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S UMMARY

This thesis reports the results of an experimental
study into the flow and heat transfers associated with
both inclined and orthogonally impinging axisymmetric
air Jets, The majority of previously reported studies
have been mainly confined to orthogonally impinging jets
1n stagnant surroundings, In this investigation, free
jJets as well as the effects of crossflows are considered,

This i1nvestaigation is primarily concerned with loc-
al heat transfer variations., The cxperimental tests werec
conducted with a singie 12,7 mm diameter Jet impinging on
a lat surface, and heat transfers were evaluated using a
heat-mass transfer analogy (the Chilton-Colburn analogy).
The sublaimaticn of napnthalene was empioved as the mass
transfer technique., '

The flowfield associatea with impinging Jjets has a
significant influence on their heat transt'er characteristics,
In view of the present limited level of understaziding of
this 'complex' flowfield, extensive flow visualisation tech-
niques were employed in this present investigation, These
were primarily intended to aid interpretation of the experi.-
mental heat transfer results, and also to provide further
physical understanding of the flowfields resulting {rom the
interactions between impinging jets and crossflowing streams,

The flow and heat transfcecr vests conducted in the
programme of work reported in this tiwesis coveraa typical
ranges of flow parameters of interest in many practical
appligatiogs of jetoimpingement svstems., Jet inclinations
of 457, 60, and 90 , nozzle to target spacings of 2, X4,
and 8 nozzle diameters were studied., The Reynolds numbers
were 30,200, 32,700 and 55,7100 and mass velocity ratios in

the range 4,0 to 8.8 were studied.

The eoffects of these parameters on the tlow angd heal
transfers associated with impinging jets arc reported,
Comparisons were cdrawn hetween the heat transfer results
and thiose of previously reported studies where appropriatc,
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XVvi
NOMENCLATURE

Symbols used, unless defined at the point where
they are introduced into the text, have the following
meanings: —

Symbol | Meanin

A Area of nozzle
Constant in King's Law expression (Eqn. D.2
Constant in Jayatillaka's analogy (Ref., 112

b Mass transfer coefficient
B Width of slot jet
Constant in King's law expression (Eqn. D.2)
C Mass concentration of wvapour
N . 1R
Cf Friction factor I:'?;/(EPU ):]
Co Mass concentration of vapour in free sitream
CP ' Specif'ic heat at constant pressure
CN Mass concentration of vapour at solid
boundary '
d_ Nozzle diameter

Jet exit diameter
Wire diameter

D Mass diffusion coefficient

E Voltage proportional to mean velocity
underxr flow conditions |

I7, | Input quantity
E Voltage proportional to mean velocity
in still air

Output quantity

G | IFlow rate per unit flow area



G(dis)

é(x,s—1)

Z

s

SO O e 0

gN? v

Jet—-to=crossflow mass velocit

Xvii

Mass flow rate per unit nozzle area
over local impingecment plate designated
by s

Mass flow rate per unit crossflow area
upstream of the local impingement plate
designated by s

Local heat transfer coefficient

Local heat transfer coefficient at
stagnation point.

Ratio of momentum flux for jet and_ o
crossflowing stream [? = (fin)/(ch;i]

Dimensionless heat transfer factor
Dimensionless mass transfer factor
Thermal conductivity

Constant

Length

Mass loss of naphthalene

y xyatio, or
Blowing rate [:M = (ijj)/(fCUc)]

Index in hot-wire expression (Egqn, D.3)
Rate of mass transfer per unit area
Saturation vapour pressure

Dynamic pressure

Rate of heat transfer per unit area
Volume flow rate

Rate of heat transfer

Gas constant

Absolute error
Jet-to-crossflow velocity ratio|R= Uj/Uc

Gas constant for naphthalene vapour



xviii

Time
Temperature in boundary layer in
appendix B

t -t

Dimensionless temperature W
W/
Absolute temperature

Absolute temperature of air in supply
line

Absolute temperature of vapour in free
s tream '

Absolute temperature of vapour at solid
boundary

Turbulence intensivy [j u'’ _]
: —E—-—-l
max
Axial component of turbulent velocity
fluctuation
Velocity component in stream direction
Axial component of jet velocity

Velocity of crossflowing stream

Dimensiopless velocity (U/UTJ

—
Wall shear velocity \/(Tw/ﬁ)

Maximum axial velocity of Jjet across
& section

Mass flow

Streamwise position co-ordinate
Distance from stagnation point

Nozzle spacing or pitch

Lateral distance co-ordinate {rom
centre~line of initially free ortho-
gonal jet

Vertical distance from wall in bound-
ary layer flow in appendix B

Dimensionless distance frdm wall (uTy/v)



Nu

Nu

R

C =Y N D

X1X

Distance between nozzle and
impingement plates

DIMENSIONLESS NUMBERS

Local or average Nusselt number based
on nozzle diameter

Local Nusselt number at stagnation

point based on nozzle diameter or

width (hd/k or hB/k)

Knudsen number based on wire diameter()Yd)

Molecular Prandtl number (Cpﬁ?k)

_ Turbulent Prandtl number (€m/€h)

Reynolds number based on nozzle diamcter
and arrival velocity at impingement plate

Reynolds number based on nozzle diameter
and exit velocity from nozzle

Schmidt number (/VfD)
Turbulent Schmidt number (Gm/GD)

Sherwood . number (bd /D)

GREEK SYMBOILS

Thermal diffusivity
Jet inclination to horizontal axis

Naphthalene loss expressed in mm
Eddy diffusivity

Mean free path of gas molecules
Dynramic viscosity

Kinematic viscosity

Density of fluid
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in

XX

Uncertainty

Shear stress

SUBSCRIPTS

Average value
Approximate flow
Bulk mean wvalue

Of crossflow
Corrected flow

Based on nozzle diameterxr

F'or mass

In free stream in appendix D

For heat

Of jet
At edge of sublaver

In=-line value
Laminar condition

Mean film wvalue
Foxr momentum

Mass transfer wvalue
AT naphthalene surface

Stagnation value
Main stream value

Based on jet exit radius

"Turbulent condition

At the wall
Of wire



CHAPTETR 1

I NTRODUCTTION.

1,1 The Natvre of the Problem,

This thesis is concerned with the flows and
heat transfers associated with both inclined and
oxrthogonally impinging axisymmetric air Jjets, Free jets
as well as the effects of crossflows are consicdered,
The tests were conducted with single jets impinging
on a flat surface and the heat transfers were evaluated
by using a heat-mass transfer analogy (the sublimation
of Naphthalene), The project is part of a programme of |
research to improve the design of rapid heating furnaces,
by using isothermal models to simulate the furnace chamber,

The filow structure associated with impinging jets
has considerable influence on their heat transrer
characteristics, and as will be seen in Chapter II of
this thesis, this is so complex that the flowfield must
be broken down into subregions to assist the analysis,
The flowfield is even more complicated when the impinging
jet is modified by a crossflowing stream, The heat transfer
mechanism in these cases is, clearly, forced convection,

A thorough understanding of jet flow and heat
transfer is fundamental to the effective application of
jets in other applications as well as in Jjet impingement
furnaces, Despite the vast number of published reports
now available, the flowfield and heat transfer under
impinging jets are still not completely understood,

No completely comprehensive theory to predict the flow
or heat transfer exists.

~ Recent advances now suggest that considerable
experimental and theorcetical work is still needed; for
while experiments without theory can only lead to
particular rather than general conclusions, theory
without experiments can rarely be practically useful,

In an economic climate affected by scarce and
limited fuel resources, and with increasing trends
towards more efficient utilisation of the energy now
available, there are exciting possibilities for the use
of impinging Jjets in a wider wvariety of industrial processes
and activities, This can only be possible if the flowfield
and heat transfer associated with impinging dets are
clearly understnod,



Current industrial and process applications of imping-
ing jets can be divided broadly into four categories, namely,
1) jet heating as in rapid heating furnaces
2) jet drying as in the textile and printing industries
3) jet cooling as in glass and metal heat-treatment, and
turbine blade cooling applications, and
‘(4) flow applications such as in Vertical Take-off and
landing (VTOL) aircrafts in which the flow dynamics
of impinging jets are utilised,

Situations where Jjets are subject to crossflows
can also arise e.g. the injection of fuel into Combustion
Chambers, Thrust Vector Control of rocket trajectories,
and the discharge from chimneys into the atmosphere,
Crossflows also arise in rapid heating furnaces since the
combustion gases are usually exhausted from one end of
the system., The use of Jjets in rapid heating furnaces
and other important engineering situations will be examined
briefly in subsequent sections of this introduction, |

1.2 Jet-Impingement }Furnaces,
Over the years, furnaces have been used in. industry

for a variety of purposes, notably for heating metals
such as Aluminium, Steel and Copper to their hot-working
temveratures, Rapid heating furnaces are furnaces zIn which
remarkably high heat transfer rates can be obtained by
means of the "high-speed convective heating". Impinging
jets are often used for this purpose, and heat 1S
transferred to the stock by a fast-moving stream of

hot combustion products,

In conventional fuel-fired furnaces, radigtion 15
the predominant mode (up to 95%) of heat transfer. Heat
can be transferred directly from the flame to the stock
and indirectly from the refractory walls, This restricts
the attainable heating rates because of operational
problems with the furnace materials and the rate at which
energy can effectively be received from the flame.

Jet-Impingement heating, however, overcomes the
above limitations, since it produces the desirable
increased heating rates, thus reducing the metallur
problems which arise during heating. 7This 1is achieved
by ensuring that the jet of gas impinging on the stock
is very hoti thus implying stoichiometric combustion
within the burner. Secondly, the velocity of the
impinging jet must be high enough to break down the
stagnant boundary layer on the surface of the stocKoe
The gas velocity is controlled partly by the gas _
temperature, and partly by the static pressure within
the burner which is converted into dymamic head whenl the
gas is discharged from the burner nozzle,

gical



Fige 1.1 illustrates the essential features
of a typical jet impingement furnace., Such a furnace
consists of:-
(a) A preheat zone. As the name implies, the stock
1s preheated in this 2zZone both by radiation from
the refractories and by convection frcem the exhaust
gases as they flow over the in-coming material,
(b) A rapid heating zone, In this zone, heating is
predominantly by forced convection from the
impinging Jjets.
(c) A soak zone, This zone allows internal conduction
to improve the temperature distribution within the
stock, The main mechanism of heat transfer to the )
stock here, is by radiation from the furnace refractories.

The mostT important advantages associated with

thls hiatlng technique can be summarised as follows (Refs.
- 10

(1) The relatively high heat transfers and high heating
rates ensure that the time the stock spends in the hot
zone of the furnace is .greatly reduced, This renders
jet impingement heating particularly attractive in
applications where metallurgical problems can arise,
through decarburisation, oxidation or other
time/temperature dependent phenomena,

Oxidation produces a 'Scale' on the surfacec,
resulting in a loss of useful and valuable metal,
Decarburisation occurs near the surface of the metal
beneath the scale, and leads to inferior mechanical
properties (e.g. ductility and hardnebs)

Jet impingement furnaces prevent excessive
decarburistion and lead to reduced 'Scale!' formaticn,
Apart from reduced metallurgical defects, higher
productivity and more compact machinery are additional
benefits,

(2) Since the mode of heat transfer is predominantly
forced convection from the hot gases, such systems can
have veryv low thermal inertia, Therefore rapid start-up
and short-down are possible, This opens up attractive

possibilities for improved temperature controcl and
automation,

(3)'The directional nature of the impinging Jjets permits
localised or concentrated heating of a defined zone of
limited extent, Thus, a localised area can be heated fto

a much higher temperature than the adjacent material (depend-
ing on the thermal conduct1v1ty of* the materlal) The

short heating times are a considecrable advantage in
avoiding undesirablce hecat conduction effects,



(h) Commercial gases such as propane, butane or natural
gas are the main fuels used in these furnaces.,. So that
reduced atmospheric pollution results.,

(5) Because of the simplicity of the design, maintenance
costs for rapid heating furnaces are very much reduced,
particularly for smaller furnaces, Overall operating
costs depend however, to an extent on the relative
. fuel prices, However, the actual capital costs of a
Jet impingement furnace may often be considerably lower
than the equlvalent conventional furmnace,

Jet Flow in Fngineering Practice,

The Jjet impingement furnaces discussed so far,
constitute Jjust one of several other engineering
applicatiocns of impinging jets. Remarkably hipgh heat
transfer rates, which can be localised at specific zones
on the impingement surface, together with the ease of
automation, and precise control of the intensity are some
of the attractive characteristics, so that the Jjet
impingement technique is widely used in heatlng, cooling
and drying operations,

Cooling applications include turbine disc cooling
systems, spot cooling of electronic components, cooling
of turbojet structures, cryogenic treatment of tumors,
cooling of glass and metals, and maintenance of turbine
blade temperatures below the metallurgical limits.,

By proper installation of heating and cooling Jjets,
one can locally speed up certain processes such as
age~hardening, or vary mechanical properties such as Tensile
strength, ductility and hardness over the surface of metals,
A recent application is in the manufacture of
prestressed automobile windscreens,

Engineering applications of Jjets for heating
include the rapid heating furnaces discussed in the
previous section of this introduction, Thermal surface
treatments as in tempering or toughening of metals
and glass, together with localised heat treatment of
pPlastics and glass plates also employ impinging Jjets as
do de~icing systemsfor:.air-c¢raft. wings, the de-misting
of car windscreens and heating-and-air-~conditioning
systems,

A significant development in the last two decades
is the adoption of jet dryers in which hot air is blown
oxrthogonally onto the surface of the material.



1.4

Such impingement dryers have been used extensively in
the textile industry rfor drying veneer, cardboard,
paper, and aqueous coatings, In photography, by using
hot gas Jjets, thermal development of photographic
films has been POSSLblE.

In recent years, tests have been conducted to
extend the use of jets for drying the ink in printing
machines (Refs. 11 - 15), These drying operations
require high rates of heat and mass transfer because of
the high production speeds and the limited length of

the dryer,

Engineering situations in which the flow
characteristicsof jets have been utilised include
Jet pumps which use the momentum exchange in the mixing
fluid streams to bring about a pressure rise. The VTIOL
aircraft mentioned previously is capable of taking off
and landing in a short distance, This is achieved by the
use of lifting Jets installed in the wing or fuselage
of the aircraft, thus providing the necessary thrust to
raise the alrcraft offf the the ground.

Other important flow applications of jets in
Engineering practice are in the simple mixing of fluid
streams, gas turbine exhaust ejectors, Aerodynamic flame-
holders, and the production of underwater bubble screens,

Scope and Purpose of Present Tests,

It can be seen from the preceding sections of this
introduction that a sound knowledge of the flow structure
and heat transfer associated with jets is fundamental to
their efficient industrial application even in situations

other than rapid heating furnaces.,

Local heat transfer is a central concern of
designers e,g, in operations in which local temperatures
must be kept within metallurgical limits, This present
experimental investigation will thus be concerned with
local variations of heat transfer,

The flowfield associated with impinging Jjets has
an enormous influence on their heat transfer
characteristics, However as may be seen in the next
chapter of this thesis, previous investigations have
usually concentrated on either the flow or heat transfer
aspects of the problem, This study investigates
experimentally, both the heat transfer and the
fundamental flow structure involved.
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