radiation. An increase

in the air temperature gives an increase in the radiation at
all slots. At the burner end of the furnace the increase is
greater with oil flames than with gas flames,

A slight up- and down-effect has been found in this sensc
that the up-readings are systematicalley higher than the down-
readings to the amount of about 2x0.05 cal cm'gsec-q. (An ef-
fect of aunits at the + level means that the effect at the
- level is - a, so the difference between the two levels is
2a). The variations between flames and within flames are highly
significant at all slots.

Some explanation may be given finally at the column headed
"Interactions with slots"., A significant interaction in this
column means that the effect under consideration is not the
same for all slots. In table 4.1 and 4.2 it can be seen that
the interaction of the D-effect with the slots is not as high
as the interactions with the other effects. This means, as
can also be seen from the estimated effects that the influance
of the air temperature is rather constant along the furnace,

Passing to table 4,3 we see that hardly any interaction
between the factors is present. Only the interaction AC is
significant at the slots 2 and 3, so that the radiation of the
flame + the hot background is increased at the burner end with
oll flames and decreased with gas flames when the amount of
combustion air is increased., From slot 4 on both oil flames
and gas flames show the highest radiation with the least amount
of air. Further the oil flames give the highest radiation at
the first slots and the gas flames at the last slots. The
radiation is slightly larger with low momentum than with high
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momentum at the slots 4,5 and 6. The increase of the radiatior
corresponding to the increase in ailr temperature 1s remarkably
constant over the slots. Consequently no significant inter-
action SxD has been found,

Again a small up-effect has been detected and the varia-
tions between flames and within flames are again highly sig-
nificant,

The effects of the factors A,B,C and D on the wall
radiation Ry (Table 4.4) are rather simple. No interactions
are found. At the far end of the furnace the gas flames glve
the higher radiation. The momentum is of no importance and
the last amount of combustion air and the highest temperature
cause hotter walls at all slots.

As before a significant variation between flames is
present,

Table 4,5 shows that the effects on e of the factors
B and C and the interactions AB and AC are almost exactly the
same, This means that the factors B and C are actilve only with
the oll flames. The temperature of the air gilves no effect,
either with oil flames, nor with gas flames,

The variation between flames is again highly significant.

@. Gas and oil flames considered separately

In the preceding sections it is seen that in all cases
where significant interactions occur factor A (oil-gas) is
concerned, This means that oil flames and gas flames behave
differently with respect to changes in momentum, amount of

combustion air and air temperature.

For this reason it seems worthwile to present the
results of the analysis of fthe oll flames and the gas flames
separately in order to obtain a simpler picture of the effects
of the factors B,C and D.

These results may be found in the tables 6.1 - 6.5 and
in the figures 6.1 - 6.13,

' The analysis is applied to the average values on each
day, thus for each slot we have a 23 factorial designh with
two replications for the oil as well as for the gas flames.
Because hardly any higher order interactions were found to
be present in the case where oil and gas flames were combined,
we now computed only the test statistics for the main factors.

Of course the estimated effects of the factors B,C and
D could have been found also from the tables in section 4
by adding the effect of the factor in consideration and 1ts
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interaction with factor A, But the separate analyses have beer

carried out to find out whether these effects are significant

or not. The slots have been treated separately. Comparing the

results with the conclusions stated in section 5 we see

that these conclusions are affirmed.
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gas

Table 6.2

Analysis of

R4

, integrated values. 0il- and gas-flames separately.

~ !
1ot 2 3 4 5 6 7
effec ;
B +0 .04 +0.79 II +0,71 IIT | +0.52 1 § +0.%8 | -0.16
c -0.45 +0.21 +0.70 II +0.56 I § +0.26 | +0.38
D ~0.86 IITI | -0.79 II -0.67 II -0.50 L -0.13 ~0.17
total 6.65 L 8.39 5.65 4,12 % 3.31 3.17
mean :
B '+0.03 -0.06 -0.10 +0.06 | +0.05 +0.12
c +0.11 +0.21 +0.14 +0.31 II § +0.30 III | +0.36 III
D -0.43 IIT | -0.23 -0.15 -0.27 IT | -0.37 III | -0.48 III
total 2.53 3.19 3.23 3.19 L 3.07 3.38
mean

"LL“




Table 6.3 Analysis

of R

maximum values Oil~ and gas-flames separately.

gas

mean

s
\\45221 2 | 3 f 4 5 6 7
effectn, g i
B +0.12 - +0.22 . +0.49 I +0.47 IT | +0.12 +0.01
c -0.21 I | -0.09 L +0.39 +0.96 IIT | +0.98 III | +0.82 III
D -1.64% IIT© -1.52 III ! -1.46 IITI | -1.60 III | -1.48 III | -1.56 III
total | 10.13 | 12.64 11.28 10.02 9.70 9.31
mean ‘
B +0.10 . +0.07 +0.08 +0.19 +0.50 I +0.,17
C +0.44 1 +0.56 II . +0.58 IT | +0.76 III | +0.81 II +0.82 III
D -1.31 IIT | -1.29 III | -1.3% IIT | -1.35 IIT | -1.% IIT | -1.%9 IIT
total 7.52 . 8.85 9.31 9.85 10.64 10.59

—8L...




Gas

Table 6.4 Analysis of 33 0il- and gas-flames separately.

\\\\§E;i
effec

2 3 b 5 6 7
B +0.08 +0.07 +0.12 +0 .10 +0.02 -0.00
C +0.28 I +0.33 II | +0.48 IT | +0.63 III | +0.69 III | +0.73 III
D -1.29 III{ -1.38 III ; -1.4% IIT | -1.4%9 IIT | -1.48 IIT | -1.47 III
total | 7.42 8.08 8.66 8.94 9.22 9.38
mean
B +0.13 +0.,17 +0.17 +0.20 +0.15 +0,15
C +0.52 1II +0.53 II +0.68 II +0.80 IIT ! +0.84 III | +0.86 III
D -1.11 III| -1.20 IIT | -1.26 IITI | -1.24 III | -1.27 III | -1.25 III
total | 7.30 7.91 8.69 9.h44 10.20 10.55

mean
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