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RECIRCULATION IN A CONFINED TURBULENT DIFFUSION FLAME 

Miha Zumer 

ABSTRACT 

The existence of recirculation patterns in com

bustion chambers can have an important effect on their 

performance; accordingly recirculation has been the subject 

of a number of studies. These studies have involved mainly 

the influence of recirculation on the parameters of the 

system; only few authors have attempted to predîct the 

onset of rec i rcu 1 at ion, based on a co Id mode 1 . 

In the present study, recent results of confined 

incompressible jets were used as a basis to develop a di

mensionless parameter which serves as an approximate 

criterion for the pr~diction of the onset of recirculation 

in a confined turbulent diffusion flame. 

Confined jet and diffusion fla'me phenomena are 

briefly reviewed and previous work on recirculation in 

incompressible jets and confined jet flames is discussed. 

The experimental equipment and the experimental technique 

used qre described. The onset of recirculation as indicated 

by temperature measurements is correlated by means of a 

dimensionless parameter indicated by the approximate 

integral momentum analysis. 
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INTRODUCTION 

When a high velocity stream of fluid discharges 

into another stream it is called a jet. When one of the 

streams is a fuel and another is an oxidizing agent, for 

example air, with combustion taking place, it is called 

a jet flame or a diffusion flame. If the combustion occurs 

in a confined region such as a tube, we would refer to the 

configuration as a confined jet diffusion flame. A number 

of flames of practical inte~est are of this type. 

A detailed study of confined diffusion flames 

includes elements of chemical kinetics, aerodynamics and 

the transport of mass and heat. To predict the detailed 

behaviour of such a system it would be necessary to solve 

the equation of state, the kinetics equations and trans

port equations of change together with the appropriate 

boundary conditions. The principal equations of change 

form a ?et of nonseparable, nonl inear partial differential 

equations with boundary conditions which may be very diffi

cult to satisfy. The complexity of this system of equations 

is horrendous. Even if aIl these equations were known, 

which is practically never the case, and we knew a suitable 

method of solving them on a high speed computing machine, 

it would be an enormous task. The alternative is, at least 

from an engineering point of view, to split the problem 

into parts and to study the influence of particular para-

-1 -
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meters experimentally. The strict requirements of s1milar

ity theory are so numerous that complete modeling of a com

bustion process is practically impossible and partial model

ing is frequently used. Fluid flow 1S often not greatly 

influenced by mixing of different species and mixing may be 

little influenced by chemical reaction. Recognition of such 

weak influences can be successfully exploited for separate 

studies of mixing, fluid mechanics and chemlcal k1netics of 

combustion processes. 

The purpose of this research was to study the app11-

cability of fluid mechanics principles to flame study; 

namely, to use experimental results on confined incompres

sible jets and to investigate the influence of the new factors 

which are introduced to the system when the jet is a diffu

sion flame. The behaviour of an incompressible, isothermal 

jet is much better understood than that of jet flames. 

Recent theoret1cal and experimental work on such jets, 

especially that of R. Curtet (7) and its extension, and 

confirmation by H.A. Becker (3, 4) and J.M. Dealy (8, 9) 

has led to the establ ishment of a dimensionless similarity 

parameter governing certain features of the behaviour of 

such a jet. This parameter, the Craya-Curtet number, is a 

function only of the boundary conditions and it has been 

shown to be the critical factor governing the onset of 

recirculation, a phenomenon which is of particular interest 
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in flame research. An important question is whether this 

result can be in sorne way extended to the case in which the 

jet is a diffusion flame. 

In this thesis an approximate momentum integral 

analysis is presented to obtain a generallaed form of the 

momentum similarity parameter originally suggested by Curtet, 

which includes in dimensionless form, the most important new 

variables introduced to the system by the presence of the 

flame. 

An experimental program was designed in order to 

obtain more insight into the fluid mechanical behaviour of 

a confined jet flame, and to test the usefulness of the 

generalized momentum parameter as a behavioural indicator 

of such a flame. An effort was made in the design of the 

furnace to preserve the fluid mechanical boundary conditions 

of the incompressible flows studied by H.A. Becker and J.M. 

Dealy. Methane gas was used as the jet fluid because the 

chemistry of its combustion and its properties are. relatively 

simple and well known. Air was used. as the secondary stream. 

Flow rates of both streams were measured, temperature pro

files at different distances above the jet source were 

recorded, and wall temperatures were measured. In the 

course of experimental work three different size jets were 

used with the jet source in turbulent flow and the flame 

was also always turbulent. 
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Sorne typical ternperature profiles are presented, 

and the onset of recirculation as indicated by wall tempera

tures is discussed. 
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REVIEW OF JET PHENOMENA 

Many jet phenomena are qualitatlvely well under

stood but are difficult to interpret quantitatively. General 

discussions and detailed treatments of a number of flows have 

been collected by Townsend (25), Hinze (13), Schlichting (19), 

and Abrnmovich (1). A considerable amount of work done in 

this field has been devoted to the turbulent jet of incompres

sible fluide 

Turbul~nt jets can be classified by thelr boundary 

conditions as either free or confined. If a jet is lssuing 

into an infinite medium it is called a free jet, and when 

the presence of solid boundaries has an influence on the jet 

flow we refer to it as a confined jet. From a more practical 

point of view, the ratio of the confinement diameter O2 , 

to the diameter of the jet source Dl' can be used as a cri

terion for the type of jet flow to be expected. For free 

jet flow it is generally necessary that O2/0 1>100 and con

fined jets exlst when 4<02 /0 1<100. When O2/0 1 is less than 

4, as was shown by Oealy (9), the f10w looses lts jet 

characteristics altogether because the jet reaches the wall 

before it has an opportunity to develop even an approximately 

self preserving forme 

In treating free jets pressure is assumed to be 

cons tant throug.hout the f 1 ow fie l d and th i s resu 1 ts in a 

basic mechanical dlfference between free and confined jets. 

-5-
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While in free jets the total integrated axial momentum 

remains constant from one cross section to another, in con-

fined jets total axial mass flux is preserved and the pressure 

rises as the jet spreads. Actually, a confined jet is a 

simple jet pump. The application of confined jet princlples 

to the design of jet pumps stimulated much of the research 

which has been done on confined jets. 

Free turbulent jets are examples of free shear 

flow and their behaviourls better known than that of con-

fined jets. The presence of a solid boundary complicates 

the situation somewhat and the flow is no longer free turbu

lent shear flow. Many experimental data and theoretical 

results for free jets have, with different degrees of success, 

been applied to the description of confined jets. 

A phenomenon which occurs only in confined jets 
1 

is recirculation or back flow. In confined jets pressure 

rises as the jet spreads and if the pressure rises sufficient-

ly before the jet reaches the wall it will reduce the ambient 

velocity to zero; or in other words, if the pumping effect of 

the jet exceeds the quantity of fluid available in the secon

dary flow, recirculation will occur as a stable part of the 

flow. This confined jet phenomenon is particularly interest

ing in flame research and furnace design. 

Studying confined jet flows, Curtet (7) employed a 

simple model with the following major assumptions: 



-7-

flow is nonturbulent outside the jet; wall friction and 

radial pressure gradient are negligible. In addition, he 

made use ~f empirical velocity profile and succeeded in 

integrating the equations of motion across the mixing tube. 

The parameters appearing in his final equations were R2 /R l 
and the momentum parameter m. He found experimentally that 

this momentum parameter is practically a constant of the 

flow; that is, it does not vary from one cross section to 

another. The initial value of Curtetls momentum parameter 

for an axysymmetrical confined jet 1S: 

= 

U 2 R 2 
R 2 (U 2 _ U 2) + 2 2 

l l 2 2 

2 
( l ) 

Using his integral analysis, Curtet was also able to compute 

a critical value of the parameter mo for the onset of recir

culatlon. Becker studied confined jet type flows extenslvely 

using in his experiments a sol-scattered light technique 

developed by R.E. Rosenweig (3). He made a more general 

analysis of the flows studied by Curtet and demonstrated the 

fundamental significance of the Curtet similarity parameter 

m. Becker suggested a modification of the parameter mo and 

called the new parameter Craya-Curtet number giving it the 

symbo l Ct 

(2 ) 
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He was also able experimentally to determine a critical value 

of Ct for the onset of recirculation. His experimental value 

was 0.75. 

Dealy (8), in his experiments, used as a jet source 

fully developed turbulent pipe flow and his data confirmed 

Cu~tetls and Becker's results. He has pointed out by means 

of a simple integral momentum analysis, that Ct is the single 

parameter governing recirculatior. in confined jets only if 

wall friction and radial pressure gradients are negliglble, 

and the confinement is not 50 severe that the jet can develop 

its simi 1ar form before it reaches the wall. Making use of the 

Gaussian and cosine distribution,both of which have been 

found to fit experimental jet velocity profile reasonably 

weIl, he was also able to compute the critical value of 

Ct, and on the basis of the above mentioned assumptions 

demonstrated why the computed critical values are higher than 

those observed experimentally. 



II 

CONFINED-JET DIFFUSION FLAMES 

A. General Classification of Flames 

Among the wide variety of combustion phenomena, 

steady flames have received considerable attention. They 

are important, practically, in a number of applications 

and significant progress has been made in this field of 

study since the publication of "Flame and Combustion in 

Gases" by W.A. Bone and D.T.A. Townend in 1927 (5). An 

extensive review of combustion bibliography isincluded in 

R.M. Fristrom and A.A. Westenberg "Flame Structure"{lO). 

Quickly developing modern experimental technique allows 

much more insight into the microscopic structure of the 

flames, and the use of modern computation~l machines in 

the theoretical studies offers a better chance of solution 

of flame equationso However, the complexity of the pro

blem is such that the complete solution has been attempted 

only for the case of the one-dimen~ional laminar flame (14). 

Flames can be classified with respect to dif

fusional processes either as premixed flames where fuel 

and oxidant Bre premixed before combustion, or diffusion 

flames where the diffusion of fuel and oxidant and combus

tion are taking place simultaneously. Most practical 

flames are diffusion flames mainly because of safety con

sideration. 

-9-
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By their aerodynamical state, flames can be 

classified as either laminar or turbulent. It is difficult 

to define either laminar or turbulent nature of the flame 

in terms of some critical Reynolds number; whereas, visual 

differences between laminar and turbulent flame are quite 

striking. At very low fuel flow rates of, for example, 

gaseous hydrocarbon, a streaml ine luminous flame is 

observed whose length increases proportionally as the 

fuel flow rate increases. At a certain flow rate, the 

transition to turbulent flame occurs and the flame 

shortens while its luminous zone becomes decidedly more 

diffuse. The addition of turbulence to a flame compl i

cates an already complex situation and despite consider

able effort, such flames for the most part have defied 

quantitative description. 

Finally, flames can be classified by their hydro-

dynamic boundary conditions as free, or co~fined flames. 

The present investigation deals with confined turbulent 

diffusion flames. 

Most practical combustion chambers, with the 

exception of those using a bed of fuel, rely on injection 

of fuel and/or air through openings which are small in 

comparison with the dimensions of the apparatus. The 

resulting confined jet flames have, to greater or lesser 

extent, the characteristics of confined jets and the flow 

patterns in a combustion chamber can have an important 
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effect on the efficiency of the furnace. 

Recircu1ation is a characteristic of confined 

jets which can have an important effect on performance of 

the furnace and has received considerable attention of 

f1ame researchers in 1ast years. Thring and Newby (24) 

studied enc10sed turbulent jet f1ames using co1d mode1s 

and tried to predict combustion length by means of co1d 

mode1s and a simi1arity theory. They assumed that con

fined jets behave in the same manner as free jets before 

reaching the wall, neg1ecting buoyancy effects. They 

deve10ped a simi1arity parameter governing the behaviour 

of such co1d f1ames. Later work on co1d mode1s (3, 4) 

revea1ed that the aforementioned simi1arity parameter 

is the proper one on1y for an idea1 or point source jet. 

Hottel and Sarofim (15) studied the effect of 

different flame patterns on the gas temperature field and 

wall heat flux distribution in a cy1indrical furnace for 

different f10w mode1s: p1ug f1ow; parabolic velocity 

profile; ducted-jet f10w with different recircu1ation rates 

using Craya-Curtet number for co1d mode1s as the criterion 

for recircu1ation. In a11 cases the effect of temperature 

gradients, combustion and energy transfer on the f10w 

patterns was neg1ected. 

Hedley and Jackson (11, 12) have discussed recir

cu1ation in combustion chambers for various geometries. 



-12-

They studied theoretically the influence of different levels 

of recirculation on chemical reaction time and found a 

reduction in chemical reaction time for any recirculating 

system compared to a non-recirculating system. From this 

finding, it was concluded that an optimum recirculation 

ratio exists in certain systems. In order to make com

parisons easier, they suggested a uniform definition of 

recirculation ratio as the mass flow of recirculated gases 

expressed as a percentage of the total mass flow. 

B. Momentum Integral Analysis of Confined Jet Flame 

The proper use of cold or incompressible flow 

models can supply sorne useful information about flame 

behavior. Recirculation is predicted by cold models 

and occurs in actual furnaces. The mechanical condition 

for the occurrence of recirculation in confined jet 

flames ls probably much the same as for cold models; as 

the jet spreads the pressure rises and if it rises suf

ficiently to reduce the ambient velocity to zero before 

the jet reaches the wall, recirculation occurs. If in 

jet flames sorne degree of similarity is achieved,there 

is a possibility of predicting the onset of recirculation 

from inlet conditions only in a similar way as for the 

cold models. 

A simple integral momentum analysis is presented 

in this chapter which indicates the most important new 
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variables introduced into the system by the presence of 

the f1ame. A number of very rough approximations have 

been made in order that the prediction of recircu1ation 

can be made on1y from furnace design data. 

The control volume used in this ana1ysis is 

shown in the sketch be1ow. It extends from the jet in1et 

to the point downstream where the jet reaches the wall. 

1 1 
1 1 

u]=Uy . ___ fL-R.1_~9. Iy=y 
;00' 1 ----! r 

1 1 
U 1 1 

r-, 2 .\ R2 1 
1 1 
L ________ - - - - - - - --l 

,-' 
p=p 

o 
p=p 

r 

Sketch of Ana1ysis Control Volume 
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Restrictions on the flow model and some of the pertinent 

nomenclature are summarized below: 

Restrictions: No mole change in reaction, no radial pressure 

gradient, m1xing tube wall insulated. Fuel 

jet is fully developed turbulent flow. Air 

flow is non-turbu!ent and has uniform velocity 

prof i 1 e. 

Nomenclature: 

Fuel denisty 

Air density 

Adiabatic flame temperature 

Inlet (room) temperature 

Velocity outside the jet 

Axial velocity component 

Momentum factor for turbulent 
pipe flow 

Pl 

P2 

Tf 

To 
U(y) 

u(r,y) 

(31 

The analysis derived from the equations of continuity and 

momentum follows: 

l Mass Balance: 

R~ 1 
= j2. U. f 1f '( cl. r 

o at any section 

II Momentum Balance: 

momentum flux in 1S: 

( 1 ) 

(2 ) 
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II Momentum Balance Cont'd. 

momentum flux out is: 
R2. J P U.

2
1T 2 rd r 

o 
(3) 

The pressure force in axial (y) direction is: 

The overall momentum balance is: 
R.z. 
\ 2. 2. 2. 2 2. 2. 2.() 

2 JftL 7r rd. '(- 1Tf, ~, q R, - P2 U2. (R:l. - RI)'TT == 1T RoZ Po - P 
o 

Bernoulli equation ~ secondary flow 

f u M = - GtP 
2. ci ~ cl. d" 

Integrating (6) from y = 0 to Y = Yr where a virtual 

recirculation eddy ex~sts (U = 0) 

then applying (5) to the control volume extending from 

y = 0 to Y = Yr and dividing by ~ 
R,/. r 2 2. 2. 2. (.2. 2. 

2 J f u.. rd. r - fI Pi U1 Rt - f2. U.. R2. - R, ) 
o. 

:2. 2. f, R .. U,2 
2. 

Changing signs, the criterion for the generation of an 

eddy 1S that the pressure increase given by (5) be 

greater than that required to reduce the velocity U to 

zero 

( 5) 

(6) 

(7) 
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AlI the quantities (7) are determined by the boundary con

ditions except for the third term on the left. Some way 

must be found to estimate this term from the boundary con

ditions and the properties of the fluids. 
2 2 First divide by P2Ul R2 

Ra. 

~t (li) (EL' + ( U2.J2. [1 _ (~)2.] _ (2 )aP ~2.'(,-rl~ 
f2. Rl ) Ut Rl. f2. Ut R2. )r 

Let 

~f -

R2. 

2 t f u2.1ird. y 

(M)/f2 11" R; 
~f is a generalized momentum factor for a flow in which 

(8) 

(9) , 

p as weIl as u has a transverse gradient. For constant 

density f10w it is obvious that this reduces to the ordinary 

definition of ~,the momentum correction factor. 

Then the third term on the left becomes 

'- U2 P 2. R40 
lT l 2. 2. 

Inserting this in (8) and rearranging, we have 

A (b)2. (.Ji) + (Jh.)\2. [ 1 _ (-.&)~ __ , (U2.)2. 
h ~ & ~ ~IJ 2 ~ 

. V :1. 2. U2. R4 
( M) 'If f2 1 ,e 

> ~r ( la) 

Let the 1eft hand side of (la) be represented by r. Then, 

the criterion for the onset of recirculation is thatr>~r . 

For constant density f10w r =(mo + 1/2)and the criterion for 
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the onset of recircu1ation reduces to the condition 

(mo + 1/2» (3(' or 

Ct < 

For the incompressible jet, ~rdiffers from 1.0 due to 

non-uniformity of the ve10city ~cr0SS the tube. In a jet 

f1ame, Pt' differs from 1.0 due to both the variation of 

ve10city and density. It is now necessary to make sorne 

estimate of ~r' Variations in both ve10city and density 

will tend to make pr greater than 1.0. Thus, it is fair1y 

certain that flr>l . It will not be possible to predict ~r 

exact1y, as simi1arity in the (fue) profile cannot be 

guaranteed; however, an order of magnitude figure can be 

estimated. 

From continuity 
Rl. 

) pUYd..Y' 
o 

from equation of state 

= M 
2fT 

( 11 ) 

f = PJl 
RT Â= average mo1ecu1ar 

weight 

For the methane air f1ame with nitrogen as diluent, consider-

ing on1y reaction CH4 + 202 = CO2 + 2H20 and neglecting 

changes in density due to pressure variations in y direction, 

the equation of state can be reduced to: 
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or 

pl' = 

using this in (11) and rearranging 

TI'" . --

Then, ~y may be expressed as follows; 

ïi~ f.r 7r R~ f:z. 
(tV1 t 

Using (12), a simpler expression for ~r can be obtained: 

Let 

then 

p. _ TI"" . f2 
}/y---

To po 

Constant K must be determined experimentally. 

( 12) 

( 13) 

( 14) 

This result plus equation (10) gives an approximate criterion 

for the onset of recirculation based solely on the inlet 

conditions of the flow and sorne simple properties of the 
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f1uids irivo1ved. This criterion is 

r)'KlL 
Tc 

or [rTfTo] > K 



III 

EXPERIMENTAL EQUIPMENT 

A. Description of Equipment: 

There were two basic requirements for the 

experimenta1 design; the experimenta1 system had to be 

consistent with the mode1 emp10yed and it had to produce 

a stable turbulent f1ame. 

Figure (1) is a schematic diagram of the equip

ment and figure (2) shows an overa11 view of apparatus. 

Air was b10wn by a variable speed b10wer through a meter

ing orifice and a gate valve through the double in1et 

into the f10w conditioning section. In the course of the 

experiments three different orifices were used, giving 

7 11 water differentia1 pressure for f10w rates 50, 15 and 

7.5 SCFT/min. The air f10w was regu1ated by a gate valve 

mounted in the 2" pipe 18" downstream from the metering 

orifice. Methane gas (Matheson, Technica1 grade min. 97% 

purity) from cy1inders was used as the jet fuel. Two ca1i

brated rotameters were usedto coyer the measured range of 

the fuel f1ow. As the jet sources, three thin-wa11 stain-

1ess steel tubes were used with I.D. of 0.100",0.145" 

and 0.179". A11 the tubes were sufficient1y long that a 

fu11y deve10ped turbulent ve10city profile was assured at 

the jet source. Because of the sma11 diameter of the jet 

tubes and experimenta1 difficulties with flame stabiliza

tion at very high fuel velocities, only relatively low 

-20-
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Figure 2: Overall View of Apparatus 
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Figure 2: Overall View of Apparatus 
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jet tube Reynolds numbers were studied (3000 - 5000). How

ever, the resulting flames were in all cases clearly turbu

lent. As the fuel flow rate was raised to the operating 

rate, laminar flames were observed, but they always became 

turbulent at the operating conditions. The fuel flow dis

charged into a secondary air .stream in cocurrent flow at 

the bottom of 20" long 411 1.0. test section made from 

stainless steel. Three 2" wide and 16" high windows of 

Vycor ~lass were built in at the three sides of the section. 

The test section was followed by a 25" long mi ld steel 

pipe of the same 1.0. as the test section. Above this, 

stove piping was attached leading into the exhaust duct 

of a fume hood. 

B. Air Flow and Hot Wire Measurements: 

The boundary conditions in the hydrodynamic 

model employed were that the air flow was nonturbulent and 

its velocity profile was uniforme To get experimental flow 

conditions as close as possible to these requirements, a 

flow conditioning section was designed. Figure (3) shows 

this section. 

Air entered the section at the bottom, went 

through four perforated plastic plates, through a honeycomb 

and through a converging section 8" long having a diameter 

decreasing from 8" to 4". The conditioning section was 

made of aluminum and the converging section was machined 
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from a1uminum stock. Four perforated plastic plates at 

the bottom of the section 1.5" apart served as air f10w 

distributors. There were 90 ho1es dri11ed in each plate. 

The ho1es were symmetrica11y spaced but the diameter of 

the ho1es varied from 1/8" to 1/2". The effects of differ

ent ho1e sizes and distributions were tested at the entrance 

to the test section by measuring the ve10city profiles with 

a total head tube mounted on a traversing mechanism. This 

procedurewas repeated several times until a satisfactory 

velocity profile was obtained. These tests were carried 

out at higher velocities than those employed in the actual 

experiments. To check the velocity profiles under operating 

air flow velocities, a constant temperature hot wire anemo

meter was used. 

Figure (4) 1S a photograph of the instruments 

used to determine the air inlet velocity profile. The 

constant temperature anemometer used was a DISA mode1 55A01, 

which gives voltage outputs proportional to the time

averaged ve10cities. The output of this instrument was 

measured by a digital vo1tmeter. The probes used were 

type 55 A 22 gemeral purpose DISA hot wire platinum p1ated 

tungsten probes (D wire 0.005 mm, operating length ~ 1 mm). 

The hot wire probes were ca1ibrated in a round-edge orifice

type calibration unit. A detailed description of the cali

bration unit used is given e1sewhere (6). Figure (6) 

shows ve10city profiles at the air f10w rates 5, 10 and 
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Figure 5: 

-26-

Equipment for Air Inlet Velocity 
Profile MeasJrement 

Test Section and Instrumentation 
for Temperature Measurements 



-26-

-,-:-,."._-, •. :: r ____ ,.:" ._.-•• ~ .. _ ••.• ~~.:,.~ •.• -.:.~"'_. __ .,., 

Figure 4: Equipment for Air Inlet Velocity 

Profile Measurement 

Figure 5: Test Section and Instrumentation 
for Temperature Measurements 

o 



-27- .. 
q -e tD ~ • .0 «J KJ 

80 ~<l BJ 
ex), -80 '~<l IIJ 0 

.0 ~<l .:J 

.0 ~<l IIJ 
~ ;: -., 

~<l II:J 0 9 
.0 ~<l .:J u.. 

.0 ~<l I[J -J 
W 

.0 I[J V :::> -4<l - u.. 0 
.0 ~<l IIJ 0 

z .0 ~<l I[J 
1 

• 0 ~<l II:J - C\J t-
I[J 0 w • 0 ~ <J -J 

• 0 .~ <l -0 Z 

8 0 ~ <l .0 0::: 
w 

- u 
0 • <l ~ CIl " 

<t 
Z 

~ Il: «> <l III :::> u.. • 0 ~<l IIJ C\J 
~ - 0 • 0 ~<l ~ 

• 0 ~<l aJ w 
-J 

.0 ~<l KJ u.. 
~ 0 

00 ~<l IIJ - Il: 
~ 0 a.. 

tk) :Z 
~<l ~ IIJ z ~ ~ "-

~ t-00 "- ~<l t- KJ u t- u.. "-u.. U t-
~ 0 .0 u ~<l IIJ LL. - -J Cf) 

U 0 W Cf) 

~<l II] Cf) > 80 
LO 

0 

80 ... <l II] LO Il: Il Il 
Il 

<t '80 0 +::1 0 laJ 0 - ex), 

~<l IIJ 
0 w .0 , 

al 
w .a 4:::J Il: 

41). <)1 III :::> 
• 1 q <!) 

li: 
0 q q 
rt') (\J 

e [:laS 11~] Àll~Ol3A 



-28-

15 SCFT/min. Each profile traverse was taken across two 

mutually perpendicular diameters of the cross section. 

C. Flame Stabi1ization: 

Flame stabilizati0n is of vital importance in 

most applications of flame technology. A significant part 

of the combustion literature is devoted to this problem. 

A general treatment and many practical guides are given by 

Lewis and von Elbe (17). 

However, it proved to be difficult in these 

experiments to stabilize the high velocity turbulent 

diffusion flame with air suppl ied by blower in such a way 

as to avoid flow disturbances. A loop of electrically 

heated platinum wire was used as shown in figure (7). 

The heated loop also served as an ignition device. Wires 

were often burnt and had to be replaced, but no differ

ences were observed in the appearance of the flame when 

the wire diameter or loop shape were changed. Wire dia

meters were 0.007" and 0.010" and they were made of plati

num or platinum with 10% iridium. 

D. Temperature Measurements: 

In order to obtain more information about the 

flow regime in the furnace, temperature profiles and wall 

temperatures were measured at different distances in the 

test section above the jet source. A schematic diagram 
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of test section is shown in figure (8). 

To measure wall temperatures four Chromel-Alumel 

thermocouples were built into the wall of the furnace at 

heights above the jet in1et of 6", 11'1, lT I and 25". 

Mi1ivo1t outputs were recorded on a Moseley strip chart 

recorder mode1 7100B. Temperature profiles were a1so 

measured at four different locations in the test section; 

411
, 8", 13" and 18" above the jet in1et. For this purpose 

a Pt-Pt 10% Rh thermocouple probe was mounted on the con

stant speed traversing unit shown in figure (5). The 

traversing unit consisted of a smal1 synchronous 1. RPM 

motor with appropriate gears. This device provided a 

traversing speed of l"/min. The thermocouple probe 811 

long and 1/16" in diameter, consisted of thermocouple 

wires, A1 203 packing surrounded by a platinum shield. The 

last 5 mm of the thermocouple wires together with the junc

tion were exposed as shown in figure (7). The size of the 

junction was 0.016". The thermocouple extension wires 

were connected to the same type of recorder used for wall 

temperature measurements. Continuous curves were obtained 

in this manner. The mi1ivo1t records thus obtained had to 

be c6nverted to temperature and corrected for the radiation 

error. Knowing the speed of the probe movement and that 

of the recorder chart paper, radial distances corresponding 

to any point on the curve could easi ly be found. 
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E. Temperature Corrections: 

For point temperature measurements inside the 

flame, $mall size precious metal thermocouples are widely 

used. The main disadvantages in the use of this type of 

measurement are errors due to the catalytic effects of 

the thermocouple itself, radiation and heat conduction 

errors, and the errors due to the difference between the 

static and the total temperature of the hot gases. 

At moderate velocities (M(0.1) the last effect 

mentioned can be neglected (2). With the proper design 

of the probe, radiation errors far exceed the errors due 

to the heat conduction through the thermocouple, and the' 

catalytic effects were minimized by coating the thermo

couple with a thin homogeneous layer of sil ica. The 

coating technique was in principle the same used by 

previous workers and is described in more detail elsewhere 

(10). For thi s "flame plating" a blast burner suppl ied 

with natural gas and compressed air was used. The sil i

cone compound used was Union Carbide L-45 silicone oil. 

To obtain uniform coating, the thermocouple was moved 

through the flame by the same constant speed driving unit 

used for temperature profile measurements. The temperature 

of the coating was measured by the thermocouple being 

coated. The qual ity and the thickness of sil ica layer 

were examined with a microscope. Finally temperatures in 
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the methane flame as ïndicated by the coated Pt-Pt 10% Rh 

thermocouple were compared to those indicated by a Chromel

Alumel thermocouple of the same size, for which no cataly

tic effects have been reported (22). 

Measured temperature profiles were corrected for 

radiation error. Radiation error can be estimated by 

equating heat transferred to the probe from the gas to that 

part by radiation (16). Neglecting radiation from surround

ing wa·lls and from hot gases to the thermocouple, a relation 

of the following form was obtained; 

( 1 ) 

where e is emissivity of the thermocouple's surface, cr is 

Stephan-Boltzmann constant, œ a heat transfer coefficient 

and T the measured temperature as indicated by the ther-
w 

mocouple. The value O~22 for e was obtained from the 

literature (16), and the value of a was estimated on the 

basis of the heat transfer correlations for cylinders. The 

Reynolds numbers based on the diameter of the thermocouple 

junction were between 3 and 9. 

Correlations available from 1 iterature (18) were 

val id for Re numbers 1 - 4 and 4 - 40. Those were plotted 

and a new straight 1 ine was drawn in between to obtain 

coefficients which were used for the operating range. The 

correlation thus obtained was 
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Nu = 0.85 Re 0.36 (2) 

where Nu is the Nusse1t number 

combining (1) and (2) 

/::,. = 1.18 x E x cr x DO .64 (-1:L.) 0.36 T 4 
T rad À pu w (3) 

Where 0 is a diameter of the thermocouple junction, ~ is 

viscosity, p density, u vp10city and À heat conductivity, 

a11 at the f1ame temperature. The thermal conductivity of 

air was obtained by extrapo1ating the data avai1ab1e from 

the 1iterature (23). 

For density and viscosity a1so, values for air 

were used. Lacking the data for ~~ profiles it was decided 

to use the air ve10city in uniform profile for the ca1cu1a

tion of temperature corrections. This approximation 

obvious1y gives values of /::,. Trad which are too high, primari1y 

because the highest temperature region was the jet region, 

where actua1 ve10cities were higher. This effect was enhanced 

with the decreasing size of the jet. To simp1ify ca1cu1a

tions and partia11y to compensate for this effect, it was 

decided to use the air f10w ve10cities for the 1argest jet 

(0.179 I.D. and air equiva1ent ratio 1.5) for a11 jets. 

Values of /::,. Trad were computed for different jet tube Rey

nolds numbers, and p10tted versus measured temperature. 

F1ame temperatures were then obtained by adding /::,. Trad to 

the measured temperature. 



IV 

EXPERIMENTAL RESULTS 

Three different jet ve10cities were studied in 

the case of the O. 145" and O. 179" d j ameter jets and two for 

the 0.100" diameter jet. The air equiva1ent ratio varied 

from 1 to 2 in a11 cases. In each of the 55 experiments 

temperature profiles and wall temperatures were measured 

at a11 measuring points in the fo11owing way. At first 

on1y air was b10wn through the furnace to obtain a stable 

reading on the inc1 ined manometer connected to the pressure 

taps of the metering orifice. The methane cy1inder valve 

was opened and the methane gas was ignited by the e1ectri

ca11y heated p1atinum wire. When the wall temperature 

indicated by the thermocouple 25" above the jet in1et was 

just above 100oC, the methane gas valve was c10sed and 

the furnace was a110wed to cool down slowly to a tempera-
' ..... ,. 

ture just be10w 1000C at the same measuring point. Then 

the methane gas was ignited again and adjusted to the 

operating f10w rate. When the wall temperature reached 

exact1y 1000C the traversing mechanism for the thermocouple 

probe and both recorders were switched on at the same time. 

For each of the 55 experiments the procedure was repeated 

four times to obtain four temperature profiles and four 

wall heating rates. 

Temperature profiles are presented in figures 

9 - 22. Typica1 sets of data were chosen to cover the 

-35-
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range of variations of jet tube diameter, jet tube Reynolds 

number and air equivalent ràtios being studied. 

Wall heating rates as indicated by wall tempera

ture measurements are presented in figures 23 and 24. In 

figure 23 the ordinate is the dimensionless heating rate 

(~~)~:~JWhere Dm is the diameter of the mixing tube, U2 

the air inlet velocity, Tf the adiabatic temperature of the 

flame, ôT the temperature difference between initial and 

final temperature measured in the time interval ôte The 

abscisa is r defined in chapter II mu\tiplied by the ratio 

of room and adiabatic temperature of the methane flame for 

the given value of air stoichometric ratio. In figure 24 
ôT the heating rate ôt 

tance above the jet 

is plotted versus dimensionless dis-

inlet TI: (O. is the diameter of the 
J J 

jet tube and y the distance above jet inlet) for differ-

ent values of r and constant jet tube Reynolds number. 
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DISCUSSION OF RESULTS 

A. Temperature Profiles 

In each of figures 9 - 22, four temperature pro

files, measured at different distances above the jet inlet, 

are presented to show the influence of the jet diameter, 

jet velocity, air equivalent ratio and the distances above 

the jet source on temperature profiles inside the furnace. 

For aIl three jets, the temperature profiles measured 4" 

and 8" above the jet source had a maximum at the jet 

boundary where the chemical reaction is occurring. These 

maximum temperatures were approximately 500 0 C lower than 

the corresponding adiabatic methane flame temperatures 

for an air equivalent ratio 1. This is in agreement with 

the results of S.R. Smith and A.S. Gordon for the air

methane diffusion flame (20). The same profiles had a 

minimum in temperature at the axis which indicated the 

expected presence of unburned methane gas inside the jet. 

The minimum at the axis was no longer present in the temp

erature profiles measured 13" above the jet inlet for the 

0.100" jet, or in profiles measured 18" above the jet 

source fGr aIl jets. This same phenomenon was observed 

at aIl jet velocities. This confirms the general rule 

that the length of a turbulent diffusion flame is a func

tion of the jet diameter but is nearly independent of jet 

velocity. 

-53-
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Recirculation of the hot flue gases outside the 

jet would tend to increase the temperature closer to the 

wall of the furnace and to flôtten the temperature profile. 

This tendency can definitely be observed in the measured 

temperature profiles at different flow conditions, for 

. high values of r, where recirculation was expected. How

ever, the mixing of the recirculating hot flue gases with 

the cold upcoming air would tend to diminish this effe~t, 

especial ly since no chemical reaction can occur between 

air and combustion products. The temperatures in the 

reaction zone were substantially h!gher than those out

side the flame in all cases and this made it very diffi

cult to distinguish between non-recirculating flows, and 

those with slight recirculation, on the basis of tempera

ture profiles. 

B. Wall Temperatures 

Wall heating rates at several distances above 

~e jet inlet, for different flow conditions, are presented 

in figures 23 and 24. The heat transferred from the flame 

to the wall of the furnace results from a combination of 

radiation and convection, and is a complex function of the 

temperature distribution, flow conditions and the proper

ties of the fluid. The presence of some degree of similar

ity in the temperature profiles measured, and the approxi

mate uniformity of maximum temperature from one experiment 
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to another suggest that radiation flux was approximately 

constant in all experiments, and that the changes in the 

heating rates of the wall were primarily due to the changes 

in convective heat flux, which depended to a greater 

extent on flow regime than did radiation. 

In order to deduce something about flow regime, 

the measured wall heating rates, as indicated by the 

thermocouples located 17" and 2511 above the jet inlet, 

were plotted in dimensionless form versus (r To/T f ) for 

all jet sizes, various jet tube Reynolds numbers and vari

ous air equivalent ratios. This procedure permitted the 

presentation on one plot of data for the fairly large 

range of fuel flow rates studied and the different jets" 

used and resulted in a well behaved family of smooth 

curves for all the data up to a val ue of (r ToiT f) of 

approximate"ly 0.6. For higher values of (rTo/T f ) a change 

in the general shape of the curves can be observed, which 

suggests that a change in flow regime occurs and that the 

curves tend to diverge above this crîtical value. However, 

1t is difficult to draw any more specifie conclusions or 

to estimate the critical value of (rTo/T f) exactly. The 
+ 

v~lue of 0.6 - 0.1 was estimated as the critical value of 

The tendency toward increasing heating rates for 

shorter distances above the jet source due to the recircu

lating hot flue gases can also be observed in figure 24. 
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The dimensionless heating rate (~T/~t) has been plotted 

versus dimensionless distance (y/~ ) above the jet inlet 

for different flow conditions as denoted by the value of 

r. This figure demonstrates in a simple manner the effect 

of flow regime on wall temperature distributions. 



VI 

CONCLUSIONS AND RECOMMENDATIONS 

A confined turbulent diffusion flame has been 

studied by measuring the temperature profiles and wall 

temperatures for different flow conditions.' An attempt 

has been made to develop a criterion for the onset of 

recirculation in such a system from the furnace design 

data only. 

The cold model, which has proved to be useful 

in predicting certain flow characteristics in incompres

sible flow studies of similar geometry, served as a guide 

for the present approach. However, the complexity of the 

problem is vastly increased when the incompressible jet 

is replaced by a diffusion flame. A number of very rough 

approximations had therefore to be made to derive a 

mathematical expression for the critical condition for the 

onset of recircuJation. This condition was expressed in 

terms of a dimensionless parameter calloo r, which is a 

function only of boundary conditions of the system. 

An experimental method was,developed and tested 

to measure temperature profiles inside the furnace, with 

estimated accuracy better than 4%. 
Observed wall temperature distributions were 

correJated with the values of (rTo/Tf ). Because of 

complex interplays between heat release and heat transfer 

in such a system, it was especial ly difficult to detect the 

-57~ 
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precise transition between recirculating and non-recircu-

lating flow from temperature measurement only. However, 

an approximate critical value of the dimensionless group 

(PTo/Tf ) was obtained, which can be used to predict 

the onset of recirculation solely from furnace design 

data. 

With the use of a blower for the air, pressure 

fluctuations introduced by blower itself far exceeded the 

average static wall pressure differences along the test 

section, and no reliable pressure measurements could be 

obtained. The particle track method, a commonly used 

flame visualization technique, is experimentally difficult 

and no useful results were obt~ined using this method. 

More experiments are needed in order to confirm 

and to general ize the present results. A more sensitive 

experimental method should be developed for indicating 

the existence of recirculation. 

Chemical analysis and point sampling are needed 

for more detailed study of the system. Point sampling 

and analysis inside the flame are experimentally very 

difficult, but sampling outside the flame could give sorne 

interesting information as to existence of recirculation. 

The presence and the concentration of reaction products 

due to recirculation in the region closer to the jet source 

might be a sensitive indicator. To determine the complete

ness of combustion, an analysis of flue gases would be useful. 



APPENDIX 

Tabulation of Experimental Wall Temperatures measured at 

various distances above the jet inlet. 

Jet Diameter 

o . 17911 

o . 14511 

0.100" 
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A 
V 

Re 

3000 
3000 
3000 
3000 
3000 

4000 
4000 
4000 
4000 
4000 

5000 
5000 
SOOO 
SOOO 
SOOO 

e 

Experimental Wall Temperatures measured at various distances above the jet inlet 
Jet Di ameter o. 179" 

Air eqv. (6T /6t )25" ( 6 T /6 t ) 1 7" (6T/6t)11 11 (6T /6t )611 'rTo / T
f 

U2/U 1 Ratio (oC/mi n) . (oC/min) (oC/mi n) (oC/min) z 

2.00 26.2 12.4 4.6 2.3 0.216 0.040 
1.75 28.4 14.4 5.2 2.3 0.227 0.035 
1.50 30.3 18.2 5.6 2.4 0.252 0.030 
1.25 33.2 23.8 6.5 2.7 0.295 0.025 
1.00 34.0 28.5 7.5 2.9 0.393 0.020 

2.00 26. 1 11.4 5·5 2.8 0.216 0.040 1 
O't . 

1.75 28.4 16.6 5.6 2·9 0.227 0.035 .0 
i 

1.SO 31.3 17.0 5.7 2.9 0.252 0.030 
1.25 36.2 20.8 5.9 2.9 0.295 0.025 
1.00 40.4 25.4 6.5 3. 1 0.393 0.020 

2.00 26.5 11.2 5. 1 3.6 0.216 0.040 
1.75 32.1 17. 1 6. 1 3.8 0.227 0.035 
1.50 36.6 19.4 7.4 4.0 0.252 0.030 
1.25 41.5 23.9 9.6 4.2 0.295 0.025 
1.00 45.8 30.3 10.8 4.3 0.393 0.020 



~.".'.C' 
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Experimental Wall Temperatures measured at various distances above the jet in1et 

Jet Diameter 0.14~' 

Re Air eqv. ( t:. T / t:. t ) 2 511 ( t:. T / t:. t ) 1 711 (t:.T/t:.t)ll 11 (t:.T/t:.t)6" r To/Tf U2/U 1 Ratio (oC/min) (oC/mi n) (oC/min) (oC/min) z 

3000 2.00 18.7 12.2 4.3 2. 1 0.280 0.026 
3000 1.75 20.5 15.9 5.3 2.2 0.302 0.023 
3000 1.50 22. 1 17.7 5.9 2.4 0.346 0.020 
3000 1.25 24.0 22.8 7.4 2.6 0.418 0.016 
3000 LOO 25.8 25.4 9. 1 2.9 0.568 0.013 , 

m 
4000 2.00 22.1 13.4 5.0 2.1 0.280 0.026 
4000 1.75 24.5 17. 1 5.7 2.3 0.302 0.023 
4000 1.50 27.2 20.3 6.4 2.5 0.346 0.020 
4000 1.25 30.0 26.3 7. 1 2.7 0.418 0.016 
4000 1.00 31.8 29.6 8.4 2.9 0.568 0.013 

5000 2.00 25.3 14. 1 5.5 2.6 0.280 0.026 
5000 1.75 28.6 16.8 5.9 2.8 0.302 0.023 
5000 1.50 31.8 20.2 6.8 2.9 0.346 0.020 
5000 1.25 35.5 28.7 8.2 3. 1 0.418 0.016 
5000 1.00 38.8 34.7 9.9 3.3 0.568 0.013 



IC"I 
V 

Experimental Wall Temperatures measured at various distances above the jet inlet 
Jet DI ameter O. 100" 

Re Air eqv. (t.T / t.t )2511 ( t. T / t. t ) 1 7" (t.T/t.t)ll" (t.T / t.t )611 rTo/Tf U2!U 1 Rat io (OC/min) (OC/min) (OC/min) (OC/min) z 

3000 2.00 13.3 12.5 4.9 1.4 0.488 0.012 
3000 1.75 13.7 14.4 5.5 1.6 0.546 0.011 
3000 1.50 14. 1 14·.8 è· 8 1.7 0.646 0.0094 
3000 1 .375 14.4 18.0 .7 1.9 0.713 0.0086 
3000 1.25 14.0 19.4 9.6 2.0 O.Ba 1 0.0078 
3000 1.20 13·9 18.5 10.2 2.0 0.844 0.0075 
3000 1.14 14.0 19.7 12.2 2.2 0.906 0.0071 
3000 1. 10 14.3 21.1 11.8 2.3 0.953 0.0069 
3000 1.05 13.9 22.4 12.7 2.4 1 .032 0.0066 
3000 1.00 12.8 24.1 13.0 2.6 1 .122 0.0063 

4000 2.00 16.8 15.2 5.6 1.9 0.488 0.012 
4000 1.75 18.5 15.8 6.9 2.2 0.546 0.011 
4060 1.50 19.6 19.4 8.3 2.4 0.646 0.0094 
4000 1.375 20.8 20.8 9·2 2.4 0.713 0.0086 
4000 1.25 20.4 23.8 10.5 2.5 O.Ba 1 0.0078 
4000 1.20 20.5 25.9 11.2 2.6 0.844 0.0075 
·4000 1. 15 20.3 27.7 11.9 2·7 0.895 0.0072 
4000 1. 10 20. 1 28.6 12.9 2.7 0.953 0.0069 
4000 1.05 19.7 30.0 14.0 2.8 1 .032 0.0066 
4000 1.00 18.7 30.8 15.0 3.0 1 .122 0.0063 
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NOMENCLATURE 

Sorne symbols defined in the text and used only 

once are not listed here. 

Symbol 

D 

D. 
J 

Dm 

K 

M 

m 

Meaning 

diameter 

diameter of jet source 

diameter of mixing tube 

constant (defined in equation (II.13)) 

mass flux 

Curtet similarity parameter 

mo initial value of m (defined in equation (I.l)) 

Q volumetrie flow rate 

Qt total flow rate in mixing tube 

P pressure 

Rl radius of jet source 

R2' radius of mixing tube 

r radial coordinate 

T temperature 

Tf adiabatic flame temperature 

To room temperature 

t t ime 

u velocity in axial direction 

-u average velocity over cross section 

jet source velocity 

-65-



Symbol 

z 

Ct 

M 

Re 

cr. 

-66-

Meaning 

secondary flow velocity at y=O 

axial coordinate, measured from source 

air equivalent ratio 

Craya-Curtet number (defined in equatlon (I.2)) 

Mach number 

jet source Reynolds number 

heat transfer coefficient 

momentum factor for turbulent pipe flow 

generalized momentum" factor (defined in equation 
(II.9) ) 

r momentum parameter (defined in equation (II.10)) 

~ difference, finite 

E emissivity 

À heat conductivity 

~ viscosity 

P density 

-P average density over cross section 

Pl fuel density 

P2 air density 

Subscripts: 

jet flow 

2 secondary flow 



n!A 
~~ 

Subscripts Cont'd. 

o 

r 

rad 

w 

value at y=O 

value at y=y r 

radiation 

wi re 
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Meaning 


