
MATHEMATISCH CENTRUM 
2e BOERHAAVESTRAAT 49 

. .,;,, . ,•'. ,. 

AMSTERDAM 

ST ATISTISCHE AFOEUNG 

Leiding: Prof. Dr D. van Dantzig 

Chef van de Statistische-ConsultaJie.: _Prof. Dr J. Hemelrijk 

Report S 202 

Performance trial no VII on flame radiation. 

Statistical analysis of the data. 

part II 

A.R. Bloemena 

July 1956 



.. 

Contents 

o. Introduct i<:m 

1.1. The relation between moasured nnd 11calculated" 

temperaturG 

1 • 2. The relc1tton between '1' and T 
f 

for oil flames p 
~1 • 3 . The T -T p f relationship for 2S flames 

2.'1. The mixedness coefficient 

2. 2, Tht, mtxedm::ss coefficirmt for '.)il flamC::s 

2,3. The m1xedness coefficient for gas flames 

3. The amount of carbon in a flame 

4. The relation between amount of carbon □nd 

emissivity 

5. 

6. 
6@ 1 • 

6.2. 
6.3. 

7. 

8. 

Comparison of R1 on flam~s 1 2nd 2 

Flames XVII and XVIII 

Comparison of R1 values of flame XVII 

Comparisc)n of R3 values '."jf flame xvrr 
Results 

Ref(:;rences 

Figures 

and 

rmd 

III 

III 

page; 

2 

3 
7 

8 

10 

11 

13 

13 

11l 
' 

15 

17 

18 

19 



' 

.. 

o. Introduction 

In Report S 201 of the Statistical Department of the Mathe­
matical Centre, the general analysis of the observations, obtained 
during Pe!"formance trial no VII has been discussed and results 
regarding the infuuences of the experimental conditions on R1, 
R2, R3 and e have been stated. 

This report deals with a number of questions of a more spe­
cific character, viz.: 
1. The relation between the temperature of the flames, measured 

in a direct way, and the temperature, calculated from the ob­
served radiation by means of the laws of radiation. 

2. The influence of the four factors (fuel, momentum, amount of 
air and combustion air temperature) on the mixedness-co~fficient. 

J. The influence of the temperature of the combustion air on the 
amount of measured carbon. 

4. The relation between the amount of measured carbon and the 
emissivity coefficient e. 

5, It was noticed on plotting the experimental results that the 

difference between the observations on R1 (slot 6 and 7) of 
flame 1 and 2 is much bigger than between flames 3 and 4, 5 
and 6, etc. Are there any indications whether this difference 
is significant. 

6. Flames have been observed under two set of conditions (indi­
cated by XVII and XVIII) which did not fit in with the general 
24 factorial scheme. It is of interest to compare the exper1$ 
mental results of flame XVII with these of flames III, and of 
flame XVIII with those of the flames III and IV. 

As a rule a set of indices will be attached to the symbols 
used for the observations of the mixedness coefficient, tempera­
ture, etc.,to indicate the experimental condition under which 
these particular observations were made. Though these indices 
are the same as used in report S 201, we shall state them again 
for easy reference. 

s = slot number (s = 2, •.. .,7) 
i = 1 for oil} A factor 

2 for gas 
j = 1 for low momentum 1 B factor 

2 for high momentum 
k = 1 for 110% stochiometric air} C factor 

2 for "140% ti II 
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l = 1 for combustion air of '100° 
C } 

2 650° C D factor 
II !I If 11 

m == 1 for up 

2 for down 

n :;,:: 1 for 1st replicate 

2 II 2nd II 

0 = 1 for 1st observation of 2 replicate 

2 11 2nd !I !l ll If 

Throughout this report we h2ve made the assumption of 

normality of the distributions, of which every observation can 

be regarded as a sample of size one. It is not known to what 

extent this assumption is true, but experience has shown, that 

in cases where this assumption is only approximatively true, 

the results are fairly reliable. 

Test results in this report have been expressed in terms 

of 11 t2il probability 11 , which is the size of smallest one- or 

two-sided critical reg1or just containing the observed value 

of the test statistic. If the tail probability~ 0,05, tht 

null hypoth~sis can be rejected at a level of significance of 

5%, etc. 
Often this will be indicated by a roman I. In case the 

null hypothesis can be reject8d at a level of significance 

between 1% and 0,1% (0,1% and 0,01% respectively) we shall 

indicate this by II and III respectively. 

1 ~ 'l .. The re lat ion between the me a sured and the 11 calculated 11 

temperature 

From observations of the radiation of a flame a tempera­

ture Tf can be calculated by means of the laws of radiation.· 

Moreover a temperature Tp ~as been measured directly at the 

same times and the same places as the radiation. It is asked 

to examine the relation between Tf and TP. 

As a rule one measurement of T and two calculated values p 
of Tf were available for e2ch slot and each of the values of 

then-factor, Theref~rt the statistical analysis has been based 

on the mean of the said two values. The measurement of Tp and 
the mean of the two values of Tf respectively will be indicated 

by Tfsijkl and Tpsijkl respectively. 
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In plotting the observations it appeared to be essential 

to perform the analysis separately for the case of oil and that 
of gas flames. 

1.2. The relation between Tr and TP for oil flames 

We choose the following model: 

Every observed value Tps 1 jkl in an observation of a random 

variable T ~ 'kl and -ps 1J 

Tps1jkl = Tfs1jkl ·~s11 + ols11 + Ys1jkl ''. (1.2;1) 

The following assumption is made: 

The random variables ¥,s 1 jkl have a normal distribution with 
mean O and variance a-1 $ moreover they are all independent of 
each other. The model implies that the relation between Tp 

and Tr does not depend on j and k (momentum and stochiometric 

air). 

For every slot and for 1 = 1 and 1 = 2 the usual regression 

analysis can be used to obtain estimates as 1 l and b 811 of o<.. s 1 l 

and~ s'1l respectively. E.g. to calculate the estimate b311 and 
a311 , all observations taken at the 3rd slot are used, for which 

i • 1 and 1 = 1 (flames I, III, V and VII). The observations of 

flames XVII (i = 11 1 = 1) and XVIII (i = 1, 1 = 2) have been 
included in the regression analysis, as the connection between 

Tf and TP has been assumed to be independent on j and k. 
Regarding ~s'1l and ~811 several tests have been applied. 

Bor every value of s the hypothesis 

Ho: ~ s11 = O and ~ s'12 = O 

has been tested (test A) by means of a covariance-analysis test. 

If this test A leads to rejection of H0 , the conclusion. can be 

drawn that a significant regression of T on Tf exists. ,Jf the 
p ' 

test does not lead to rejection, a connection between T · and 
p 

Tf cannot be proved to exist. 

At this point it can be remarked that assumption 1 implies 

that if a significant regression exists, the relation between 

TP and Tf is of linear kind. This restriction has been adopt€d 
in view of the small number of observations available and 

because of this the validity of this assumption cannot be 
tested. 
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In case test A leads to 

examine the influence of the 

air) on the relation between 

for the null hypothesis 

rejection of H, it is possible to 
0 

1-factor (temperature of combustion 

Tp and Tf. A test B can be applied 

HI. o• ~s11 = ~s22 . 
If this test shows no reason to reject H', a third hypothe-

0 

sis can be tested (test c), viz. 

HII: 
rs11 

::::::; (~ s12 0 

and -
o!... s11 = c,(_ 

s12 . 
The ~oncluS1ons that can be drawn from the outcomes of these 

tests are stated fo~ every possible case in Table 1.1. 
In this report we have omitted the details of the actual 

testing procedures. They can be found in almost every handbook 

on statistics, e.g. DIXON and MASSEY [11 and KENDALL [21 . 
It may be noticed that though test B has only been applied 

when test A rejected H , this C:c~ not influence the level of 
0 

significance of test B. Actually test B could equally well be 
applied to the data in case test A did not lead to rejection, 

but then the results of the test B would no.t be of any inter­

est to us. 
The results of the tests are stated in Table 1.2. 

Table 1.2 shows that an indication of a significant Tp- Tf 
relation exists at the third slot (2nd to a minor degree at 

the second slot). The temperature of the combustion air seems 

to influence rather the level of this relation than the direc­
tion of the regression lines. 

There is further an indication of a significant Tp - Tr 
relation towards the end of the furnace. Here the effect of 
the temperature of the combustion air is essentially to dis­
place the regression line parallel to itself. 

In figure 1.2.1 - 1.2.6 the observations are plotted, 

together with the calculated regression linesJ while the 

regression lines of all the slots are drawn in figure 1.2.7. 



test A 

• ~ 

Table 1.1 

Testing p~ocedures and the possible conclusion it can lead to. 
.. dlVJS• @ J 

rejects H0 - test B 

no rejection 

rejects H' 
0 

no rejection - test C 

rejects Hn 
0 

Conclusion 

A significant Tp-Tf relation exists. 

The temperature of the combustion air 

effects the slope of the regressionline. 

A significant Tp-Tf relation exists. The 
temperature of the combustion air changes 

the general level~ but there is no indi­

cation that it changes the directions of 

the regressionline • 

A significant Tp-Tf relation exists. The 
. t· temperature of the combustion air cannot no reJec ion 

be shown to have any influence on the 

regressionline. 

It cannot be proved that a significant 

Tp-Tf regression exists. 

I 
\Jl 

I 
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6 

7 

Table 1,2 

Regression analysis of the Tp-Tf-data together with 

testing results (Oil flames). 

tail probability 

test A· test B test C 

0905 > o,so > 0,50 Tp :::: 330 + o,64 Tf 

T ::::: -3269+3.208Tf 
< 0,001 > O, 30 0 "0~, p 

T == -3466+J.208Tf p 

) 0,50 - - -
)0.50 - - -

Tp == 991 + 0,29Tf 
0,01 > 0, 50 <~ 0. 001 

Tp =1120 + 0,29Tf 

Tp == 873 + 0.36Tf 
0.05 > O .50 0.002 

Tp = 988 + O.J6Tf 

-6-

for 1=1 

for 1=2 

for l == 1 

for 1 ::::; 2 

for l = '1 

for 1 :::: 2 
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1.3. The T - Tf relationship for RBS flames ---p-- . 
Essentially the same analysis has been applied to the data 

obtained on gas flames. 

The following model has been chosen: 

Every observed value T is an observation of a random ps2jk 
variable Tps 2 jk: 

where V are random variables with mean o. Again we make the -s2jkl 
assumptl.on th2:t the randcm variables V82 jkl are distributed nor-

mally and independently of each other. Their (common) variance 
, er 2 lS 2 , 

Flames XVII and XVIII supply additional information regard­

ing th~ T0 -Tf relation for 011. No corresponding gas flames 
C 

have been observed and therefore a smaller number of observations 

is aveilable for gas than for oil. This is why the analysis of 

the experimental resultst cannot be as detailed for gas as it was 

for oil; and Especially the influence of the 1 factor has been 

neglected. The model (1.3;1) implies that the relation between 

TP and Tf does not depend on jJ k and l. 
The test A has been applied for every s to test the null 

hypothesis 
(} :::: 0 
[Js2 
I 

If the test leads to reJection, it means that a significant 

Tp-Tf relation exists. If the test does not lead to rejection, 

the existence of a relation cannot be proved from the observa­

tions. 

The results of the regression analysis, together with the 

testing results are stated in Table 1,3, 

Table 1.3 
Rezression anal·.rsis of the T -T data -~'---------"-'-------p-f---
together with testing results (Gas flames) 

slot tail probability regression line test A 

2 \. 0 .10 /' -
3 o.4o -
i+ 1.00 -
5 0.03 Tp ::::: 586 + 0.78T,,, 

.J.. 

6 0.02 I T = 659 + o.66Tf 
I p 

7 <0.001 I 
Tp 382 + o.82Tf I :::: 

I 



-8-

From the results stated in Table 1.3 it can be concluded 

that a significant relation between Tp and Tf exists towards 

the end of the furnace. It is in this part of the furnace that 

gas and oil flames apparently behave similar, regarding the 

Tp-Tf relation. 

Further research can show whether the Tp-Tf relation is 

independent of the 1-factor or whether this assumption cannot 
be maintained. 

The observations nre plotted in fig. 1.3;1-1.3;4, where 

the regression linesare drawn as well. The regression lines of 

all the slots are brought together in fig. 1.3,5. 

2.1. The mixedness coefficient 

Observations of the mixedness coefficients were available 

for every slot and every set of experimental conditions. The 

mixedness coefficient has sometimes been measured twice (one 

time for each replicate of a flame), but in a large number of 

cases only one observation was made. 

Moreover the carneau values of the mixedness coefficients 
have been supplied. 

A preliminary analysis of variance showed the necessity of 

analyzing separately the data for oil and gas. 

We shall denote an observation by xsijkln" This xsijkln 
can be regarded as an observation of a random variable ~ijkln" 

The following assumpticins will be made: 

1. for every sand i: 

= (si)+ /si)+_µ (si)+fl (si)+J,( (si)+/d(si)+ 
!.g i jkln /l. . . f J • • . k. . • 1 jk. , J .1 

+ " ( s i ) + u ( $ i ) + µ ( s i ) + ,.:-( s i ) 
r- • kl / jkl , jkln "·Jkln 

(2.1;1) 

r:- (si) __ {µ(si) __ ;Eµ(si) with the ccJnstrnint: 2- u : = 
JrJ., , .k. 1 .• 1 

(2.1;1) 

= 5µ(si) 
1 jkl 

= ~µ(si) 
k jkl 

5 (si) = lµ jkl = O • 

In this mathematical model 

( s i) 
/v<.. ••• is the general mean 

? (si) is 
J •• 

the B main effect, 

µ ( s i) 
, jk. is the B X C interaction effect, 

all for slot s and the type of fuel denoted by i. 
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2. The random variables ~(si) are distributed normally and except 
- -J ~ 
from s independent of each other with mEan O and variance~c. 

s 
The sc m~ of the corresponding analysis of variance is 

given in Table 2.1. 

of 

Analysis of v Eff J. ancs 

n7 
j_ 

,:-:itJS ervat ions of --------------
the mixedness coefficient 

degrees of Expected mean sum of Sum c,f squares variation freedom squares 

B 1 5 )2 8 "-( (si))2+c5'"2 
8~/xsiJ -xr,. c.., µ" s . . o o l, . . . ,J J .. 

C 1 . . . . . . . . . . . . . . . . 

D 1 . . . . . . ' ' . . . . . . . 
i+L(-x" i Jk -x sij - 42~ (µ\si))2+c-

,, 
BC /l J.lk ,J ~ . . . . C 

)2 J, k Jk. C' 

+x 0 - X sLlc sto . . . 
BD 1 . . . . . . . . . . . . . . 
CD 1 . . . . . . . . . . . . . . . . 

' ~' 

,') 

l(x~i"kl -x 0 , k -'- , , ti J , ..:il,J '° 

:-

si"i .L 
+x s 1, kl. + =,. (si) 2 C) 

BCD '1 
, 2 ;;-'----- (jl , 1 ) + G"'(_ 

I+ cl,k,l Jk- s 
iJ +x st I' k ~ 

+ 
,,;:, ,. 

I) 

sL 1 --,x , 'i r-
• .1 s __ , . 

Remsinder n ';'i, - - 2 2 
0 , l l ( x " l l - x . -kl ) u s ,J3{3-1n Sl,J{ n SlJ , 

,~':.•--·•'-

As in a numb r of cases on one observation for a set of 

experlmcmte 1 cc,ndlt lon been made, a simple missing plot tech-

n1que has been used to adjust for this. E.g. at slot 2 for 1 = 1, 

J·=1 k=1 ,, J 1 = 1 one bservation, viz. for n = 1J is 

ovail le" tut fur the: other combinaticms of experimental condi-

tions observations are availatle. 1e calculation of the mean sum 

of squcres ceeds as if x 21112 s the same numerical value as 

x 21111 , while the number f de ees of freedom for the remainder 

in Table 2.1 is lowered D one. in this case the mean sums of 

squares of the effects the interactions are multiplied by 

'1(~~ 1 , the F test ru11ain3 appruxi e ly valid. The generalisation 

of this prcce r the cnse n p values are missing, but 

re eve st:t 3 k and 1 at least one obser­

V ion rward (the multipltcation ,-
v 

factor is then 
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2.2. The mixedness coefficient for oil flames 

In table 2,2 the results of the analysis are given. The 

figures give the estim2ted effects of the low level of the inde­

pendent variable (low momentum 3 110% stochiometric air 9 100° C), 
as far as the main effects are concerned. If we denote the low 

levels of the factors with a+ sign and the high levels with a 

- sign, all interactions t also allocated a+ or - sign by 

multiplying the signs of the factors involved. The effects tabu­

lated are those which have a+ sign attached to it. 

E,g. flame 5 of slot 4: significant contributions t~ the 

expected value are the effects: BJ BC and the general mean. 

B occurs at its higher levelJ and therefore contributes 

-(-0.038) = + 0.038. The BC interactions effect is+ 0.028, 
and as for flame 5 B occurs at its higher and Cat its lower 

level.this has to be multiplied by -1. Finally we find for the 

expected value of the mixedness coefficient+ 0.825 - 0.028 + 

+ 0,038 = o.825. The actual observed velues were o.830 and 

0.830. 
The roman figures in Table 2.2 denote the level of signi-

ficance, as has been explained in the introduction. 

The results stated in Table 2.~ can be summarized as 

follows: 

The momentum can be seen to have a fairly large influence 

throughout the furnace, though this effect does not attain 

significance at slot 7 and is definitely zero for the carneau 

(however it should be born in mind that for slot 7 the remainder 

term of the analysis of varience has only two degrees of freedom 

ond because of this, the power of the test is very low). The 

influence of the momentum is not independent of the amount of 

air (the large BC interaction). The C main effect (amount of 

air) is highly si~nificant towards the end of the furnace. 

The size of the effect can be seen from graph 2.2;1. 

The temperature cf the combustion air (D) has a definite 

effect at the slots 5 and 6. Th□u8h nc)t being significantly 

different from zero, th~ estimete of the effect at slot 7 
still shows a fairly h1Sh value, but is very small beyond 
this slot (See fig. 2.2;1 and 2.2;2). 
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BC 

BD 

CD 

BCD 

general 
mean 

t 
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Estimates of thee t E::xperimental 

conditions on the mixedness coefficient (oil flames only) 

2 ') 
~- 5 6 7 barneau _j 

I 

! 

I 
... 0.058 -o .055 n:· -0.038 (I) -0.031 II -0 .()28 II +o. 0 ✓12 I 0.000 

+0.012 -0.007 -0.025 .062 II -0 .116 III -0 .165 ID -0.1:;em 

+0.013 +0.007 +0.017 +0.024 I +O .051 TII +0.025 +0.003 

+0.012 +0.023 +0.028 II +0.051 +o.o4o +0.010 +0.011 

+0.002 -0,007 -0.009 +0.016 -0.010 +0.011 -0.022 
! 

-0.006 +0.019 -0.003 -0.009 -0.018 -0.018 +0.006 

-0.035 -0.015 +0.003 +0.006 -0.002 -0.009 +0.008 

o.435 o .6~-0 0,825 1.023 1,173 1. 24:3 1.240 

Table 2,3 shows the estimates of the effects and t 
results of the corresponding analysis of variance tests (see 

also fig. 2.3;1 c:md 2.3;2). 

'I'he first order interactiuns 2re rather large (BC and BD) 

and this makes a once and for 211 interpretat n of the main 
effects rather difficult, The 

estimates for the effect . 

carried only one de e 

aphs 2.3;1 and 2.3;2 shows 

the ena is of v2riance 

edomJ and the power of the tests 

based on this remainder term is very small; even the physically 

well established C main effect cannot be proved to be signifi­

cantly different from O. 

I 
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C 

D 

BC 
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Table 2.3 

Estimates of the effect of the experimental 

con~itions.on the mixedness coefficient (gas flames) 

2 3 4 5 6 7 carneau 

-0.018 -0.025 -0.029 II -0.012 +O .01 '1 -0.002 +0.004 

-0.015 -0.005 -0.041 III -0.075 I -0.118 III -0~124 -0 .158 III 

+0.008 +0.030 -0.009 +0.035 +0 .026 I +0.034 +0,009 

-0 .0-10 -0.011 +0.008 +0.029 +0.023 ( I) -0.011 -0 .010 

+0.010 +o .01~- +0.019 I +0.021 +0.026 I +0.002 -0.002 

-0.008 .+0.003 +o.014 -0.001 -0.014 +0.015 -0.015 

-0.007 

o.486 

in 2.2. 

-0.009 -0 .016 +0.009 +0.004 -0.003 +0.004 

0.716 0.894 1.073 1 .196 ✓1. 262 1,230 

The meaning of the signs the estimates has been explained 

Table 3.1 

Effects of the experimental conditions on 

the amount of carbon in oil flames 

I\_ slot 

e~ 
3 4 5 

B +o.645 +o.403 III +0.078 I 

C +o .161 +0.351 III +0 .191 II 

D +0.032 -0.069 -0.043 

BC +o .14 3 +0,021 -0,012 

BD -o.431 -o .144 -0.018 

CD -o.487 -0.098 -0.045 

BCD +0.271 -0 .088 -0,.021 

general 3,281 I 1.043 0.341 mean I 



3.· The amount of carbon in a flame 

A number of measureme:nts on the c::m:mnt of cr1rbon in the 

oil flames has blcn made. This number per slot and per repli­

cate (n-factor) of each set of experimental conditions is eene­

rally oneJ but in quite 2 few cases twoJ and in other cases no 

measurements have been made, Because of this 1 it is rather 

difficult to base a corr8ct statistical analysis on all the 

observations. Nevertheless it is possible to obtain informa­

tion regarding the influence f the B, C 2nd D factors on the 

amount of carbon for the sl~ts Js 4 and 5, 
As only very few observatiJns are available for o = 2, 

we shall omit these alto ther. 

We shall denote a carbon measurement kv" which 
IJ._, '-'sijkln' 

can be re,,-1:2rded 2s an observ2tLm cf c.1 rc:mdom vari2ble £s:i.jkln. 
The mathtmatical model used to analyse the carbon measure­

ments is essentially the Sc?me ::::i:=i h,rn been described in 2.1, if 

we substitute i = 1. 

The estimate of the effects and the results of the analysis 

of variance tests are siven in Table 3.1. The meaning of the 

signs of the estimates is the same as in Tables 2.2 and 2.3, and 

has been explained in some detail in 2.2. 

Only the Band C factor abtain si ificance at slots 4 and 5. 
There is no indication of an effect of the D factor. 

See ficures 3,1;1 - 3.1;3. 

4. The relation between the amount cf carbon and emissivity 

Though as has been pointed out in J.1, the number of carbon 

measurements varies a good deal, an observed value of the emissi-

vity coeffic11cmt e ... 1 'Ls 1<:nown, corresponding to each carbon 
' S l cllC1.no 

measurement c ... kl , 
S lJ" 11 

It was asked to examine whether any relation exists between 

c , .11 cmd e . 'kl ;; ,md vihethLr this rel2tion is independent 
-SlJ{ n -SlJ no 
of the slot number. 

In plotting all the '·c• • a'-·"· c,_ C 2nd uoerVcGl·JDv sijkln· 

esijklno it does not appear t~ be likely that one relationship 

exists, independently of the slot number. This can also be seen 

by the fact that the averase carbon content decreases with the 

slot number, while the emissivity increases en the averag~ durin~ 

the first part of the furnace and then decreeses. 



.. 

The relationship bstwG~n c and 6 can be examined for every 

slot separate; ly, but then ,·-1rn:: m1;:;ets a subs t anti a 1 difficulty in 

interpreting the results. B0th c and e depend on the momentum 

(and possibly on other fact:rs), and therefore it is very easy 

to come across spurious correlatcons, which have no physical 

meaning. In fact, the design of the experiment does not permit 

any definite conclusions to be drawn with regard to the rela­

tion between the carbon and the emissivity. The only way to 

reach a conclusion about t:11s point is to vary the amount of 
carbon, while-keeping all the other experimental factors at 
the same h,vel. 

5. Comparison of R1 of flames no 1 and 2 
o I ,_ 

In Document No F 31/a/11 a diagram of the R1 plotted 
against the slot number showed a larger difference between the 

R1 value of flame 1 and that Df flame 2, t.han between othe:r 
corresponding sets of flames. 

As flame 2 was the first flame to be examined in the course 

of the experiments the possibility had to be considered that in 

this first experiment som0thing went out of control. This is 
however very unlikely as the second observation of flame 2, 

which followed after quite a few other flames had been observed, 

shows observations of the radiation not differing significantly 

of those of the first replicate. 

It may be noted that in the above mentioned document the 

difference at slot 7 between R1 of flame 1 and R1 of flame 2 

has been drawn larcer than it should be. This probably arises 

from the fact that 4 observations on flame 2, first replicate. 
and 8 observations on flame 2, second replicate have been made, 
against 4 and 4 respectiv~ly on flame 1. Because of this the 

general mean 1s weighted too heavily by the second replicate 

of the second flame. The value 6.00 in the diagram should be 

replaced by 5,36" 
Still the difference between flame 1 and flame 2 is appa­

rently larger than between other comparable sets. Though it 

should not be difficult to apply a test, the reliability of the 

result of this test is questionable, as the test would be set 

up after the observational results have been examined and the 

largest difference selected therefrom. One has to take inta 

account that in an experiment of the size PT 7, some oddity 

is always bound to arise. The easiest and strictly the only w$y 

to examine whether an observed oddity represent a (unpredicted) 

real phenomenon is to repeat the experiment on that point. 
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6. Flames XVII and XVIII 

Flames have been observed under two sets of experimental 

conditions, indicated by XVII and XVIII, which dit not fit in 
-)1 

with the general ZT factorial scheme. 

It was of interest to compare the R1 (maximum and inte­

grated values), R2 , R3 and e-values of the following sets of 

flames: 

and 

XVII and III 

XVIII and III 

XVIII and IV 

( 6 .1) 

The amount of oil of flames XVII and XVIII is different 

from that of flames I-VIII, and cannot therefore be indicated 

by i; 1. Instead we shall indicate the amount of oil of flames 

XVII and XVIII by i = 11 and i = 12 respectively .. Table 6.1 
gives a review of the experimental conditions of the relevant 

flames, 
Table 6.1 

Experimental conditions of 

flames no III, IV, XVII and XVIII 

"-----,,~tor 
i j k 1 

flame-~ 

III 1 1 2 1 

IV 1 1 2 2 

XVII i 1 1 2 1 

XVIII 12 1 2 2 

The procedure for comperin~ the experimental results is 
the same for each of the sets of flomes (6.1). Therefore details 

of the analysis will be given only of the comparison of flames 

XVII and III. 
The procedure of comparing n1 and R2 is the same; also this 

is true for comparing R3 and~ values. Therefore only details 

of the comparison of R1 and R3 values will be given. 



6.1. Comparison of R1 value of fl8mes XVII ond III 

We follow the mathemotical model and the subsequent 

assumptions,stated in ch2pter 3, report S 201. We indicate a 

R1 measurement by xsijklno' being an observation of the random 
variable x . 'kl . 

-SlJ no 
For each slot we calculate 

xs11121 .•. - xs1121 ... ' (6. 1 ;1) 

which is the difference between the mean of the R1-observations 
on flame XVII and III. 

In ord~r to test the null hypothesis 

H • X ::::: X , 
"o· -s11121... -s1121 •.. 
an unbiassed estimate of the variance of 

2 2 2 being 26' + 4!Sv-v + Ser~, is required. This 
tained from Report S 201, table 3.1, 3rd 

(6.1;2) 

( X . - X ), -s11121... -s1121 ••• 
estimate can be ob­
line from bottom. 

However we shall use a slichtly different estimate of 

2~2 + 4()3 + s~~, viz.based on the variation between oil 

flames. This estimate (with 8 degrees of freedom) is: 

1s* = 1 ~=------ (x . - X • )2, ~-b b J,k,l 1Jkl.n, 1Jkl .•. (6.1;3) 

and has been taken from the analysis, described in report S 201, 
chapter 6. 

Under H0 

F = 
(x . - X ) 2 
-si1121 ... -S1121 ... 

~: 
has a F distribution with 1 and 8 degrees of freedom respec­
tively. Large values of F lead to rejection of H. 

0 

6. 2. Comparison of R3 values of flames XVII c:md III 
For eoch slot we calculate the quantities 

xsi 1121 ... - xs1121 ... 

The variance of (6.2.1) is 2rs;~ + 415-~' 

estimate (with 8 degrees of freedom)can be 

(6.2;1) 

of which an unbiassed 
obtained from the 

general analysis describ~d in Report S 201.9 chapter 6, as 

1 S }f}f _ 1 ~-- ( ) 2 
8" b - 8" j,k,l x1jkln. - x1jkl .. , (6.2;2) 



The hypotheses H0 : 

:lS.si1121 •• 
::::: X 

-s1121 •. 

can now be tested by the quantity 

(X - X ) 2 

-17-

s11121.. s1121 •. 
F "" ----------- , (6.2;3) 

which under H0 has a F distribution with 1 and 8 degrees of 

freedom. Large values of F lead to rejection of H . 
0 

6.3. Results 

The table 6.2 - 6.4 show the estimates 6.1;1 (6.211), 
together with the testing results, indicated in the usual 
way by roman figures. 

The results have also bGen plotted in the figures 

6,2 - 6.4. 
TablE 6 ,2 

Differences between means of observations on flame XVII and III*) 

R R R2 R3 e slot mai intE/1;r. 

2 +o .13 +0.34 +0.06 0.50 -0 .029 

3 -0.22 +o .14 -0.54 0.60 0.060 

4 +2.22 ( I) +2 .11 I +1.16 Oi60 o .166 

5 +3.58 II +1.53 I +2 .15 II 0.89 0.259 

6 +2.05 I -0.80 +1.36 o. 78 o .163 

7 +0.60 +o .18 +1.04 0.73 0.020 

*) A+ sign meDns that flame XVII hes a higher value of R1 
(R2 , R3 , e) than flame III. 

( I) 

I 

II 
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T le 6.J 
Differences between means cf ubscrvations GTI flame XVIII tmd III *)-

slot 
R1 

max 
R1 

integr. R2 R::i 
_) 

e 

2 +2, 19 II +2.25 II +2. 71~ III +2.04 III -0.004 

3 +o .16 -1.71 +1.83 II +1.99 III -0 .169 I 

4 -1.34 -1.39 +o.86 +1,76 I -0 .193 I 

5 -1.09 -1.34 +1.08 +1. 91~ II -0 .139 

6 +0.02 -1,58 I +1.26 I +1,76 II -0.006 

7 +o.48 +o .39 +1.84 II ,76 III -0.029 

Table 6.4 
Differences between means cf observations on flames XVIII and IV* 

slot 

2 

3 

4 

5 

6 

7 

I 

R . R1 R2 R.2 mat C inte gr'. _) 

-0.70 -0.85 -o.86 I -0.77 -0.003 

-2.48 I -2.33 I -1.14 I -o.84 -0.171 I 

-3,31 II -2.04 I -2.32 I -1.27 I -0 .156 

-3,03 I -1.91 I -2 .12 II -1.26 I -0 .169 

-0. 78 -0.36 -1.29 -1 .19 I -0.031 

-0.45 -0.39 -0. -1.15 (I) -0 ,011-1 
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31:-) A + sign me::1.ns that flE1rnE XVIII hss c: r value R1 
.-, ) tl-1rn r"l '"f]C c, .5 c:: ✓ L ct ",_(( l.._; u I or IV . 
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Relation between Tp and Tf 
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Fig. 6.2: Comparison of the flame XVII and III: 
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