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SUMMARY

This study has shown that the main characteristics of axial velocity
decay and recirculation in multiple enclosed Jjets can be related to those
of single enclosed jets, This is achieved by considering each jet to be
bounded by an imaginary duct whose dimensions can be related to the nozzlé
spacing parameters. If the nozzles are close together compared with the
surrounding chamber, the above treatment is only valid near to the nozzles,
Further downstream the jets coalesce and their behaviour can be related to
that of a single jet hy an equivalent nozzle radius,

Recirculation in both single and miltiple enclosed jets has been

related to the Thring-Newby parameter @ by the equation:-

0.6 +« Yr = 0,66
M, fa}

where Mr/Mo is the recirculated flux in relation to the total nozzle mass

flow, The value of 0 (i.e. -I-:I:,-) is calculated from the equation:-

Lt
I

{0389 + 0,611 }_13
exp039n

where L' = radius of imeginary duct (average value When-I-RJ > 0.5)

I = true radius of duct
n = number of outer jets in configuration
R = pitch radius of outer jets

This equation can only be applied near to the nozzles when% <0.5,
Further downstream the equivalent nozzle radius of the combined jet is used

t
to calculate 6 (= -%-) from the relationship r' = \" n+lr,



The introdu-ction of a resh grid to simulate the tube banks of a boiler
causes greater recirculation due to back deflection of part of the main jet
flow, A changeover of the min recirculation flux f;'om the outer zone
bounded by the duct to the inner zone betwécn the Jets is observecd as the
grid is moved upstream. The magnitude of grid resistance is shown to have
little influence on the flow patterns.

Water model studies have revealed that recirculation through the grid
cé.n occur, although this was not observed in the air model due to measuring
difficulties, Photogfaphs and visual observations confirm the air model
flow patterns,

Simple tube bank heat transfer calculations indicate that the terperature
of recircu}ated gases re-entering the combustion chanber will only be slightly
above that of the tube.s. In practice this dilution with colder gases would

certainly be detrimental to the efficient operation of a marine boller,
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CHAPTER 1
INTRODUCTION

1.1, Scope of Rescarch

This work is the second stage of a research programe aimed at the
improvement of hcat transfer and combustion conditions in oil fired mudtipleg
burner marine boilers. The first stage was an aerodynamic study of a
twelfth scale model of a "D shaped marine boiler(l). Although this was
generally uscful, the data obtained can only be applied to other marine
boilers systems of the same basic shape., It did not yield data on the
bchaviour of groups of enclosed burners. The present study uses a
fundamental approach to cbtain data about the fac_tors affecting burner
performance and the subsequent effect of tube banks in marine boiler
systems, This poses certnin problems since boilers vary greatly in eige,

" shape, numbcr and type of burners, as well as tube bank characteristics::"

It was proposcd to study a system of parallel axi-symmetrical jets
inside a circular cross scctioned duct, representing a much simplified
morine boiler system, The variables to be investigated were nozzle spacing,
diameter and Reynolds number, The subsequent introduction of a mesh grid
at various downstream positions was to simulate boiler tube banks. Fi%lly,
heat transfer calculations based on the date ovtained, were to be made in
order to afford some comparison with practical conditions,

1.2, Literature Survey

e
wt

The literature is presented in the form which led to the choice of

experimental programme, and subsequent interpretation of the results,



1.2.1. Corbustion Model Studies

One of the earliest studies of combustion aerodynamics was by Rosin(z).
Rosin's study showed the recirculation eddics set up by a two dimensional
miltiple burner arrangement in which the burner separation distance could
be varied. One of the techniques employed by Rosin was to study the
erosion patterns of lumps of rock salt, when water was used to simmlate the
gas flow,

The combustion model work which provided the basis for many later
studies was begun by Chesters and his associates in 191...9(3) e« This team
worked on various enclosed jet systems, and also operated a scale model of
an open hcarth steel making furnace. This work is one of the earliest
which reports the existence of recirculation in cnclosed jet flow, and
predicts that recirculation might be expected whenever jets are confined
within walls.

In 1991, thsters(z*) published a report of the agreement obtained
between a model and an open-hearth furnnce. The prototype (with single
uptake and sloping ends) was probably the first furnace to be designed
aerodynamically, Later Chestera(s ) stressed the need for a more
fundamental approach to combustion model studies, citing recirculation as
an example of a phenomenon which might otherwise remain unexplained and
therefore uncontrolled.

The work was extended from two dimensional sliee models( 3) to three
dimensional xrodels(6). The three-dimensional flow patterns (presented in
the form of isometric drawings) were very similar to those in the two
dimensional slice models with the same basic shape, One of the main

differcnces between two and three dinensional models of the same basic

-2-



shape, was the frequent occurrence of swirl in the latter. An excellent
review of the fundamental aercdynamics of jet systems was presented by
Chesters( 7 in which he progressed from freec jet studies to simple enclosures
and eventually to scale models of furnaces,

So far minly water model studies, of fundamental jet systems and
actual cormbustion systems heove been considered, Winter and Deterding(a)
advocated the use of water rather than air models as allowing better flow
visunlisation, Simltaneocus observation of the whole flow ficld can be
made and thus the effect of o.nj changes rapidly assessed. There are also
advantages due to the absenoe of probing instruments, and also the lower
velocities required for similarity purposes, If accurate quantitative data_
is requircd, the use of air models becomes desirable, The basic principles
of combustion model studies have been dealt with by Putnam and Ungar(9) and
Curtis and Johnson(lo). A condensed trecatment covering the modelling
criteria relevant to marine boilers is contained in a text by Johnstone and
Thring(n).

1.2,2. Single Jets —= Theorctical and Experimental

There has becen o considerable amount of work on the theoretical and
experimental aspects of single free jets., Notable studies have’ been made

(18) and Hinze and Van der Hegge Zijnen(zz). The

by Tollmient12), Reicharat
theorctical analyscs of Tollmien(lz), Howa.rth(13 ) ’ Tomotika.(u") and
.l\brzum:vvic:h(]'5 ) were based on the turbulent transfer theories of either
Pra.ndlt(ls) or Taylor(17) and each shows some disagreement with experimental
data, Hinzc‘s(zz) sclution was based on an eddy viscosity term which was

. independent of radial position and good agrecment was obtained, The

solution of Reichardt(ls) was based on the correlation of the radial

-3 -



distribution of momentum with the Gaussian error: curve, - .Altho-.{gh there was
no theoretical basis for this assumption, godd agreement with practice was

(19)

observed by Baron and Alexander who conducted experiments'which confirmed

Reichardts hypothesis, A later treatment of entrainment in turbulent free

jets was conducted by Rioou(zo).

The experimental technique involved the
use of a porous cylinder, which surrounded the Jjet, but was of a sufficient
size not to restrict the free expansion, The static pressure inside the
poroué cylinder was kept at atmospheric, and it was assumed that in this
condition the Jjet was entraining freely. The rate of supply of entrainment
air could then be measured accurately, Ricou concluded that the entrainment

of a free Jet could be represented by an equation of the form

:M—e = X }__ ss0c0ssesvsssee 1
MO de

where M, is the entrained air mass at x
M, is the nozzle air mass (x = 0)
x - axial distance from nozzle
4, - effective diameter of nozzle (after Thring and Newby(zl))
K = constant
The value of K for all free jets was found to be 0.246, with the
exception of some of the special multiple nozzles used, which will be

described later in section 1.2.4. An alternative way of expressing Ricou's

entrainment data was

14
z
K! (G'opa) x oortof.oooo.ooc 2



where M.‘) is mass of air in jet at x
G. = momentum of Jjet
Pp_ = density of surrounding fluid
x = axial distance
K' « constant
In this equation, which is independent of jet diameter, the ability of a
Jet to "forget" its origin can be seen. XK' was found to be 0,28 for an

isothermal round jet. Ricou correlated Burning Jets by plotting

1
Eg Fr? against X Fr% where
Mo de
Fr = (Modified) Froude Number
2
= UO Sg. ooooooooooo.oooo}
g de To

U = exit velocity of jet

gravity constant

1 ]
]

T_. = nozzle temperature
T = anbient temperature
(22)

Ricou noted an important discrepancy between Hinze's measurement
of a full jet andle of 20° and his own value of 300 for an unburning jet.
He attributed this to the infinitesimnlly smll velocities existing in the

| outer jet regions and the inability of normal velocity and concentration
techniques to measure these flows,

Using the entrainment equation of Hinze and Van der Hegée Zi;jnen(zz),

Thring and New‘by(21) predicted the recirculation in an enclosed single jet.



The assumption was that the free jet entrainment appetite was equal to the
total of the recirculation flow rate and the arbient air flow rate. The
most important feature of this treatment was the derivation of the parameter

© which has been used to correlate recirculation in most of the subsequent

enclosed Jjet studies.

([ EXE AN NS RENERNRN) 2"

Q@ 1is the Thring-Newby Parameter
Ma is the ambient air flow rate supplied around the nozzle
To is the nozzle radius
L is the chamber radius
Their introduction of an equivalent nozzle diameter concept enabled isothermal

medel studies to be applied to practical systems involving conmbustion., The

equivalent nozzle radius ro' = ig was given by
2
r' = M

o LA N N N RN N NN NN NN 5

,}pf nGo

density of nozzle fluid at flame temperature

Pep =
Go = momentum of nozzle fluid

It con also be seen that

r&’ = ppg [ AN N RN RN X NNENXNENZY] 6
ro £ .



The equation given by Thring and Newby to predict recirculation was

1 + Mr = _0_._2 e0sacscevsncane 7
' M o * Ma (]
where Mr is the recirculation mass flow rate, It was also shown that

dynamic similarity could be obtained between model and combustion system

making the parameter © equal in both,

\ 1
0 =-|"MO+M&] :‘2 =[MO+M&]I'°
LM L(model) My L(combustion system)

[ AN R AR ERNNENNENNEN] 8

Confirmtion of the use of Equation 6 was made by Sunavala, Hulse and
Thring(,zl)ho used tracer techniques to study free and enclosed turbulent Jets.
They found substantial agreement between cold and hot non-combusting Jjets.

In cases where combustion occurred, the axial concentration decay was found
to be 30% greater than in the non-combusting case,

Since 1955 experimental work on confined Jjets has been cénducted at
Grenoble, arising from theoretical treatment of Crayn. and Curtet(zi*").

Cx.lrtet's.x(z5 ) experiments give the equation

Mr + 0.88 = _o_-&é- 90000 cc0ceceose 9
Mo+ M& e

when presented in the same form as equation 7 and when © >>ic_> « Later
L
studies by Cohen de Lara et.al.(ze) have been summarised by Hubbard(27).
The recirculation mss flow rate was found as a function of inlet conditions

for both cylindrical and conical chanbers., The results could be represented



by the equation

lﬁ' + 009 = Oo 2 Go0OVOSIOIOGOOIOIBRISS 10
My o+ M e

when Yo > 0,15, When "o was smll such that “o <0,02 the experimental
pointsLtended towards the Craya-Curtet predictilo‘n of Equation 9,

As well as recirculation data, the variation of axial decay of velocity
with distance from the nozzle was given for several low values of f_g , but the
higher values of © were obtained by varintion of the arbient air mIst flow
rate Ma'. When there was no swrrounding air flow, increasing nozzle radius
had the effeect of accelerating axial velocity decay. Obviously this could
only occur up to a certain limiting value of _I;q since as "o tends towards L
the conditions approached pipe flow, Although no axial velocity decay data
wére given, recirculation mcasurements were made on enclosed jets when the
burner radius was large in comparison with the chamber dimensions, It was
found that the position of maximum recirculation moved upstream towards the
nozzle as f_g was increased, The variation of the mgnitudes of recirculation
velocitiestith position was given for various small values of 6. These
are fairly similar increasing to a mximum value of _T_J_g L =0,68 % 6% at
£ -4, An attempt to give a unique dimensionless t;I>‘iotr°<’>f the radial
velocity distribution was mnde, but the scatter of points was too great to
give meaningful results, Little difference in recirculation flux and axial
velocity decay was found when the combustion air waé supplied uniformly,

axially and peripherally. Although restriction of the exit did not alter



the recirculation flow rate, it did cause the recirculation to take place
entirely within the model, rather than from outside the model, as was the
case without an exit venturi section.

When the charber was of conical shape, it could séill be treated as
equivalent to a cylindrical chamber, The characteristic dimension L' used
fo correlate recirculation was found to be the radius of the chanber where
the maximum recirculation occurred. -

ﬁesearch into recirculation in cylindrical, conical, sgquare and
rectangular shaped models has been conducted by Ibiricu(zs).

He also used the Thring-Newby pararmeter & for the correlation of

recirculation data with charber characteristics and operating conditions,

He gives the expcrimental equation:-

M
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for the correlation of recirculation made from the analysis of velocity
profile data, and:-
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obtained from the use of concentration daté. The latter equation gives
substantially lower values of s at low values of 6, and is in good
agreement with the Crayn-Curtgﬁpf;;g%y expressed in Equation 9, Above a
value of @ = 0,1 there is better agreement between the two Equations 11 and
12, than between either and the Craya-Curtet theory, An important result of

this work was the definition of a characteristic dimension for non-cylindrical
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chaxbers given by an equatian of the formei=

L' o= 2L1 L2 XX FXERXREEENNY ] 13

Ll +L2

where L, is the smllest radius of a conical chanber, or half the
shortest side of a rectangular cross section
is the largest radius of a conical chanber, or half the
largest side of a rectangular cross section

L' 1s the characteristic dimension of the chamber used to

calculate O,
It can be secen that this equation is based on the hydraulic mean radius

of the chanber, a characteristic dimension used by engineers for the
caloulation of the Reynolds Number(2),

1.2.3. Annular and Concentric Jets

These Jets are not thought sufficiently relevant to this study to
include an exhaustive survey. There are, however, points of similarity
between the double concentric Jjet, in which a central jet is surrounded by
an outer annular Jjet, and the multiple jet systems studied in this research,
Consequently the more important papers on this topic are reviewed here,

Research into oconcentric jets was probably initiated by Squire and
Trounoer( 30) who analysed the expansion of a jet in a parallgl s{:ream and
Forstall and Shapiro( 31) who investigated the mixing of two parallel co-axial
streama of fluld, The latter case differs from the double concentric jet
in which the surrounding stream also behaves as an expanding jet. Research
into the velocity fields of double concentric jets has been carried ou‘t by

Chigier and Begr( 32) o The results of these aerodynamic studies are



particularly interesting due to comparison vith the hot pulverised fuei trials
employing the same type of burner. When the velocity ratio between tiae
annular jet and the central jet was almost unity, the axial velocity decay
could be characterised in threec regions, An initial period of velocity
decay unaffected by the outer jet, was followed by o jet mixing zone in which
the velocity increased. When the outer and central jets have conibinéd into
a single Jet, normal axial veldcity decay then occurred, which could be
related to a free Jjet by use of the equivalent nozzle diameter., 1In this
region which occurred eight nozzle diameters downstream, agreement with the
axial velocity decay observed during the combustion triais was noted, When
the annuler Jet velocity was much smaller than that of the central Jet,the
effect on axial decay was negligible and direct comparison with a free jet,
could be made. Later work by Befr and Chigier( 33) showed the effect of
veloci£y ratio for a double concentric jet. In the developed region of flow,
each condition could be related to the single frec Jet case by means of the
axial velocity decay, and the position of apparent origin of the jet was
found tc vary with velocity ratio, A similar effect has been found by
Patrick( 34) in a study of the pure annular jet, where the apparent origin of
the equivalent frec Jjet depends on the diameter ratio of the nozzle, An
important feature both of the annular jét' and the double concentric jet was
the existence of a recirculating vortex between the inside boundaries of the
Jets. In the case of the annular Jjet there is a return flow on the axis due
to the lack of entrainablé fluid inside the annulus, With the introduction
of a wcak central jet, its fluid was immediately 'dragged' outwards to-
satisfy the entrainment appetite of the annular jet, with a consequent

weakening of the recirculation vortex, As the momentum of the central Jet



was increased the vortex was deflected into the region between the two
interfaces. As yet there is no theoretical treatment of the non-developed
flow regions near to the nozzle due to the influence of pressure fields
which make the problem very complex.,

1.2.4. Multiple Jet Systems

Very little relevant informtion on multiple Jjets was found in the
literature, the most useful being reports of boiler conbustiontrials, and
rocket motor studies, in which multiple injection was utilised, The boiler
studies were concerned mainly with steam raising efficiency but the work on
rocket motors was more useful since some velocity measurements were made
during experiments on blow-off conditions and flame stability, Wright(Bs),
working on Jet interactions in rocket motor systems,obtained Schlieren
photographs of the flow patterns existing when disc éype stabilisers were
placed in a single.plane across a duct, in either a vertical or staggered
array, When using two disc stabilisers, one above the other, he obtained
a fluctuating condition in which the flames passed from an assymetric flow
pattern, through the symmetrical to the opposite assymetric flow pattern,
When several discs were used distortion and pinching together of adjacent
Jjets was observed, with fluctuations from side to side as before, A drastic
reduction in flame blow-off velocity occurred due to the crowding.together
of the jets, with conéeqpent difficulty in flame stabilisation., Wright
suggested that each flamcholder appeared to behave as if it were "a single
flaneholder in a smaller duct". This not only qccounts for the reduction
in flame blow-off velocity but also explains the shorter combustion chamber
length reqpired for multiple flame arrays. Singie flamcholder tests appear

to corroborate this theory. When the disc stabilisers were staggered,



pinching together of the Jjets was again observed, but Blow-off velocities
were generally much higher than the single row case, The precise blow-off

conditions were found to be related to the type of staggered array employed.
in(36)

Corrs investigated the flow of gases through grids, during a study

of the flow patterns and stability of several parallel two dimensiocnal jets,
The system was made two dimensional by the use of side screening plates, and

the jets were of high aspect ratio. He found that when the blockage ratio
A covered ares

= = 0,83 instability of flow resulted, but this could
Total area

be remedied by the use of a fine wire mesh of low density, which did not

otherwise affect the flow, The stablising effect of the grid was reduced
by increasing distance from the nozzles, or placing the grid too near to the
nozzles, The ranges given were:

Complete stabilisation 1,25 - 7.5 jet widths

Partial stabilisation 7.5 = 10.6 jet widths
Outside these limits instability was recorded. The instability was in the
form of fluctuating velocity profiles, with unequal peaks and troughs, which
moved from one specific jet to @other. Corrsin attributed this instability
to the rapid amlgamation of the separate Jjets adjacent to each other.
Earlier work on similar systems was referred to by Corrsin, notably
Gran Ollsen( 37) and qu.des(38 ) both of whom discovered no instability when
the blockage ratio was smaller ( A ~0.25). Side Screening plates were not
used by either author, and hence an influx of air into the zones between the
jets was permitted thus eliminating the recirculation zone. This has been
shown to remove instability in such systems, although in this case 1t was

probable that the blockage ratio would fall outside the range of instability
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deduced by Corrsin, It was concluded that the physical mechanism of multiple
Jjet systems hinged on the entrainment of air by the individual jets from the
dead air spaces between them which resulted in recirculation, The reduced
static pressure in the recirculation zone tended to pull the jets togethér.
For a given air Jjet, wider spacing of the jets required a greater diffusion
angle before adjacent jets could impinge to form stable flow, When the
spacing became large enough the diffusion angle was prohibitively large and
breakdown of flow occurred, Corrsin discovered that increased turbulence
had no effect on the stability of the systems studied, He concluded that
the instability mst ocour over a range of blockage ratios, whose limiting
vélues depend on conditions such as nozzle Reynolds Number and nozzle shape,

Rioou(zo) measured the total entrainment of five parallel '1(9" diameter
Jets, arranged with one central and four on a pitch circle of radius 3",
He found this compared favourably with a single jet with the same total mss
-flow rate and nozzle aréa, after a certain downstream distance. Inclination
of the outer Jets towards Fthe axis, and removal of the central jet, had the
effect of increasing the jet angle, giving higher entrainment rates with
increasing angle of inclination, For given inlet conditions, inclination
of the outer jets af LL5° to the aerodynamic axis almost doubled the
entrainment rate. |

Investigations _Yinto'-free xﬁultiple Jjets have been made by Laurence and
Benninghoff(sg) . Turbulcnoe and mean flow charactéristics were determined
for o linear array of slots with differcnt spacings, and also for a circular
nozzle, in which fhrec 60° sectors were blanked, thus dividing'vthe flow into
the three remining sectors. The flow patterns were obtained by velocity

traverses and turbulence intensities were measured using a hot wire
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anemngter. Assymetric flow patterns were observed for both systems,
probably due to structural irregularities. As the jets were unconfined no
recirculation was found for either nozzle assembly. An interesting feature
of the linear array of slot jets was thét all jets behaved as free Jets
(Fig.1). The end jets showed good agrecment when the axial velocity decay
was compared with that of Hin.ze(zz) but the middle jets secemed to behave as
a free jet which originated two dianeters downstream of the ideal free Jjet of
Hinze, In both cases the rate of decay of velocity was the same., The
maximum turbulence intensity occurred at the outer fringes of the end jets,
indicating that jet interactions in the between jet zones causes a reduction
in the turbulence.

1.2.5 Conclusions from the Literature

No systemtic study has been mnde of three dimensional multiple Jets,
either unconfined or enclosed, Models of marine boilers(l) give rcsults
that can only be directly useful to the particular type of boiler studied,
although some trends are observed which can be applicable to all multiple
burner systems, It rmight be argued that the logical first step in obtaining
fundamental knowledge of multiple jet systems is the study of an array of
nozzles discharging into free space, . However, since nuch of the confined
single jet data has yet to be related to the single free Jjet, it is improbable
that relationships can be found between free and confined multiple Jjets.

It was concluded that a fundamental study of confined multiple jets would
provide a basis from which work on rore practical systems employing swirl
and complex aerodynamic arrangements could proceed, and to provide knowledge
regarding the existing flow patterns and heat transfer characteristics of

marine boilers. Useful ideas were obtained from the literature about the
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type of flow patterns expected in multiple jet systems, Particularly
useful was Wright's(ss) concept suggesting that each jet would bchave as if
confined in a smller separate duct, although this appeared to contradict
Ricou's(zo) work suggesting the combination of jets, However, when the jets
are close togethef in relation to the size of the enclosure, combination of
the Jjets into a single jet probably occurs but if the jets are widely spaced
then it would be impossible for them to conlesce with each other before
hitting the wmll of the duct, Here, Wright's theory is likely to apply,

and recirculation would be expected around each jet. Double concentric jet
studies(jz’ 33) indicate that recirculation between the Jjets occurs, due to
low static pressure regions caused by jet entrainment, Laurence and

Benninghoff(39) also found that multiple free Jets behaved as single free

Jets when the separation distance was sufficiently large (Fig.1).
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CHAPTER 2

AFPPARATUS AND EXPERTMENTAL TECHNIQUES

2.1, The Air Models Laboratory

Facilities wcre provided for operation with air over a suitable range

of flow rates. Local velocities could be measured at desired points
within the models,

2.1.1, The Perspex Models

The apparatus used for the bulk of the single enclosed jet studies
consisted of a 4,2 inches outside diameter 3,7 inches inside diameter
perspex duct of lcngth 3 fee£ (Plate 1), The duct was provided with 7 inches
square, % inch thick perspex flanges, which were glued on to each end so
that various nozzle and exit zissemblies could be changed fairly easily, A
mtrching end plate was made with a detachable section so that the radius of
the nozzle could be varied. The duct was drilled, tapped and plugged at
2 inch intervals along its length to give access for probes, The same duct
was also utilised for the calibration of the "T* shu.ped pitot-probe,

The rest of the single Jjet studies and all of the multiple jet studies
were effected in the second model which represented a simplified 1/12¢n
scale mrine boiler as shown in Appendix 3 (Plate 10 and Fig. 32). It
consisted of a perspex duct 9" ocutside diameter, 8" inside diameter and
3 feet in length, which was mounted with two 16" square 3" thick perspex
flanges at cach ends Holes were drilled along the sides of the cylinder
in two lines scparated by one quarter of the circumference to enable

traverses both through and between the axes of the outer jets. These ports
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were situated at 1" intervals for the first €', 2" intervals for the next
14" and 4" intervals for the reminder of the length of the duct., Each
hole was tapped with " Enots thread, and a renbvable blocking plug
inserted. The model is shovn in Plates 2a and b and Fig. 2.

2.1:2, '_I‘w_z}_gg,

Each of the seven nozzles consisted of an 18" lengfh of 7/8; outside
diameter, 3 inside diameter brass tubing, Half-way along each tube was
placed a tight-fitting brass sleeve 2" long, and 2 outside diameter and
5/8" inside diameter, Pressure tappings were located 3' upstream and
3/8" downstream of the constriction, A brass flange 13" diameter 1/16v
thick was soldcred 1" from the discharge end of the tuﬁ;, so that each
nozzle could be seccured to the end platc of the model. To vary the Jet
diameter, a removeable brass sleeve could be fitted into the end of each
nozzle. Each sleeve was 13" long and ' outside diameter, 3" inside
diameter and was bevelled at 45° on the leading edge. The sleeves are
shown in Plate 3a and the nozzles in Plates 2 and 3 and Figs., 2,

A modification of the central nozzle with two 3" inside diameter
tangen?ial air intakes situated 1%" from the nozzle discharge, enabled a
swirling single jet to be studied (Appendix 1), This modification can be
secn in Plate 3b. ’

2.1, 3. The Bnd Plates

Several end plates were used to enable differcnt nozzle arrangements
to bc studied, Each platc was a 16" diamcter 1" thick perspex disc
drilled with cight 3/8" diamcter holes on a pitch circle diameter of 12",

These were uscd for bolting the plate to the perspex model, Each

end plate was drilled with a central hole, and six other holes, equally



spaced on a pitch circle around the central hole, The holes were /g
diameter to accommodnte the nozzles, which could then be fastened to the
end plates by mcans of self tapping screws, or countersunk bolts. The
pitch circle radius of the outer nozzles was one of the variables studied in -
this rescarch and consequently the value was different for each end plate,

At the exit end of the model, a 16" square 3" thick perspex plate was
used with a central 6" diameter hole. It was also drilled with /g
diamcter holes mtching the flange of the model. The grid resistances used
in the later studies were secured to the ends of threc lengths of % B.S,F,
screwed rod, and these were attached to the end plate by means of %B, S.F.
nuts, For this purposc three 3/8" diameter holes were drilled on a 7
diancter pitch circle about the centre of the end plate, The position of
the grid could then be varied by altering the pesition clamping nuts.

2.1l.4. The Grids

Three types of grid were used in the experimental work which studied
the effect on the flow pattern of resistances placed inside the model, -
The first grid was of a course mesh of low resistance, consisting of
perforated aluminium sheet, secured to an 8" outside diameter 7' inside
diamcter 3 thick perspex ring (Plate 4). The second grid was a finer
mesh brass gauze and waé secured to a perspex strengthening ring of 8"
outside diamecter 73" inside diameter, and ' thick, This grid is shown
in Plate 5 together with the fibre pad which could be added to mke the
third high resistance grid,

2.1.5, The Air Supply

Air was supplied by an Alldays and Onions 30 h,p. fan along an

18 inch diameter overhead duct., The supply was regulated by a gatc-valve

-19 -



‘

and metered with an orifice plate prior to passing into a mnifold for
distribution to. the individual nozzles, Each offtake on the manifold was
fitted with a valve for ecxact control of the air flow to the nozzles, The
valves were connccted to the nozzles by suitable lengths of 7/8" outside
diameter colourless polythene tubing,

2.2+ The Velocity Measuring Technique

2.2.1. The Beaudouin Pressure Transducer

. The fluctuating pressurc signals from the primary sensing element

were rectified into a d.c. millivoltage output suitable for chart
recording, using the Beaudouin Pressure Transducer and ancillary 1000 c.p.s.
generator and bridge circuit. This equipment has been described fully by
Pengelly(h'o). .‘

The output from the transducer circuit was recorded on a high speed-
Honeywell Brown single-pen rccorder. The recorder had three ranges, and
when used in conjunction with the three ranges of output from the transducer

bridge unit enabled a wide range of differential pressures to be recorded.

2.,2.2., The "T* Shaped Velocity Probe

The primry sensing clcment consisted of a "T" shaped probe mounted
in a motor driven traversing rig (Flate 6). The probe was one foot long
with a 3" long mecasuring head, at right angles to the longitudinal axis of
the probe, The stem'was mde from two, eleven inch, lengths of 1/16" bvore
brass tube which wcre soldered together for strength., Into one end of each
brass tube, a longth of 1/16" outside diamcter stainless steel hypodermic
tube wns secured with one inch protruding, These ends were bevelled to
seal the dynamic head from the suction head of the probe. The head

consisted of a 3" length of /16" bore 1/gn outside diameter brass tube
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which was drilled with two 1/16" Qiameter holes on one side only, to
accommodate the stainless steel tubes, Two ' outside diameter copper
tubes were soldered on to cach pressure taﬁping in order that 3" bore
rubber tubing could be used to transmit the pressure signals to the
transducer. This arrangement was later modified, so that /16" bore
pressure tubing could be used, This gave a constant /16 bore from the
probe head to the transducer, and in view of the reduction of the total
volume of the comnecting tubing, a faster response time was anticipated.
Atmospheric venting was allowed by suitable three way valves and the
arrangenpnt is seen in Plate 1.

2,2.3. The Traversing Rig

The framework for the motor driyen traversiﬁg mechanism was made from
slotted metal angle. The base was formed from four 18" lengths'of dexion
fitted with 3" diareter meccano wheels which could run along rails above
the model, At right angles to the plane of the framework were mounted
two 18" lengths of ;11"' B.S.F. screwed rod driven by co-ordinated gears from
a smll 1/ 50 h.p., Edwards motor., A piece of threaded perspex 2" x 1" x 3
was driven by the threaded rod, and mounted between four guiding surfaces
to prevent lateral movemeht. A -12-" diameter holder rod attached to the
perspex block could be moved up or down through a 3" diamster guiding hole
at the base of the traversing rig., The "T" shoped velocity probe was
secured to the rod by means of a lt;erspex clamp, With this arrangerent
it was possible to traverse for distances up to 10'. Various speeds could
be arranged by manipulation of the driving gears, the fastest being 2" per
minute and the slowest being 1" per minute, These speeds proved to be

quite adequate for use in conjunction with the transducer, the slowest being
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preferred as this gave less error when measuring up the traces for conversion
to velocity profiles. A view of the traversing element is shown in Plate 6,

2.3, The Water Models Laboratory

Facilities were provided for opcration of the water model, and for
photographs recording the flow patterns,

2.3.1, The Perspex lModel

The .perspex model used for the air model studies was modified for use
with water flows. In order to expel all the air from the duct it was
necessory to increase the upstream pressure 'by" constricting the outlet of
the system. This was achieved by securing a 90o elbow of 2" internal
diameter pipe and control valve to the exit flange. Any remining air was
removed through a smll bleed valve. The sampling ports were sealed with
fibre washers and blocking screws, To obtain photographs with minimum
distortion due to the curved perspex surface, the duct was surrounded with
a water jacket, contained in a flat-sided box fitted to the end flanges.

The whole arrangerent was temporarily senled with a mastic compound.

26 3.2, The Nozzles

The nozzles were identical with those used for the air model studies.
Pressure tappings were not utilised for flow metering and were thus blonked-
off with short lengths of plastié hose, secured by wire, Uniform water
flow to each jet from the mnifold was assumed,

2¢3.3. The Grid |

The low resistgnce grid was used to indicate the effect of a downstream
resistance on the system, The mesh size of the higher resistance grids

was smallor than the polystyrene particles used for flow visualisation..
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For part of these studies, the perspex strengthening risg was moved 6* further’
dovmstream, to minimise its effect on the flow pattern in the immediate
vicinity of the grid.

2:3.4: The Water Supply

The water supply was provided by a Worthington-Simpson 1% horse power
recirculation pump using a large reservoir,into which the water ﬁ'om>the
model was discharged. The water from the pump passed into the manifold
through 13" inside diameter strengthened rubber hoses., Each line included
a 0-1500 gallons/hour rotameter to mcter the flow to the nozzles, The
manifold consisted of a drum 6 inches diameter and 12 inches long, At one
end two inlet sections of 13" outside diameter pipe were welded,on to which |
the strengthened hoses were fastened with " jubilec" clips. The ' diameter
offtakes to the seven nozzles on the opposite end of the cylinder were
secured with ' diamster hose to the nozzles in the model end plate. The
geometrical arrangement of the offtakes was identical with that of the
nozzles so that they could be Jjoined with the minimum difficulty, The top
of the mnifold was fitted with a tap to vent the trapped air inside the
chanber during thc initial operation of the model.

2.4. The Photographic Technique

Photographs of the flow patterns inside the model were obtained using
the standard technique of slit lighting and polystyrenc tracer, Light was
provided by two, two kilowntt lamps housed in an air cooled chanber, The
s1it was formed by suitable metal screens, whose width could be varied.

The 1 millimetre diameter polystyrene particles were introduced inte the
water supply at the reservoir, TFhotographs and visual observations' of the

flow patterns were obtained at sections corresponding to the position of the
light slit, and these can be seen in Plates 7, 8, 9 and Figs. 24 a-e,



CHAPTER 3
AERODYNAMIC STUDIES CF ENCLOSED JETS

3.1, Single Enclosed Jets

It was found necessary to obtain more complete data tha.n that available
for a single Jjet issuing into a duct in the absence of an ambient air stream,
In an attempt to become familiar with the neasuring techniques several
measurements on single jets were made, and it ﬁras found that there was a
difference between these results and those obtained by the French Team at
(26)

Grenoble The differences were only slight and could be attributed to

a number of possible factors such as presence of a front wall , nozzle type

or model exit conditions. In view of this, it was decided to study single
jets over a range of ‘o from 0.0625 to 0,669, In view of the later
comparison between sinZle and multiple jet data, care was taken that the
inlet and exit conditions in both investigations were similar, In the
absence of an ambient air stream the only ‘variables possible were the inlet
nozzle velocity, and the ratio of the nozzle dimensions to those of the duct
E. In this case _I:g was equal to the Thring-Newby parameter 6, The purpose
o?‘ these experinentstas to obtain axial velocity decays, especially for high

values of ©, and to correlate recirculation in terms of @,

r
3.1.1. The Effect of C‘}/L on axial velocity decay

There are two extreme cases, that of the free jet when f_o_ is extrenely
L ’
smll, so that the walls do not hindsr the jet expansion, and ordinary pipe

flow in which f_g reaches its maximum value of unity, and there is no axial

L
velocity decay., In the former case the well established equation of Hinze(zz)
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will describve the axial velocity decay

4]

.0 = 0.07/‘/1-' - 0000000000000000501
U r ‘
m (o]

where U, is maximum nozzle exit velocity

and Um is axial velocity at point x.
This equation becomes applicable after the potential core region which is
normally presumed to extend about 6 jet diameters downstream. The equation
for pipe flow is simply U°/Um = 1, As expected, all intermediate values
of fg produce axial velocify decay graphs which lie between these two
extrle::lmes , (shown in Figs, 3 and L), Since a free jet cannot be represented

when UOAJm is plotted against £ becavse L is infinite, another means of

L
indicating the effect of f_g between the two extremes would be a plot of
L

Uo/bm against -72%-0- o In this case a simple fall from Hinze's free Jjet
equation (Equation 3.1) down to the UC’/Um = 1 of pipe flow does not occur,
An initial increase of fg from zero is accompanied by an increase in UO/Um

L
at the same value of =x~ , This trend continues wntil a aritical value of

or,
f_g is reached, when valtoxes of Uo/j Up begin to fall again at the same value of
__fc_:_. The value of the critical © was 0.5 in the present case, but it appears
izodepend on the experimental conditions prevailing. The maximum value
_ given by Cohen de Lara et a1(26) in the absence of ambient air flow was
© = 0,089, although it is not certain that this was the inversion value,
since no higher values of © when My, = 0, were published, After irveraion
the values of U0/U, fall for the same value of 72—;_‘-; , when @ is further

increased., There was also o flattening of the curve to an assymptotic

value of U0/[]m at higher values of axial distance which was to be expected
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since there will be a tendency towards pipe flow conditions as @ tends to
unity.

T
3.1.2. Effect of o/L = @ on Recirculation

The recirculation was computed from the velocity profiles, both by
integrating the forward flow profile, and the reverse fldw, the differéncé
between these two being the nozzle inlet mass flow rate Mo. A correlation
between %E-'E.' where M. was the recirculation mass flow rate, and% was found

and is shown in Fig.5. Very close agreement was observed at high values of
(26)

:g with both Cohen de Lara and Ibiricu( 28), although as _I_'_q decreased,
L L

the values of .ﬁ_: were found to lie between these studies., The recirculation
data are given in table No.4.3, in Chapter 4,

3,2, Multiple Enclosed Jets

In this study, the situation was made more complex than that of the
single enclosed jet, by surrounding the single Jjet with other jets in a
parallel uniform configuration, Many extra variables are introduced by
such an arrangement, although some of these were not investigated in the
present research, The radii and velocities and conscquently momenta of
the outer jets were minteined the same as the cential jet, as in the mrine
boiler case. The ambient air supply was ommitted as the pressure jet burner
employed in marine boilers is of the swirling concentric jet type, which can
be replaced in.the first instance by a simple Jet.

3.2.1., The Effect of Reynolds Nurber

The Reynolds Number was varied over a range 1.19 - 3,19 x 104, which was
less than those of practice but it has been shown(ll) that for fully
turbulent conditions (Re >10%), similarity should result. In order to

achieve the same Reynolds Numbers as in practice, (approximately 117 x 104)
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prohibitively large supersonic nozzle velocities would have to have been used,
The first arrangement studied was that of six ' diameter nozzles equally
spaced on a pitch circle of radius 2", and one ' diameter nozzle placed
centfally. Velocity traverses were made in two planes, through and between
the axe$ of the outer jets, It was thought that these would yleld sufficient
information about the flow patterns., A general feature of the variation of
flow rate, in which the Reynolds Number was almost trebled, was the basic
similarity of all the flow patterns, These are shown in Pigs, 7a-f, The
recirculation zone between the central and outer Jets is seen to extend

about 23" downstream in all cases, and this can be compared ﬁth the
stagnation point in double concentric Jet studies, The outer recirculation
zone was observed to diminish fairly uniformly as the outer jets éxpa.nded.
The axial velocity decay curves shown in Fig.6 fall on a smooth curve at

all Reynolds Nunbers,

2,2.2, Effect of Nozzle Diameter

In these experiments the same nozzle configuration was used as in the
previous section but the nozzle diameter was 3, The Reynolds Number
varied over a range 1.06 - 3,19 x 10" but there was no corresponding change )
in flow pattern (see Figs. 8a-f). Good agreement was found between S and ¥

diameter nozzles in terms of basic flow pattern, the only differences being
in the axial velocity decay, and the magnitudes cf recirculation velocities,

3.2.3. The Effect of Pitch Circle Radius of the Outer Nogzzles
The pitch circle radius of the outer nozzlcs was varied for five valucs

of from 0,375 to 0.656, As in section 3.2,1., the nozzle diameters

R
L
were 3" and six outer jets were used. For this study the Reynolds Number

- 27 -



was maintained constant in each jet at a value of 2.87 x 104, It was thought
that the lower values of% would show considerably more Jjet interference, and
congsequently turbulence, due_ to the closer proximity of the jets, This
proved to be the case, and when% < 0.5 the jets rapidly combined with a loss
of individual profile. Above this value the Jjets maintained their
individuality. An interesting feature at large % was the difference in
axial velocity decay between inner and outer Jjets, indicating crowding of the
~outer jets by each other and by the walls of the duct. The flow patterns are
shown in Figs, 9 and the axial decay of veloclities in Figs. 20, Recirculation
velocifies were found to be higher when the jets were further apart.
Two other experiments were performed with 3" nozzles for % of 0.5 and
0.656, but the flow patterns were basically similar to those when the diameter
was ' (Fig. 10),

3.2.4, The Effect of reduction of Number of Outer Jets

A further configuration of three outer nozzles uniformly spaced about the
central jet Was‘ studied. The pitch circle radius was varied over the range
of —IR: from 0,375 to 0,656 and the nozzle diameter was. ', The Reynolds
Number was again maintained oonste.nt-at 2.87 x 104, Additional experiments

- were conducted at % = 0.5 and 0,656 when the noszle diameters were 3*, -
In this case the Reynolds Num‘ber was 3,19 x 104, The flow patterns are
shown’in Fiés. 11 and the axial decay of velocity in Fig, 21, The recircula-
tion velocities were lower, probably due.' to the increased area available for
flow, as well as the decreased nozzle total mss flow rate. There was a

complete absence of mixing between outer jets at all pitch circle radii

because of their wide spacing, This is shown in the traverses between the
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axes of the outer jets, which indicate a smooth jet expansion, with none of
the irregular peaks observed with six outer jets, when, due to their mutual
proximity some turbulent mixing was observed between the.outer jets, For
the higher pitch circle radius, the axial decay of velocity of both central
and outer jets was the same, contrary to the observations with six outer jets,
A possible explanation of this is the fact that the outer jets are less
crowded, and hence are able to expand as freely as the central Jet.

A further investigation of two outer &' diameter jets on a pitch circle
radius '% = 0.5 was made, (i.e. in the same plane as the centre jet)
obtaining point values of the axial velocity., The axial velocity decay is
shown in PFig, 22,

3.3. The Study of the Introduction of a Downstream Resistance

An investigation was made of the effects of placing a downstream
resistance, in some of the multiple jet arrangements studied above, This was
intended to take account of the tube banks in practical boiler installations,
and also to discover the effects of deéreasing combustion chanber length,

In prototype boilers (Plate 10 and Fig, 32), the tube banks are situated
alongside the flames, so that the combustion gases mast turn through a right
angle prior to entry. Thus combustion at the outer wing burners may not be
completed before the gases are swept into the tube banks, The grids were
placed at various points inside the jet expansion zone, where in practice
combustion would still be taking place. Although the data obtained in this
study cannot be directly applied to marine boilers, the results give a

qualitative picture of the probable effects of tube banks upon flow,



3.3.1. The Effect of Grid Position

The first investigation was made on the seven jet system when % = 0.5,
The grid was moved successively from downstream to a point X = 0,375 and

T
the flow patterns are shown in Figs, 12, When the grid was placed at

% = 1.75, a reduction in the size of the inner jet recirculation zone was
noticed. Without the grid in position the zone extended some 2%" downstream,
but with the grid in place the zone was barely detectable 1" downstream from
the nozzles. This recirculation appeared to be displaced int6 the outer
zones, and a corresponding 50% increase in velocity was observed, This
effect was also indicated by the more rapid axial velocity decay of the
outer jets when compared with the centre, This effect was only observed at
higher values of % when no resistance was introduced. When the grid
was moved nearer to the nozzles, a "compression effect was noticed, with the
outer jets spreading out to the wall prior to the grid, The flow patterns
between £ = 1.75 and 1.25 were all similar, with the min recirculation
occurring in the outer zone, Movement of the grid to % = 1 revealed a
drastic change in the £low pattern (seen in Fig.12c); A recirculation zone
extending to the grid was now established between the jets. It appeared
that this rececirculation had been produced at the expense of the outer zone,
because the recirculation velocities were drastically reduced in the latter,
The axial velocity decay was the same in all jets, as had been the case with
no grid present, Purther upstream, movement of the grid increased recircula-~
tion between the jets, and further reduced it outside, In all cases,
movement of the grid townrds the nozzles accelerated the a‘xial velocity
decay. This can be seen in Figs, 13, 16, 'I‘hé initial effect of the grid

introduction was to deflect the outer jets into the outer recirculation zone,
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Recirculation from behind the grid may also have occurred but the velocities
involved were too small to be measured., Also a high turbulence level was
present downstream of the grid‘, with the fluctuations often exceeding the
meoan pressure reading from the probe, In contrast to this the turbulence
level before the grid was much less than with no grid at all, resuiting in
better velocity traces., This result agreed with Corrsin's observations( 3 6).

3.3.2. The Effect of Grid Resistance Magnitude

The same arrangerent of Jjets as in the previous section were investigated
using grids of higher and lower resistance respectively., The resistance
calibrations of the grids are given in Appendix 3. The high resistance grid
did not alter the basic flow ppatterns as can be seen in Fig., 14 a and b,
although slightly more rapid axial velocity decays were noticed. The
boundaries of the recirculation zones in each grid position were not altered
by increased grid resistance, The low resistance grid initially had a less
drastic effect on the system, the flow patterns (shown in Figs. 15 a and 'b)
fallihg between those without a grid, and those with the medium resistance
grid. The initial grid placings f‘rc_:»m%c = 1.75 to 1.25 showed an inner
recirculation zone extending 13" downstream compared with 23" in the open
system and 1" with the medium resistance grid. The change over af maximum
recirculation flow occurred at ,I’-f = 1 as before, tut in general all
recirculation vclocities were lower than with the medium resistance griad.

The effect of each grid on the axial velocity decay can be secen in Fig, 16.

3.3,3, The Effect of Nozzle Diamcter

In this study with the same pitch circle radius of the outer Jjets
% = 0.5, the nozzle diamcters were reduced to 3". The flow patterns

(Fig. 17 a-c) have the samc recirculation zone limits as those for the same
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2n diameter nozzle configuration and this result compared well with the
variation of diameter when no grid was present (Figs. 7 and 8), The change-
over of the main recirculation flow which was observed at % =1 with 2
diameter nozzles was observed here at% = 1,25, although some reverse flow
was notieed near to the grid when it was positioned at % = 1,5, As before,
after the changeover, the outer zone recirculation velocities were reduced

almost to zero,

2.3.4. The Effect of Pitch Circle Radius of Outer Nozzles

The min effect of the grid in the previous sections, (where % was
constant at 0,5) was to increase outer zone recirculation at the expense of
that between the jets, but as the grid was moved towards the nozzles, a
changeover was observed. At a grid position of-%‘C 1, the min recirculation
flow changed from the outer recirculation zone to the inner zone between the
jets., It was also apparent that in these cases ( 'II% = 0.5),when studied
without a grid the between Jet recirculation’zone was the minor one, A
study was thus made of the effect of the grid introduction when% = 0,656,
where even without the grid the major recirculation zone was between the
central ‘and outer Jjets, Seven %" diameter nozzles and the medium resistance
grid (Crid 2) were used. An immediate effect of the grid introduction at
%‘ = 1,75 (shovn in Fig, 18a) was a reduction in smaller outer recirculation
zone velocities, In the between Jet zones, the recirculation took the form
of a reversed Jjet, an effect which had also been noticed in the above studies
where the inner zone of z;ecirculation was predominant, This phenomenon was
not observed in any of the systems prior to the grid studies, A m)verglent of

the grid upstream, (shown in Figs. 18 b, c) caused increased recirculation

in both zones, and some Jet interaction was observed in the form of regions
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of isolated forward flow in the plane between the outer jets, In the present
case, no changeover of recirculation flow was noticed, only a gradua.l
strengthening of all the zones as the grid was moved upstream, The effect
of the grid on axial velocity decay can be seen in Fig, 19,

Let each grid have a limiting velocity which depends on thé pressure
drop across it. As the grid is moved upstream, it encounters veloedties
which exceed the limiting value, and consequently jet fluid will be deflected
back into the recirculation zomes. It can be seen that this effect will be
more pronounced as the grid is moved further upstream, For closer Jet
configurations ( % < 0,5), the changeover of recirculation flows can be
explained by the same reasoning, Upstream of the changeover poiht each jet
behaves separately, and so recirculation is deflected back into both zones,
This effect is more pronounced in the inner recirculation zones because of the
smller cross sectional area available for return flow, Downstream of the
changeover point the grid causes the Jets to coalesce into a single jet,
Since no inner recirculation zones would then exist, all the deflected flow
of this "jet" would be to the outer zone, ‘

In the widely spaced jet systems ( § > 0.5), where both recirculation
zones persist to greater downstream distances, all the studies made were
upstream of the changeover point, and enhancement of both recirculation zones
resulted from introduction and movement of the grid upstream,

3.4 Water Model Studies of Enclosed Multiple Jets

The main objective of the water model work was to obtain qualitative
confirmation of the flow patterns obtained in the air model studies, A4lthough
quantitative measurements from flow pattern photographs are possible, these

would have proved extremely tedious since they (involve measurement of particle

trace lenpths., The photographs were marred by the presence of minute air



bubbles which adhered to the inside surface of the perspex and were not easily
removed, It was felt that the visual observations made during the operation
of the water model could he best represented as 1ine' drawings and these , in
conjunction with the photographs, would present a fairly clear picture of the
various flow patterns, These are shown in Figs. 24 a-e and Plates 7, 8, 9,

3.4el. The Effect of Pitar Circle Radius of OCuter Nozzles

Since the pitch radius of the outer nozzles proved to be an important

R

parameter in the air model studies three values of I were chosen to represent

normal and extreme cases. The values were% = 0.375, 0.5 and 0,656 and
corresponding water flow patterns can be seen in Figs, 24 a, b, c.

For § = 0,375 the corbination of the jets was clearly seen, with
pronounced areas of recirculation occurring around the outside, The combined
jet flow appeared to have somec instability as the " jet" oscillated very slowly
from top to bottom of the section, W’hen% = 0.5, close agreement with the ~
air model studies was observed, with the size of recirculation zones comparing
favourably with the values recorded proviously (Figs. 8 and 9), The outer
recirculation zone extended 10" downstream (% = 2.5) and a general forward
flow indicating amalgamtion cf' the jets was observed 6" downstream ("LJ': = 1.5).
The inner recirculation zone was poorly defined but, the extension dovnstream
was about i-c = 0,375 (in good agresrent with oir model studies), The higher
value of § = 0,656, as expocted, showed the individual rature of the Jets,
which persisted beyond-f-;c = 3, and the recirculation zones were very similar

in size to those of the air model studies(Fig. 9a).

3,4.2, The Effect of Grid Position

An immediate observation was the distortion of the flow pattern near the

grid caused by the perspex strengthening ring so it was located downstream of
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the grid, Some recirculation through the grid was then noticed, a feature

which had not been noticed in the air model studies. The flow patterns 'shown
in Figs. 24 4, e are similar to the air model observations (Figs. 12, 14 and
15). The change over of recirculation flow from the outer zone to the inner

zone as the grid was moved upstream, was observed,
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CHAFTER b4
ANALYSIS OF RESULTS

4.1, Single Enclosed Jet Studies

The basis for the correlation of recirculation in single enclosed Jjets
has been provided by Thring and Newby( 21). In an attempt to predict the
recirculation of a singlé enclosed jet from the entrainment of a free Jjet

they arrived at the equation

; 1l + Mr = _Q_-_E ;Oolnoonotooocto l&—ol
Mo +Ma %)

To obtain this they used an entrainment equation derived from Hinze's free
jet velocity decay data(zz). Enclosed jets do not behave like free --*:3

dets(26, 28)

and thus discrepancies arise between Equation 4.1, and ptactice.
The general form of the equation has been retained with some success by
Cohen de Lara et a1(26) and Ibiricu(za). The general form of the equation

is:=

A + Mr

Mo +Ma

[ X E N E N R NN NNENSEN N ] 402

olw

In order to correlate recirculation where M = 0, it was decided to plot
Ml‘/Mo against% and compare the results of the present studies with those of
the above mentioned workers.

4.1.1. Calculation and Correlation of Single Enclosed Jet Recirculation

The recirculation mass flow rate was computed from the velocity profiles,
A simple integration of the forward and reverse flows at any section of the

duct gave a double check of the recirculation value at that distance downstream
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Values of the maximum recirculation mass flow rates are given in Table 4.1,

A plot of Mr/Mo versus% is shown in Fig., 5 and the results compared with the

(26) (28)

data of Cohen de Lara et al ,and Ibiricu Table 4,2, shows comparative

values of A and B in Equation 4.2, due to various workers,

Nomenclature used in Table 4,1,

axial position of maximum recirculation
mass flow rate

N

[l TV

7
"o

A. = Recirculation Area (Square Inches)
U, = Average Recirculation velocity (£t./sec,)
Mrl = Recirculation mass flow rate (1b./hr.)
Ap = Area of forward flow (Square Inches)
Us = Average Velocity of forward flow  (£t./sec.)
g = Mass of forward flow (b, /hr.)
M = Mass flow rate in nozzle (1v., /br, )
My = Recirculation mass flow rate based on
2 integration of forward flow
= (M -M) (1b. /hr. )
M = Average recirculation mss flow rate (v, /hr.)
T

ell the above values are computed from the velocity traverse at
X
I)c
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TABLE 4.2

Values of the constants in Equation 4,2,

Comparison between various Investigators

Investigator Nature of Study A B
Thring and Newby Enclosed Jet Models 1l 0.9
Curtet Enclosed Jet}'l‘heoretical 1l 0.5

Models  Experimental 1 0.6
Riviere Combustion System 1 0.45
(Gas analysis)
Cohen de Lara et al Enclosed Jet Models 0.9 0,62
obbve .‘:% = 0,15
Craya and Curtet Enclosed Jet (Theoretical) | 0,88 0. Ly
below _I:_o_ = 0.02 '
L
Ibiricu Circular, Sguare and 1 0.73
rectangular cross-section
rodels (velocity profiles)
Whaley Circular, cross-section, 0.6 0.66

no ambient air stream,

Sonee
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It can be seen from Table 4.2, that the slopes of the experimental lines
(B) from the results of the later single jet studies are very similar
(approximately 0.65)., The lines originate from different points, (different
values of constant A), which are functions of the inlet conditions of both
the nozzle and the ambient air stream,

4.2, Multiple Enclosed Jet Studies

A theoretical analysis of the non fully developed regions of turbulent
multiple jet flows, near to the nozzles, where there is considerable
influence from pressure fields would be extrmely complex. The Wright
conccpt( 35) that each jet behaves as though it were enclosed in its own
separate duct allows a considerable simplification of the system, This
enables direct comparison to be made with the single enclosed jet results
of previous sections, In order to compare single and multiple jet data it
was necessary to assign a value to the radius of the imaginary enclosing
duct (L'), in order to calculate the value of the Thring-Newby Parameter ©
(';2) e« This was achieved by relating the axial velocity decay graphs of

- :
the multiple jet arrengements to those for single jets., It was only
possible to do this over the downstream distance where the multiple jets
rempin separate from each cthér. Good agreement between multiple jet and
single Jjet axial velocity decay plots (UC’/Um versus % or -;-f—;) was observed
for a greater downstream distance when the nozzles were further apart
(i.e. % >0.5). When the nozzles were closer together, it was impossible
to compare the axial velocity decay graphs; except in the immediate vicinity
of the nozzles where the jets were still separate. FPurther downstream the

graphs flattened towards an assymptotic value of UO/Uln which was much



smller than that expected for the single jet 'as predicted- from the upstream
characteristics., This indicated an interaction between the ,jeté, resulting
in the formtion of a single equivalent jet, which meant that fhe " separate
duct" theory of Wright was inapplicable. Consequent_;_ly an alterrative
treatment was required in which the upstream flow pattern could be descridbed
by considering each jet individually and the downstream flow puttern could
be regardcd as that of a single conbined enclosed jet. The coalesced jet
conditions were treated using the theory demonstrated by Ricou( 20)
mltiple nozzle behaves dovnstream as a single jet with the same total nozzle

mass flow rate and velocity,

4.,2,1, Determination of the Radius of the Imginary Enclosing Duct

The values of L' the radius of the ficticious enclosing duct, were
determined by comparison with the single Jjet axial velocity decay plots
shown in Figs. 3, 4. Here we had values of UO/Um versus 1’:‘ for single Jets
with various values of O, and in order to compare, it was necessary to
interpolate for infernedﬁ&te values of &, The comparisons are shown in
Figs., 20 a, b, 21, 22 and the values of L' for the yarious maltiple Jet
systems are given in Table 4.3. These values were precise, since smll
errors in the value of L' chosen could result in large deviations in UO/Um
for that particular location, due to the rapid rate of axiAl velocity decay
at downstrcam positions, The effect of closer spacing of the jets can also
be seen in Figs, 20 a, b, 21, 22 where departure from single jet data was
observed after the initial zone of jet development. The ranges over wmch
the valucs of L' describe the axial velocity decay of the multiple Jjet
systems are also given in Table 4, 3.

It was found that the nozzle dimensions had no effect on L', the value of

this depending solely on the nozzles spacing parameters (% and n)., US;')I‘E'?“‘E]L‘[DY
NIVER
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TABLE L, 3,

Expetimental Valucs of L'

To ] R n .L' centre or (_Ec)

ins, ins, ins, outer jets e
0.375 2,625 6 2.70 centre 2,125
0,375 2.625 6 2.30 outer 2,125
0.25 2.625 6 2. 76 centre 2,125
0.25 2.625 6 2,30 outer 2.125
0. 375 2.625 3 3.10 both 2,125
0.25 2.625 3 3.10 both 2.125
0.375 2.375 { 6 2.50 centre 2,125
0.375 2.375 6 2.00 outer 2.125
0.375 2.0 { ¢ 1.79 both 1.625
0.25 2.0 6 1.79 both 1.625
0.375 2,0 3 2.30 both 1,625
0.25 2.0 3 2.30 both 1.625
0.375 2.0 2 2.50 both 1.875
0.25 2.0 I 2 | 2.0 both 1.875
0.375 1.75 6 1.60 both 1.125
0.375 1.5 3 1.30 both _0.625
0.375 1.5 3 1,70 both 0.875

t+ indicates only axial velocity measurements taken

n = no, of outer Jjets

(.’L‘ o= exial downstream distance over which L' applies




For a fixed number of outer jets the relationship between the paraneter

1
-:I-[:— a.nd% was linear. When n = 6 the equation was

00....-0.0.20-03

L' = 0.8% R
L L
and when n = 3 the equation was
E = 1.15 _R. oa..oo-ootolﬁ-ozi-
L L

Although insufficient points were obtained for n = 2, if it is assumed

that the lines pass through the origin as in the previous equations the

following equation can be obtained,

1.25 B o.-o-ccooocll-os
L

l:"lt:'

Average values of L' were used to obtain the above equations as in
some cases (% > 0.5, n = 6) the outer jets behaved differently to the central
Jet,

In order to relate all these equations into a single equation involving
n, the number of outer Jjets, an additional point can be utilised. The
single jet case whenn = 0, gives L' =L, It is seen that plotting %-'-
against n would yicld a family of graphs for different values of %, all
passing through the point n = O, -i-'- = 1, sugpesting an exponential form of
e@&tion. The following equation was deduced from the exsperimental values

for uniform configurations of nozzles,

t“lt':

2 (0-389 + 0.611 ‘y ooooooo..col&c6
exp.0.356 n /L
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where obviously R }L and R has no meaning when n = O, This equation fitted
all the results with a maxinum error of } 6,57, At higher values of%

when the outer jets were closely spaced (i.e., for large n), the proximity of
the outer jets to each other and the wall of the duct caused a more rapid
axial velocity decay than the centre Jjet, and consequently a lower value of
L', Since this did not occur at the same value of %,
was concluded that wall effects were accentuated by increasing the nwfer of

when n = 2 and 3 it

outer Jets.

The critical separation distancc betwecn the outer jets,and the duct
wall was half the duct radius (-Iz’). In the present case, this meant that
ﬁfhen-g- 20,5 and n =6 the outer jets will restrict each other, and hence
behave differently to the central jet., By decrecasing the number of outer
Jjets the central jet was no longer fully bounded and could "see" beyond the
outer Jets to the wall of the duct, This was proved since when there were
only two or three outer Jets, the values of L' were greater than R, In
order to assess the values of L' for the central and outer jets where these
were differcnt, the thdraulic mean diameter was used (see Ibiricu( 28)).

This diameter was that ‘used for the calculation of Reynolds Number for fluids
flowing in irregular shaped ducts or open chzannels(29). In the calculatiqn
for multiple jet systems, the distances between the jets and the duct walll
were used. When% < 0.5, the distancec between the jets was smll and was
the limiting value in the calculation of the hydraulic meanv diameter., When
BI: >0.5 the distance between outer jets and the dulct wall was smaller than
the distance between the Jets and thus beccame the limiting value. Two

stages were involved in the computation., Initially the central jet was



bounded by the outer jets and the duct wall, and so the initial hydraulic m
mean dlameter of the imginary duct was thus harmonic mean of the pitch

diameter of the jets and the duct diameter,

Initial hydraulic mean _ LR
diameter at x = 0 = L +R 0-0-.......01&07

Further downstream, the jets were still separate when% > 0,5, and the value
of the effective diameter of the duct was given by the average value of

equation L, 3.
Downstream Dialmtef = 1.79R ooo;ooéocvoohos

The central Jjet can now be regarded as entering a conical section, of which

the equivalent cylindrical radius can be computed as follows:-

L +R

..'..'......2‘-.9

L' central jet =[ EIR 9 oop ]

this being half the hydraulic mean diameter. The value of L' for the outer
Jet can be calculated from this value and the average value from Equatidn
L.3. TFor the two cases in the present investigation when% 50,5 and n =6
and different characteristics were observed for the central and outer jets ’
the calculated value agreed with the experimental value, the maximum error'

being 3%.

4e2,2, Calculation and Correlation of Recirculation in Multiple
Enclosed Jet Studies ‘

The recirculation mass flow rate at any cross-section in the enclosed

miltiple jet arrangements studied, was calculated from the velocity profiles
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obtained by traversing through and between the axes of the outer ring of
Jets. In the absence of a complete radial analysis at each section, th‘e
reverse flow was calculated by finding the average recirculation velocity
and the area over which this velocity applied, The average recirculation
velocity was found by integration of the velocity profiles  and the area
for recirculation by subtracting the area for forward flow from the total
duct cross-section. The double check of integration of the forward flow
could not be applied to the multiple jet studies without a complete radial
analysis., However, since the recirculation velocities were generally
greater than those encountered in the single enclosed jet studies, their
measurement was made more accurately, The turbulence intensities were
quite small in the recirculation regions and so it was considered
satisfactory to use the momentum flux velocity values rather than the mean
velocity, since the latter would have involved the measurement of turbulence
intensity., It has been shown in Appendix 4 that unless the system is |
highly turbulent with intensities of the order of 0.75 the error involved
in this assumption will be less than 4,.5%,

‘The valuecs for the recirculation mass flow rate are given in Table 4. 4.
These are maximum values except when% < 0.5, where the values given are
the recirculation mass flow rates in the region where L' applies, A
comparison between the values of Table 4.k and those for single jets given
previously in Table 4.1. is given in Fig,23.

In the casc of the downstreoam regions of the single equivalent jets
(% <0.5) the maximum recirculation was computed as before and the value

of © calculated from Ricou's theory. This assumed that the combined jet
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might have issued from a single nozzle of thc same total cross-sectional
arca. The values of maximum recirculation mass flow rates are given in
Table 4.5. The comparison between these values and thos of Table L.1.
are also shown in Fig,23.

The recirculation mass flow rates given in Table 4.5 were higher than
those given for the same arrangement of jets in Table 4.5, 'since the = -
mximm recirculation flow occurred after the Jjets had coalesced. In
order to describe such systems it was better to use the equivalent nozzle
radius to calculate 9, since the equivalent duct radius L' would only
apply for a limited distance downstrcam, When"13 =0,5, L' was used since

L
the jets retalned their individuality and could be treated separately,
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CHAFTER 2
CONCLUSIONS FROM THE ENCLOSED JET STUDIES -

5.1, Single Enclosed Jets

The studies of single enclosed jets are simplified by the absence of an
ambient air strea;m The axial velocity decay characteristics are found toA
lie between the free jet and pipe flow cases as the relative nozzle size is
increased. The axial decay of velocity is accelerated as © is decreased
from unity (pipe flow) to zero (free jet) (Figs. 3 and 4). It is also
possible to correlate the recirculation of such systems by the use of the
Thring-Newby parameter 6, The equation calculated from the experimental
data of Fig. 5 is:- |

0.6 + ?LI: V= Oo 6 eeosovsscoe 501
M e

o

This equation fits thc expcrimental values with a raximum deviation of
z 5%
5.2. Multiple Enclosed Jets

The recirculation and axial velocity decay characteristics of multiple
enclosed jet systems can be related to those of single enclosed jets, This
is achieved by considering each jet to be enclosed by an imaginary duct of
radius L', obtained by compa;ison of the axial velocity decay curves with
thoseof single jets (Figs. 21, 22 and 23). The obtained values of L' were
then related to the nozzle configuration by the following empirical equation:-

_Ii = 2 {0.389 + 0.611 }_13- eevssvscssne 502
L \ '

exp 0,396n § L
(Where% b 1),
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W‘hen% > 0.5 and n = 6, due to the proximity of each outer jet and
the duct wall, the outer Jets are observed to decay more rapidly than the
central jet, resulting in different values of L', The mean value is used
for correlation in Equation 5,2. The value of L' for the central jet of
such systems is obtained by initially reducing the acrodynamic network .
around the jet to a conical and then to a cylindrieal chanber. This
results in the equation:-

L! central = 7.16 R
L L + 1,79 R +1L)

(A AR R NN NNN] 5.3

for the central jet. (% 0.5 n = 6), The value of L' from the outer
Jets can then be found from Equation 5.2, and 5, 3.

When% €< 0.5 the values of L' given by Equation 5.2 only apply in the
vicinity of the nozzles, Further downstream the jets coalesce and thus
the "separate duct" concept is invalid, The equivalent radius of the
conbined jet is calculated to give the same mass flow and nozzle exit
velocity.

It is also possible to relate the fecirculation of multiple Jet systems

to that of single Jets by use of the parameter © (where 0 = f_q or Yo'
L

=

L
and L' = value in Equation 5.,2). Comparison of miltiple and single jet

recirculation is good, (Fig. 23) the maximum error being % 8% in Equation
5.2,

Photographs and visual cobscrvations of some multiple jet water flow
patterns are shown to be in good agreement with those of air jets (Pigs., 24
and Plate 7).
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5.3. The Introduction of a Grid into Enclosed Multiple Jet Systems

The min effect of the grid is the deflection of the Jets back into
the recirculation zones., Each nozzle configuration has a critical down-
stream location, beyond which the grid causes outer recirculation prominence.
Upstream of this location the recirculation to both zones is increased as
the grid is moved towards the nozzles., In the two configurations studied
(n = 6, -% = 0.5 and 0,656) when the jets are widely spaced (% = 0,656)
the critical point is not observed and is assumed to be downstream of the
experimental section (-i-‘: =0 to% = 1,625), For closer jet spacing
(% = 0,5) the critical point can be observed at% ~1l, The critical
point can be explained by the interference of the grid with the complex
pressure fields of the multiple jet systems at the point when the jets
are tending to coalesce, Obviously this point will be further dcwnstreain
as % is increased.

The variation of the grid resistance characteristics to cover a range
comparable with marine boiler tube bank resistances had little effect on
the flow patterns or axial velocity decay (Figs. 12 to 17).

Operation of the multiple jet systems with water shows that
recirculation can occur back through the grid (Fig, 24 d and e, and Plates
8 and 9). This is not observed in air model studies due to measuring
difficultics in the proximity of the grid.

5.4. Suggestions for further work

This study of multiple enclosed jets provides a basis for work on more

practical systems, Such studies would include swirling jets, irregular
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shaped enclosures, and side offtakes, as well as actual and novel boiler
models, This would then enable more pertinent heat transfer studies to

be mde both from the steam raising and combustion aspects,
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CHAFPTER 6

SIMPLE CALCULATION OF THE HEAT TRANSFER IN LARINE BCJIER TUBE BANKS

6.1. Introduction

Cohen and Fritz(l‘l) have studied heat transfer in D-shaped marine boilers.
The main purpose of this investigation was to investigate the control of
supcrheat temperature without the use of danpers or attemperators., This
was achieved by "turn off" of suitable burners and although the influence on
final steam temperature was small, adverse operating efficiencies.were
noticed. A complete temperature traverse at the inlet to the tube banks
under overload conditions gave a maximum gas temperature of 3200°F at the
centre, falling to 2300°F at the rear wall, The aver;ge gas temperature
was 2950°F and the steam production at 120% of full power (overload
conditions) was 314,000 1lbs, per hour, An important result of the gas
temperature traverses was that flow patterns are not affected subtantially
by the right angle bend through which they have to pass to enter the tube
banks, Under the same loading the average gas temperature was reduced to
2100°F at the inlet to the mmin generating tube banks and 1200°F at the exit.

The "shut down" of groups of burners to give 45% of full power |
conditions, showed that by using burners further away from the tube banks
there was a decrease in superheater heat transfer and an increase in furnace
heat absorption., This emphasised the impartanceof burner combinations for
control of superheater tenperatures,

6.2. Heat Transfer Calculations

It is shown in Appendix 3 that the tube banks of a selectable superheat
boiler can be reparded for pressure drop calculations as equivalent to 29

staggered rows of 1" diamcter tubes on a pitch of 1% inches,
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Heat transfer calculations were mde on this simple equivalent bank of
tubes, The boiler model choscn was that described in Appendix 3, but the
effect of the right angle gas offtéke was ﬁot considered, The boiler was
therefore 4' in equivalent chanber radius, and each burner diameter was 3,

Calculations of the heat transfer coefficient to banks of staggered

tubecs are based on the following equation recommended by McAdams(z*z).

D .
h"ﬂKO = 0.3<D0 G'm)o 6 00000000000601
f

He

where D = outside dlameter of tubes (feet)

h_ is the heat transfer coefficient (B.Th.U./hr.ft.?.°F,)

G_ is specific mass velocity betwcen the tubes, based on the
minimum area between the tubes (1b./hr,ft.3?)

" is therml conductivity of fluid at the film temperature t £

is viscosity of fluid at the film temperature

£ is film temperature or arithmetic mean of surface temperature
and bulk fluid temperature,

In the case of the min generating tube banks in the seclectable

superheat boiler

D, = Y12 poet = 0.083L fest
x, = transverse pitch = 0.1354 feet
Minimum area for flow = 0,135, - 0,083,
per unit area of tube bank 0.1354

0.385 ft.3/rt.?
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For 29 rows of tubos in the equivalent tube bank

Heat transfer surface = _qg 29
per unit area of tube bank 1.625
56 £t,3 /1,2

Let the steam temperature be lOOOoF. and the average gas temperature.

be 2600°F.
tp = 1000 + 2600 = 1800°F
)
o' pp = 0.0162 1b,/ft.° at  1800°F
e = 0.1185 f.p.h. units at 1800°F
K, = 0.048 f.p.h, units at 1800°F

If the local velocity is U.ft./sec. at any point prior to the tube banks

G, = U x 0.0162 x 3600 = 151,5 U 1b,/hr.ft.?
00385 . *
.'s Re = Don = lél.ﬁU
—— 12 x 0.1185
He
= 106,5U

From equation 6,1,

EDo = 0.3 (206.5 U)°+¢
Ke
Se BDo o 4,9, U0
Xe
h = 0.0L8 x 4.9k U°*® B.Th.U./ft.2hr,°F.
0.0834

= 2.8,U%% B ,ThU,/ft.%hr.°F.
let us consider an clement of tube bank in which the veylocity is U,

Heat lost by convection = hm A ATm
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where A 1is the surface arca of tubes

ATm is the logarithmic mcan terperature difference between
surface and fluiqd

«°«  Heat lost by convection = 2.8, U%% 56 AT B,Th.U/hr.ft.2
m
tube bank area

Heat lost by convection = 159,0 UC .8 AT, L :

Sensible heat lost by gases = U. pe. cp. AT 3600 B,Th.U/hr.ft.3
, tube bank area

where Cp = specific heat of gas = 0,31 B.Th,U/1b,°F at 2600°F
pf = density of conbustion= 0.013 1b./ft.? at 2600°F
. gases
Sensible Heat lost by gases = U x 0,013 x 0,31 x 3600 AT
= 14,5 U, AT, B.Th.U/hr,ft,?
AT = temperature drop of waste gases

However, the hecat lost by convection and the sensible hcat losscs by the

gas are the same if tranverse hecat transfer is neglected.

e 159.00°%C AT = .5U. AT
ATm - plet
AT 11.0

Substitute values of temperatures in equation

log_ (2600 - 100C _ 1.0
°\"Te - 1000 I 1
U
e log 1600 -
e( Te - lOOO) = E:_O [ AN RN NN NEY] 6.2

where Te is the tempcrature arfter passage through the tube banks,
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Equation 6.2 indicates that for each velocity profile, a temperature
profile can be plotted for the gas exit from the tube banks, Two
calculations have beeri mde, based on dlfferent 'gf-éas inlet terperature
assumptions,

(a) The gases were assumed to have a uniform temperature equal to the
average value of 2600°F at the inlet to the tubc banks,

(b) The gases were assumed to have a temperature proportional to their
velocity, At the mximum velocity, the temperature was assumed to be
2950°F, and at zero velocity the temperature assumed was 1000°C, It was
thought that the practical case might lie somewhere between these two
extremes, Tho calculations were performed for six cases of burner spacings,
and the cross-section choscn corresponded to the downstream average path
length of the gases in a marine boiler. Reynolds similarity between the
theoretical model and an actual marine boiler under operating conditions
was obscrved,

From Appendix 3 for each burner the Reynolds Number under operating
conditions is 3.47 x 105.

o*e Velocity in $' diameter burners = 1610 ft,/sec. at 2900°F,

‘In the boiler average path lcngth of gases = 8 ft. (half length and width)
«’'e Downstream distance in 3/ 12 scale model = 8",

Velocity maps at the inlet to the tube banks were plotted for each burncr
spacing, and the corresponding temperatures at the exit from the tube banks
can be seen in Figs, 25 a-f for the two temperature assumptions, 1In
general the main difference between the two temperature assumptions was that

a more uniform exit temperature distribution was observed for the assumption
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of uniform temperature at the inlet, For the calculation of recirculation
temperatures, the gases were assumed to return through the full tube bank
having been cooled to an average temperature of 1200°F by the first pass,
6.3. Conclusions

The calculations of heat transfer in marine boiler tube banks, based
on the flow patterns observed in a simplified model, have indicated that
tube bank exit temperatures in the region of 1900°F can be expected in
regions of highest velocity caused by closer grouping of the burners,
Calculations of probable recirculation temperatures have indicated that
gascs mny re-enter the combustion chamber at temperatures in the region of
1060°F. On mixing with the hot combustion gascs which are recirculated to
the flames, these gases cause a reduction in flame temperature., Since one
of the advantages of recirculation in rressure jet burner systems is flame
stability caused by preheating the oil .droplets before combustion, then
adverse operating conditions can be expected if this prcheat temperature is

lowered by colder recirculated gases,
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APPENDIX 1

THE STUDY OF A SINGLE ENCLOSED SWIRLING JET

-

The pressure jet oil burner is a complex system in which angular
momentum is imparted to the combustion air, by passing it through an annulus
around the oil atomirer which contains a mechanical swirling device. This
consists of a circular arrangement of vanes inclined at an angle to the
direction of flow, which is placed in the throat of the burner. There are
two types of swirl, of which only one can be regarded as stable., This is
the "free vortex' swirl system where the radial static pressure gradient is
balanced by the centrifugal forces of rotation., In this condition there
is no tendency for the Jjet to spread, other than by the normal entrainment
process at the q’et periphery. In common practice the unstable "farced
vortex" swirl system is utilised in which the centrifugal forces are not
balanced and so the Jjet diverges from the burner mouth, This gives a region
of low static pressure on the jet axls, producing a recirculation zone which
assists flame stabilisation by the recirculation.of hot combustion products
to both inside and outside fringels of the oil spray.

It is possible to achieve a similar flow pattern without swirl and
investigation is required to decicie whether it is the best means of achieving
the desired characteristics of flame stability and high conbustion intensit&.

A preliminary study is made here of the effect of increased swirl on a
single Jet, 'using the simple T-pitot probe measuring teclfmique.. Although
the effect of rotational flow on the probe is not known, it is possible to
distinguish betiween the two types of swirl mentioned previously and also to

detect the transition from one condition to the other (Fig. 26). The swirl



is characterized by taking the ratio of tangentially injected air to the
total nozzle mass flow, Measuréments of mess flows from the velocity tr;.ces
were not attempted due to the uncertainty of the measuring technique, The
results are plotted as velocity contours showing the effects of increasing
degrees of swirl in F;ig. 26. In these studies the nozzle diameter was 2
and the radius of the duct 4", The relative quantity of tangentially
injected air covers the range ;‘rom 0 to 45% of the total flow. The results
are compared with similar studies at the International Flame Research

Foundo.tion( Iﬂ)

carried out on an annular swirling free jet of outside
diameter 25 centimeters in which the ratio of tangentially injected air
varies from O to 67% of the total flow., To enable comparison, each swirling
Jet is related to the non swirling case by the parameter U“/Umo.

Um = mximm forward velocity component in swirling Jjet at

downstream point x

Umo = mximm (i,e. axial) velocity in non-swirling jet of same
diameter at dovmstream point =x,

Similar trends are shown for each case in Fig. 264, as the swirl
characteristics of each jet were increased.

From the flow patterns shov:rn in Fig, 26 it can be scen that increased
swirl increases the angle of spread of the jet, finally resulting in forced
vortex conditions at 35.4% tangential air input., At the mximum dégree of
swirl studied (45% of tangential air), wall jet conditions are observed
with very low forward velocities occurring along the walls of the duct, and
recirculation along the axis. Since the nozzle diameter is not varied, it

is not possible to make a nore detailed analysis of the results,
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Conclusions

Increasing the proportion of tangential air flow in a swirling jet
caused accelerated maximum velocity decay (Fig. 26d). Below a value of
25.4% tangential air, the conditions corresponded to free vortex swirl for
o 2 diameter nozzle and the jet did not spread from the axis other than by
a norml jet entrainment and slight angular damping (Figs. 26 a and b),

At 40,67 tangential air, the onset of forced vortex swirl was cbserved,
Here the maximum velocity was not on the axis and symmetrieal twin peaks
were noted in velocity traverses, An axial recirculation zone was formed
under forced vortex conditions and for the wall jet which occurred with
L5% of tangential air, this was the only recirculation zone,

These results suggest the possibility of relating single and multiple
swirling Jjets for the frce vortex condition, At higher degrees of swirl,
when the Jet.spread is greater, considerably more interaction between
miltiple jets is expected, and they are not expected to bechave as separate

enclosed single Jets,
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APPENDIX 2

CALIBRATTION CF FLOW MEASURING IEVICES

(22) The T shnped velocity probe

The T shaped veloclity probe was calibrated by comparison with a
standard N,P.L., pitot tube placed in the same stream, The calibration rig
was built from a small perspex duct (Plate 1). The linear calibration

(fig. 27) resulted in the equation

Velocity at 60°F = 60.6 VAP

where AP = pressure differential (inches w.g.)
The probe wna inclined et an angle to the gas flow to obtain the pitching and
yawing characteristics (Figs. 28) . An angle of acceptance up to h5° was .
observed from the yawing characteristic, This was useful, since much of
the recirculation near the burners was non-axial in direction. The pitching
characteristic in which the probe was turned about its own longitudinal axis,
gave an angle of acceptance of 250. Here the acceptance angle is defined
as the maximum angle between the probe axis and the velocity vector at
which the probe gives 95% of the true velocity reading.
(2b) The Nozzles

The calibration of the constrictions inside the nozzles was double-
checked using orifice metering and a rotameter. The calibrations are given.
in Fig. 29. Although all nozzles except the central one (No.3) had the
same sleeve inserted, different characteristics are observed, possibly

due to the difficulty of exact positioning of the sleeve within the nozzle

body,
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(2¢) The Pressure Transducer

The Beaudouin Pressure ;,Transduce;' was calibrated with reference to the .
static pressure differential across a Prandtl micrommanometer. The applied
pressure differential could be read accurately to ¥ 0,0005" w.g. The
cali'bra.tiéﬁ of the transducer for the various output ranges is given in
Fig. 3C.

(2d) The Supply Line Orifice

The diamcter of the orifice used to meter the flow to the apparatus was
ealoulated nccording to B, S, 1042 Flow Measwemont(*3), 4 flow sufficient
to give a nozzle exit velocity of 100 feet per second in seven 2 Jiameter
jets, would also give a 10" water gauge pressure diff'erent‘ial for a 13
diameter orifice in a 4" diamcter pipe. The overall flow rate could be
checked by summing the individual jet flows, The final equation calculated

for the sbove orifice with air flow at 60°F was

Q = 2439 V4 h

where Q Volumctric flow rate (cu.ft./hr.)

Ah = Pressure differential across orifice (ins. w.g.)

Table A.l. gives calculated and experimental values of Ah from the

equation calculated from the value of the volumetric flow rate Q.
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TABLE A.l.

Calibration data for Orifice Flate

S, |G | o,
ft./sec, ‘ . ins, wg. ins, wg,

80 6190 6.1@ 6.45

70 5{10 L. 4.90

€0 4640 3,61 3.65

50 3870 2,51 2.5

540 3090 1.605 1.6

20 2320 0.9 0.9
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APPENDIX 3
MODEL, DESIGN CALCULATIONS AND OFPERATING CONDITICNS

(3a) Model Design Calculations

The duct used for the multiple jet investigations was one twelfth of the
equivalent diameter of a typical marine boiler. - Since a marine boiler |
front wall is not circular, the hydraulic mean diameter was calculated. The
compact D shaped boiler shown in Plate 10 and Fig. 32 has a hydraulic mean
diameter of 8', Burner diameters of 1' were used in this boiler, although
the operating dimension is smaller due to the blockage effect of the air
register and atomiser,

It has been shown that the discharge coefficﬁ\.ent of such an asserbly
is 0.65(1*5 ). The equivalent radius is thus WS_-I'-OE where r, is true
diameter. This equation is based on mass flow and momentum equivalence,

Since r_ is 6", the equivalent radius r,' will be 4.85". Therefore, for

L
using a standard pipe size of -::i" inside diameter for the nozzles the para-

'
modelling purposes the similarity parameter € (ro )was 0.,101. In the model,
meter © was 0,094 giving fair geometric similarity with the marine boiler.
It proved impossible to construct a model with & comparable to the hot
operation of a marine boiler using the equivalent burner diameter suggested

by Thring and Newby(zl).

This would beb apprroxinatély 2' in diamcter giving
@ = 0.29. Since there were seven burners assecmbled on the front wall of
the 3/ 12 scale model, it can be seen that this would have been impossible to
construct., It was thus decided to build the model with geometric' similarity,

and application of the results to operating conditions using an equivalent

hot radius would be possible,

- 66 =



(3b) Operating Conditions and Dynamic Similarity

It is instructive to calculate the Reynolds Number in a typical marine
boiler burner for both hot and cold conditions of operation,

Cold Operating Conditions

The oil flow to each burner was taken as 2100 1b,/hr, which corresponds
to a combustion air flow of 33600 1b,/hr, (Air : Fuel Ratio 16 : 1), The
equivalent unrestricted diameter of the burner was 10",

Reynslds Number at 60°F = U, d. p,
“C

d = dliameter of burner = 0,83 feet

U = wvelocity of air in burner

u_ = viscosity of air at 60°F, 1.209 x 10°° £,p.s. units

density of air at 60°F. 0.077 1b./cu.ft.

pc = =

U = 33600 x L = 222 ft./sec.
3600 x 0,077 x n(0.834)?

Re = 222 x 0.83L x 0.077 = 1.18 x 10°

1,209 x 107°

Hot Operating Conditions

The tempcrature of the combustion gases was taken from Cohen and Frtiz's
paper(l'l). The average temperature in the combustion chanber was given as
2900°F. at full power conditions for a D shaped marine boiler, Assuming

that the gases behave like air, and reach the burner throat at 2900°F, the
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Reynolds nunber in the throat is therefore
Reynolds Number at 2900F = U, & pp
b

W, = viscosity of air at 2900°F = 4.1 x10™° f,p.s. units falfulated
from Sutherlands Formulalldd R

P, = density of air at 2900°F, = 0,0118 1b,/cu.ft.

U = 33600 x ) = 1450 ft./sec. at 2900°F.
3600 x 0.0118 x (0.83))3

Re = 1450 x 0.83) x 0,0118 = 3.47 x 108

L1 x 1073

The equivalent diameter of the burner is given by:-

& = d g5 = 083 00T . 2,125 feet
'p'}'1 0.0118

«'e The Reynolds Nunber based on this diameter isi=-

Re = _ 33600 x L x 2,125 x 0.0118 = 1.3 x 10
3600 x 0,0118 x n(2.125)? x 4.1 x 10°°

(3c¢) Reynolds Nunber in Model Studies

The maximum velocity which it was possible to obtain in the model was

80 ft,/sec. for a 2" diamter nozzle,

R at 60F. = 80 x & x 0.077 = 319 x 10¢
12 x 1,209 x 10™°

The operating range of Reynolds numbers of the cold air model was less than
that of operating marine boilers., Since flow patterns and mixing are

essentially independent above Reynolds numbers of 10,000, it was considered
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Justifiable to opcrate the model at these lower values,

(3d) Grid Similerity and Pressure Jropthrough Tube Banks

It was necessary to establish some basis of similarity between the
grids and a typical set of tube banks, Calculations were made using data
givn in McAdams(l"z) and it was possible to obtain a pressure drop versus
specific mass flow rate characteristic for a tube bank, This can be
compared with experimental results for the grid presented in the same form
' (Fig.31).

Pressure Drop Calculations for a Marine Boiler Tube Bank under full lead
conditions

Full details of the tube banks of a marine boiler of the selectable
superheat type were obtained, A simplified diagram of this boiler is
shown in Fig.32, The boiler has five 1° dhmter burners and conesquently
at full load, the same fuel rate for each burner as that mentioned previously
can be used. In the sélectable superheat boiler, part of the waste gas
flow passcs down the superhcater side of the bank, and part down the
saturated steam side, Control of the steam requirements can be obtained
by us;: of dampers which divert gas preferentially through either side of
the tube banks, Calculations were made, assuming a wniform flow distributionm,
except through the superheater, for both hot and cold conditions of operation.jf :
The calculated characteristics are shown in Fig, 31,

Cold Operating Conditions

The tube banks can be divided into six parts, three on each side of
the boiler, The first two sections, which can be regarded as one for the

calculation ,are the fire tubes, which extend fully across the tube banks,
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These are larger tubes than the rest of the bank, and a larger pitch gives
radiant heat transfer to tubes other than the first row, Next the
superhcater section and the saturated steam pass are followed by the main
steam generating bank of closely pitched tubes, which also extend across
the full width of the furnaces, No effect of the dampers was considered,
and in the superhcater and saturated sections, the flow was assumed to be
distributed so that the pressurc drop across each side was equal,

Fire tubes = full width

Overall dimensions of tube bank 8' x 6.,67' consisting of a staggered
bank of 2" outside diameter tubes in which there are 18 tubes/row for 3 rows,
tube pitch = 4 16", The totel waste gas mass flow rate is 5 x 33600 =
1.68 x 10° 1b./hr. = 46.7 1b./sec. (where 33600 1b,/hr, is air
requirement per burner as given previously).

Total free area of tubes = 8 x 6,67 = 53.L ft.*?

Of this, area avallable _ _
for Flow = 8 (6-57 ____..181326 2)
= 29.3ft.?
«'s Speccific Mass flow rate G = 46,7
29.3

G = 1,59 1b,./sec.ft.?

Now Re at 60°F, = D, G
m
where D, = diameter of tubes (feet)
G = specific mass flow 1b,/ft.2sec,
u = viscosity at 60°F, = 1,209 x 10°° f,p,s, units



Re at 60°F. = 2 1,59 10° = 2,2 x 10
12 1,209
Now 4p = 4 fN @G?
28, P
where 4p = pressure drop (Ib./ft.P
N = DNunber of rows of tubes
g, = gravity constant = 32,2 ft./sec.?

p = density of air at 60°F = 0,077 1b./cu.ft.

£ = friction factor = (0.23 + 0,11 )Re‘°'“
(x - 1)1 +08
x = pitch to tube dlameter ratio where 1.5 ¢ x <4.,0

In this case x = &7/],6 = 2,22
2

fo £ o= (0.23 + _ 011 ) (2.2 x 104)70e1®
(1.22)1 0¥

o.o f - 0.07114.

e Ap= 4 _x 0074 x 3 x 1,59

2 x 32,2 x 0,077

0.436 1b./ft.® = 0,08l inches v.g.

Main Generating Bank - full width

Overall dimensions of tube bank 8' x 6,67' consisting of a staggered '
bank of 1" outside diameter tubes in which there are 47 tubes/row for 21 rows,
tubs pitch = 15/ 8", Here x will be 1,625. By a similar calculation to
that above we obtain

G = 2,11b,/ft.?sec,



Re 1,45 x 10¢

f 0.098

Ap = 7.31 1b,/ft.? = 1.41 inches w.g.

Superheater and Saturated Bank

Details of superheater:- Frce area = 3.9' x 8', The tubes are
horizontal rather than vertical as in the other sections, . There are 50
13" outside diameter tubes per row in a staggered bank of 20 rows, The
tube pitch = 1.875" giving x = 1.5, If the mass flow through the

superheater is m, 1b,/sec.

Now area for flow = 3.9 (8 = 50 -1-71—2-5 ) = 10,91 ft.?

o'e Specific mass flow rate = m
10,91
Re =-_ 1,25 Us 10 = 789 x 10 m,
12 10.91 1,209
Now £ = [0.23 + _ 0,11 e
(1.5 = 1)1+08 Re”*

L] - 2
o AP = . IF X o.l‘.61‘. X 20 ms

0,18 (ms)Q .1§

€7.89 x 10?) . 2 x 32,2 x 0,077 (10.91)?

= 0,0231 msi'a'5 in Superheater

Details of Saturated Bank:- Free area = 2.75' x 8's There are 12
1‘12'” outside dia.metef tubes/row in a staggered bank of 3 rows, The tube
pitch = 27/16n giving x = 1,625,
Now area for flow = 8 (2,75 = .1.2_._;‘_‘.2_1_2) = 10 ft,?



mass flow rate = (46.7 - m) 1b./sec.

(16,7 - Mg) 1b,/sec.ft.?
10

o'e Specific mass flow G

Re = 1.5 (46.7 = my) 10°
12 . 10 , 1,209

= 1,035 x 10° (46,7 - my)

f =(o.23 + 0,11 Re 0 -8
(0,625)1+08
= 0:413
) Reo'“
. bp = L ox 013 x 3 (46,7 - ms)?

(1,035 x 10°)%°*® (46,7 - mg)°**® 2 x 32,2 x 0,077,107

0.00353 (46.7 - ms)i‘e’i for the Saturated Bank,

If the mass flow is assumed to be distributed so that there is equal pressure

drop across the two banks then:-

0,00353 (46,7 = mg)*+*® = 0.0231 m,' "

12.4 1b,/sec,

o'o Mg

Ap

Total Pressure Drop across tube banks = 0,084, + 1l.41 + O471
= 1.965 inches w.g. at 60°F,

-3

2.4—5 1b'/ft02 = 00["71 inches We Ze



Hot Operating Conditions

Similar calculations were made for the same tube banks but assuming an

average gas temperature at the inlet of 2600°F. The pressure drops

calculated for each section were as follows: -

Ap fire tubes

0.60 inches w.g.
Ap superheater and saturated pass

3.29 inches w.g,
Ap main bank

9.91 inches w.g.
Thus the total pressure drop is 13.8 inches w,g. This is in good agreement
with a practical value of 13 inches w.g. at full power,

It is also possible to calculate the number of rows of tubes contained

in an equivalent bank conposed entirely of generating bank tubes,

Cold _fp total bank = N = 1.965
0p generating bank 21 1.1

e N= 29,3 rows
Hot Ap total bank = N = 138
8p generating bank 21 9.91

e N= 29.3 rows

Since this figure seems independent of temperature it is possible to simplify
other temperature calculations of pressure drop.

(%e) Comparison of tube banks with grids |

The pressure drop across the tube banks of a marine boiler can be
related to the specific mass flow rate, based on the full tube bank area,

by an equation of the form

Ap = k. G1‘85

- T4 -



Ap is pressure drop (inches w.g.)

G is specific mass flow rate based on total tube bank area
(1b./sec.ft,2?)

k 1is a constant (inches w,g,/(1b./sec.ft.2)?*%8
Values of k for both hot and cold operation are as follows:=

k(2600°F) 17.6 ins. w.g./(1b./sec.ft,2)? 8%

k(60°F) = 2,51 ins, w.g./(1b./sec,ft.?)t+8%

The lines representing these conditions are compared with those values for
the three grids in Fig, 31. The calibrations of the grids are given in
Table A, 2.

It can be seen from Fig.31 that for cold flow conditions the values of
the grid resistances used in the air model studies ar;a of the same magnitude,
The medium resistance grid has almost identical characteristics to the type
of marine boiler tube banks analysed in the previous section, Presumably
for higher waste gas temperatures, steeper slopes would be observed for all
three grids, similar to those calculated for the tube banks for cold and
hot operating conditions, It is concluded, therefore, that the range of
grids studied covered a range of practical characteristics which can be

encountered in marine boilers of both high and low ratings,
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TABLE A.2. Grid Calibrations

n o Uy G Grid 1 Grid 2 Crid 3

inches ft./sec. f].b./sec:.ft;.2 ins, w.g. | ins, w.g. | ins. w,g,
6 0.375 80 0. 382 0.650 O.4% 0.110
6 0.375 70 0.334 0.495 0.34 . 0,090
6 0. 375 60 0.287 0. 350 .24 , 0.0601
6 0.375 50 0.239 0.235 0,18 0. 055
6 0.375 40 0.191 0.170 0.12 0.025
6 0.25 120 0.253 0. 310 0.205 0,050 °
6 0.25 80 . 0.169 0.140 0.100 0.035
6 0.25 70 0.147 0.110 0. 063 0.025
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AFTENDIX L

Estimation of Errors due to Turbulence

In the present studies, the velocities measured are momentum flux
velocities which are based on the mean line drawn through the pressure
differential traces. Since the velocity is proportional to the square root
of the differential pressure, the momentum flux velocity VU? will be in

error if the turbulence is appreciable. The definition of turbulence

intensity given by Corrsin(w) was
T = U
=
where T = turbulence intensity
U' = turbulence velocity (deviation from mean velocity U)

It follows that the time mean average of U is zero since
U = T + U'

where U = instantaneous velocity.

In the case of the momentum flux veloéity recorded from pressure traces

ue = U + U'a

The time mean of W is not zero so \IUa ﬁll differ from U, In these
error estimations it is assumed that some measure of the turbulence is
" indicated by the width of the pressure differential trace, If Ap is the

differential corresponding to the mean line through a trace then

Momentum flux velocity VU? = K'' YV 2Ap by definition

where KX'' = probe constant



spo 4+
Now if = Apy corresponds to the mean pressure differential of the turbulent

peaks we can define the momentum flux turbulence intensity Tm as

- P
T, = \E %
Ap

Now the maximum and minimum velocities will therefore, be K'!' YApP + AP,
and X't VBp - Apt respectively,

e T = 'I%-" (V'm + m) by simple average,
Simplification of this equation gives:=- .

T - V'p;;_ (VIT+ 17 + VI - 7p)
providing Ty < 1, which is true for the greater part of the pressure trace,
A‘:b near to zero velocities, the fluctuations often exceed the mean pressure
and in this case Ty » 1. The corresponding equation then becomes:~

T = VI (YT T TF + VIFoo)

2

When T >»1 this equation reduces to
U = TmVU5

This equation indicates that considerable error can be introduced by assuming
T = VU? under highly turbulent conditions, In the present studies
measurements of velocity were not made under conditions of Tp > 1, except to

locate the position of zefo velocity, Here, where T = G.-I = 0) it is

assumed that the momentum flux velocity will also be zero,
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In a system where U is the mean velocity and U' is the turbulent
velocity, then the maximum and minimum velocities are (U + U') and
('I-I' - U') respectively. By squaring these velocities and taking the mean

we can obtain the momentum flux velocity,
U3 = % "l:(I_I + U')a + (ﬁ - U')a:l
The definition of the turbulence intensity is U'/T and the equation can be

simplified to:=

i 51 o+ T2)

T V1 +

Vi

Hence from the two values of YU? /U we have:-

(%’T‘") = Ty
(46)

This equation corroborates Corrsin's observation that the meximum error
between the momentum flux velocity and the mean velocity in a free jet is |
12% which corresponds to a value of T = 0,57,

In the present studies, apart from forward flow - recirculation -
boundaries, the maximum velocity fluctuations were about 75% of the mean
pressure differential (i.e, Tp, = 0.75), This gives a value of T = 0,3
- which is in accord with Laurence and Benninghoff's( 39) conclusion that the
turbulence intensity of multiple nozzles is considerably less than in free
Jets. The error involved in using the momentum flux velocity rather than
the mean velocity was therefore 4.5% when T, = 0.75. It was concluded
that using the momentum flux velocity in the present research is valid
because the errors involved were quite small, and appreciable simplification

in the calculations and experimentation were made,
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Fig, No, 1 =« Comparison of Multiple Free Jet
Data with Free Jet Data of Hinze
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Fig. No., 2 - Diagram of Perspex Model used in
Multiple Enclosed Jet Studies
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Fig, No, 3

Fig, No, 4

Axial Decay of Velocity in Single
Enclosed Jets for © from 0,063 to
0.446 :

Axial Decay of Veiocity in Single
Enclosed Jets for @ from 0,486 to
0,669
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Fig. No. 5 - Recirculation in Sirgle Enclosed
: ‘Jet Systems o
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Fig. No. 6 = Variation of Nozzle Velocity in
' Multiple Enclosed Jets, Effect
on axial velocity decay when
R = 2", n=6, rq = 0.375"
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Fig, No, 7 = Velocity Contours whenR = 2",

' n =6, ro =0,375" for nozzle
‘Reynolds Nunbers from 11950 to
31900 ‘ ’

Fig, No, 8 = Velocity Contours whenR = 2,
n = 6, ry = 0,25" for nozzle
Reynolds Nunbers from 10620 to
31900
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S Fig.No. 30 - ‘Caiibr_'a"ti’on’ of Pressure‘ Tzféns&ucer




Ap VERSUS_ RECORDER DEFLECTION?"""H"

> ’._

~  (ins wg.

A2 Range

Pressure Differential

vy

o5}

: o0 R 60' T &0 . IOO
O i 5 : S 40 17 Re,or*zr Dzﬂectton

(dmsuons)

F'G 30 CA'—'BRATION OF pRE:SURE TR UCER™

e




| Fig, No. 31 - Comparison of Resistance Characteristics
' -+ - of the Grids with typical Marine Boiler
tube 'ba.nks
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Fig. No. 32 - Simplified Diagram of Marine Boiler
§ ‘ : . of the selectable Superheat type
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Plate No. 1 - End View of Small Model assenbled for
, - calibration of probe






N __Plate No, 2a - General View of Large Pe;'spex Model
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‘Ple;te No. 3a - Sleeves used for nozzle radius variation

~~ Plate No. 3b - Modifietl central nozzle used' for swirl
o - - studies showing tangential injection
ports: - - i






. Plate No,

- Low Resistance Grid (Grid 3)
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" Plate No, 5 - Nedlum and H:.gh Re51stance Grlds
B ' (Grlds 1 and 2) .
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Plate No. 'Z,-_' 'Water Model Photograph illustratlng flow -

_patterns when - . S
- Re = 14700, R = 2, ro "0'375"1 =6.






Plate No. 8 - Water Model Photograph illustrating
flow patterns when - U
X/L = 15,Re-1h700,R -2"
R L
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~ Flate No, 9 - Water Model Photograph 111ustrat1ng flow
~_patterns when.

x/L.lo Re-ll.ﬂOO R =

2"» ro =0, 375" L
n=6 .
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Plate No, 10 - Selectable Superheat type Marine Boiler -

N .



BABCOCK & WILCOX LIMITED TYPICAL MARINE SELECTABLE SUPERHEAT BOILER




