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ABSTRACT

Flow field and heat transfer characteristics were defined for
multiple confined turbulent slot jets with exhaust ports located
symmetrically between the jets.

For a 3-slot jet system, average Nusselt number, ﬁE, is up to 807
greater with symmetric outflow than with cumulative'spenﬁflow with one-

sided ocutflow.

A key dimensionless geometric parameter, S/H, was found for both

flow and heat transfer. For S/H > 1.5, multiple slot jets are
effectively an assembly of single jets. At (S/H)ce = 1.5, interaction
begins under the exit port centerline. Below the critical value

(S/H)co = 0.7, interaction depresses stagnation point Nusselt number.
A general correlation of Nu with flow and geometric parameters was
established. MNu was found to be a maximum at H/w = 5 and S/H = .5.
Application of throughflow at the impingement surface enhances Nu
by a maximum of 307 for Reynolds number = 10200 and 22800. A through-

flow rate was found above which convective heat transfer decreases

with throughflow.
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RESUME

On a &tudié expérimentallement 1'Bcoulement et le transfer thermique
sur la surface réceptrice de plusieurs jets confinés rectangulaires
turbulents avec des portes de sortie situées symétriquement entre les jets.

On a trouvé que la valeur moyenne du nombre de Nusselt, ﬁh, pour le
systéme de trois jets rectangulaires avec portes de sortie symmétriques
est jusqu'd 807 plus &levé que celui obtenu pour un systdme &quipé d'une
porte de sortie & écoulement transversale.

On a trouvé un paramétre non-dimensionel géométrique, S/H, d'importance
vitale pour l'expression d'@coulement et de transfer thermique. Lorsque
S/H > 1.5 le systéme de jets multiples rectangulaire ressemble i un montage
de jets simples. Lorsque (S/H)Ce = 1.5, une intéraction entre les jets.se
produit sous la porte de sortie. Pour une valeur au dessous du point
critique (S/H)Co = 0.7 cette intéraction abaisse la valeur du nombre de
Nusselt au point de stagnation.

On a &tabli une corrélation générale entre Nu et les paramdtres
géométriques ainsi que ceux d'&coulement. On a trouvé que Nu atteint son
maximum lorsque H/w = 5 et S/H = 0.5.

On a trouvé que l'aspiration au travers de la surface d'impact poreuse
augmente Nu d'un maximum de 30% pour un nombre de Reynolds de 10200 et de
22800. On a aussi trouvé un taux d'aspiration au-dessus duquel le transfer

thermique diminue avec 1l'aspiration.
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CHAPTER 1

INTRODUCTION

1.1 Background Information

Convective transport under impinging jets attracts attention because
of high transfer rates relative to those for parallel flows. Impinging jets
of various configurations are therefore used to cool, ﬁeat or dry surfaces
in a number of industrial applications. In addition to the basic advantage
of high transfer rates, impinging jets have the potential for fine control
of local rates by adjusting the geometry and/or the local flow rate. For
some industrial applications this caﬁability is of great importance. Depend-
ing to some extent upon the application either round or slot jets may be used,
either individually, in a single row or in a multiple configuration.

Cold jets are currently used in such industrial applications as.cooling
of electronic components, paper mill caiender rolls and turbine hardware.
In.the turbine vane cooling application two-dimensional arrays of jets are
used to cool the midchord region of the vane which has a trailing edge dis-
charge. The studies of Saad, Mujumdar and Douglas (1980) indicate that the
local heat transfer rate between the inner surface of the airfoil envelope
and the coolant is significantly affected by the cumulative crossflow result-
ing from the "spent" flow from upstream jets.

Heated jets are used in a number of important industrial applications
such as tempering of glass, anti-icing of aircraft wings and windshield sur-
faces, and drying of photographic films, textiles and paper. For high speed
drying of newsprint the "Papridryer" process employs a combination of im~-

pingement and through-drying (Burgess et al., 1972a, b). In the Papridryer



the hot gas from the multiple confined slot jets, after impingement, exits
from exhaust ports located in the confinement hood between adjacent jet noz-
zles. This outflow configuration avoids the undesirable consequences of
cumulative crossflow and allows recovery of spentflow.

As discussed subsequently in Chapter 2, transport processes under mul-
tiple impinging slot jets have received relatively little attention in spite
of current and potential industrial significance. Also, there are distinct
shortcomings among the few existing studies. Gardon and Akfirat (1966) and
Schuh and Pettersson (1966) studied the heat transfer for unconfined multi~
ple impinging jets. Such systems have little industrial relevance because
lack of confinement of the jets into a closed system allows entrainment by
the jets of fluid from the surroundings, which is undesirable, and moreover
is inconsistent with the typical need to recover the spentflow. Furthermore,
those studies provide no information as to the geometric and flow conditions
for which heat transfer for a multiple slot jet system deviates from that of
an assembly of equivalent single jets.

The only previous study of a confined multiple jet system is that of
Martin (1977) who measured average mass transfer under multiple slot jets.
Unfortunately, in that study the outflow did not occur through exhaust ports
in the confinement surface but was constrained to exit only in the transverse
direction through the open sides at the ends of the slot nozzles. As a con-
sequence the transport rate at the impingement surface was highly nonuniform
in the direction of the nozzle length, a characteristic which is quite un~
acceptable in industrial applications such as the drying of paper where uni-
formity of transport rate in the transverse direction is essential.

In a confined multiple slot jet system, if the spentflow is not removed

through exhaust ports located between each inlet nozzle in the confinement



surface, the consequence is for a cumulative crossflow to occur along the
impingement surface. Thus the effect of crossflow on transfer rates is an-
other important aspect of the design of multiple jet systems.

As in the Papridryer process, the application of moderate throughflow,
i.e. from simultaneous application of suction across the wet web, is expected
to have a favourable influence on transport rates. Thus the combination of
impingement flow and throughflow should further enhance heat transfer rates.
This has been noted by van Heiningen, Mujumdar and Douglas (1976) and Saad,
Douglas and Mujumdar (1977) for single slot and single round jets, respec-
tively.

The effect of throughflow at the impingement surface, on the flow char-
acteristics of a two-dimensional air jet, was studied by Abdul-Wahab,
Mujumdar and Douglas (1975). Baines and KReffer (1977) and Obot (1981) pre-
sented some results on the influence of throughflow on lateral mean velocity
and turbulence intensity profiles for single slot and single round impinging
jets, respectively. These data show a qualitatively similar trend as to the
effect of throughflow on lateral wall jet flow, a trend which suggests an
enhancement of impingement surface transport rates.

Since for the industrially important applications such as drying of
paper and cooling of hot components in turbine engine, the knowledge of the
effect of crossflow and the effect of throughflow at the surface on impinge-
ment heat/mass transfer rates is needed, and in view of the }ack of this in-

formation in the literature the present study was undertaken.

1.2 Objectives and Scope

The objective of the present study is therefore to investigate the heat

transfer characteristics of turbulent confined multiple impinging slot jets,



with and without throughflow at the impingement surface (Figure 1.1). 1In
order to develop a basic understanding of the phenomena of convective heat
transfer for such a system the scope of the study was extended to include
characterizing the flow field.

More specifically, for the flow study the objectives were:

(1) To characterize mean velocity and turbulence aspects of the flow
field for each set of nozzles used, in single and multiple config-
urations.

(2) To characterize the flow field at the impingement surface by mea-
suring the static pressure distribution.

(3) To study the effect of throughflow at the impingement surface.

For the heat transfer investigation the objectives were:

(1) To investigate local and average convective heat transfer for
multiple confined turbulent slot jets with exhaust ports alter-
nating with nozzles to gi?e an impingement system without cross-
flow.

(2) To establish criteria for interaction between adjacent jets.

(3) To study the effect of cumulative crossflow on heat transfer
rates.

(4) To study the effect on impingement heat transfer of throughflow at
the impingement surface.

A totally new experimental heat transfer fagility was designed to ac-

complish the above objectives.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

While extensive studies have been made of transport processes under
single and multiple round impinging jets, less attention has been devoted to
corresponding studies for single and multiple slot impinging jets. Earlier
reviews by Arganbright and Resch (1971), Mujumdar and Douglas (1972),
Livingood and Hrycak (1973) focussed on single impinging jet studies, while
the more recent reviews by Martin (1977) and Obot et al. (1979) concentrated
mainly on presentation of correlations for both single and multiple impinging
jets to permit comparison and choice for design applications. These reviews
have not clarified a number of aspects concerning transport processes under
multiple impinging slot jets, a prime orientation of the present work.

The present review focusses particularly on the effects of various geo-
metrical configurations for the relatively few studies of multiple slot jet
systems which have been reported. Specifically, this analysis first deals
briefly with the characteristics of single slot jets, as a standard of com-
parison for multiple jet studies, then with the flow and impingement surface
transport phenomena characteristics of multiple slot jets on solid surfaces,
and finally the effect of throughflow at the impingeﬁent surface on flow and

transfer rates.

2.2 TFlow Field of Turbulent Impinging Jets

The flow field of turbulent impinging jets comprises several distinct
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regions, the free jet, impingement, wall jet and outflow regions, as identi-

fied in Figure 2.1.

2.2.1 Free Jet Region

The effect on mean velocity of interaction between the jet and the fluid
into which it discharges penetrates the centerline of the jet flow at some
distance from the nozzle exit. The potential core defines the shrinking region
where this effect on mean velocity has not yet been felt. The corresponding
outward movement of the interaction between the jet and the fluid into which
it discharges is reflected in the steadily increasing width of the jet down-
stream from the nozzle exit.

In the free jet region the high lateral gradients in axial mean velocity
which exist directly under the nozzle walls constitute a region of correspond-
ingly high generation of turbulence. Thus the turbulence level in the free
jet increases rapidly after discharge, including within the potential core re-
gion where mean velocity is unchanged from that at the nozzle exit.

Following the potential core region there is the developing region
(transition region) which varies from about 5w to 7w from the nozzle exit.
This variation depends mainly on nozzle geometry and the initial flow condi-
tions upstream of the nozzle and at the nozzle wall as shown by Bradshaw
(1966), Flora and Goldschmidt (1969) and Hill (1976).

Provided that the impingement surface spacing from the nozzle is suffi-
ciently large there is a region of established flow which has the same char-
acteristics as the corresponding established flow region for a free jet in the
absence of an impingement surface. In this region axial mean velocity char-
acteristics of the jet may be characterized by the rate of decay of centerline

mean velocity and the rate of spreading. Centerline mean velocity, Uo’ de-
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creases inversely with distance from the nozzle exit, z, while jet half-width,
X550 defined as the lateral distance from the jet centerline at which axial
mean velocity equals one-half of its maximum, is proportional to axial dis-

tance, z. Thus

— n
Uo/Ujo —-Kl(z/w - cl) (2.1)
and,

x0.5/w ==K2(z/w - cz)m (2.2)

where K, and K, are the slopes, with respect to axial distance, of the center-

1 2
line mean velocity decay and the free jet half-width, respectively, and ¢y and
c, are the normalized locations of kinematic and geometric origins of the jet,

respectively. Note that, for a slot jet, n = -0.5 and m = 1. As free jet are
described extensively in texts such as Hinze (1959), Abramovitch (1963),
Schlichting (1968), Rajaratnam (1976) and Townsend (1976), no further comment

is required here.

2.2.2 Impingement Region

As the jet approaches the impingement surface, pressure increases cor-
responding to decrease in axial mean velocity. The impingement region is con-
sidered to extend to a certain axial position away from the surface. This
location is taken as the start of deviation of centerline axial velocity from
the value for the equivalent free'jet. The axial extent of the impingement
region was measured by Schauer and Eustis (1963) and Beltaos and Rajaratnam
(1973), 1In the first study measurements were made at only a single spacing,

H/w = 40, while in the latter study measurements were made over the range
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21 € B/w £ 65.7. The agreement between these two sets of data is good; the
extent of the stagnation region from the impingement surface was found to vary
from 20 to 30% of the jet spacing. ’ In a similar fashion Gutmark et al.
(1978) in their study of the turbulence structure on the centerline of a two-
dimensional impinging jet found that, for H/w = 20, the deviation from a free
jet does not extend further than 0.2 H from the impingement surface.

The lateral extent of the impingement region is defined as the distance
from the stagnation point where the static pressure gradient becomes negli-
gible. For 21 < H/w < 65.7 and 5270 < Rej < 9400, Beltaos and Rajaratnam
(1974) found this distance to be around 0.35H from the stagnation line.

With respect to turbulence in the impingement region, Russell and
Hatton (1972) reported measurements of turbulent shear stress, turbulent ki-
netic energy and eddy diffusivity in the impingement region of a plane slot
jet confined between parallel walls. Their concérn was with the prediction
method proposed by Wolfshtein (1967). They found that despite the high de-
gree of uncertainties in measurements due to the very high turbulence level
in the stagnation region, the order of magnitude agreement with theory was

still encouraging.

2.2.3 Wall Jet Region

Downstream of the impingement region is the wall jet region where, for
fully developed flow the rate of decay of maximum lateral velocity, Um, and
the spreading rate expressed in terms of the wall jet half-width, Zy g» mAy

be represented by

n (2.3)

Um/Ujo ==K3(x/w - c3)
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and,
zO.S/w== K4(x/w - c4)m 2.4)

where K, and K, are the slopes of the maximum lateral velocity decay and the

3 4

wall jet half-width, respectively, and cq and ¢, are the normalized locatioms
of kinematic and geometric origins of the wall jet, respectively. Wall jet

half-width, z is defined as the distance from the impingement surface

0.5°
where U = 0.5 Um' Note that for an impinging slot jet n = -0.5 and m =1 as
was found by Beltaos and Rajaratnam (1973) and by Schauer and Eustis (1963).
In their theoretical prediction of wall jet flow for a sinéle impinging
slot jet, Cadek and Zerkle (1970) adopted Glauert's (1956) two-layer approach
to model the wall jet region. The two-layer approach implies that the wall
jet region can be divided into two parts, an inner layer where effect of the
wall is the dominant feature and an outer layer which has characteristics of
a free jet flow. Cadek and Zerkle (1970), employing the usual two-dimensional
boundary layer assumptions along with the measured free jet data, predicted
for x/w = 7 the profile normal to the impingement surface of lateral mean ve-
locity. Their profiles agree well with the lateral mean velocity distribu-

tions measured in the wall jet by Beltaos and Rajaratnam (1973) for a single

turbulent impinging slot jet.

2.2.4 Arrangement for Qutflow after Impingement

0f all features of impinging jet studies, the aspect of how the jet
outflow leaves after impingement has been least satisfactorily treated. As
use of an unconfined jet is the simplest arrangement for laboratory experi-

mental studies, this arrangement has been used for almost all studies of sin-
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gle and multiple impinging jets. Unconfined jets easily entrain large

amounts of fluid from the environment into the impingement flow. For the

case of turbulent round impinging jets, Obot (1981) has reviewed the informa-
tion available which indicates that entrainment by unconfined jets may in-
crease the jet flow to 2507 of that at the nozzle exit. Even for the simplest
case of a jet.discharging into an environment of the same fluid at the same
temperature entrainment will affect the flow field and subsequently the im-

pingement surface transport characteristics.

2.2.4.1 TUnconfined Multiple Impinging Slot Jet Studies

Most studies of multiple impinging slot jets have been made with the
impingement flow unconfined, thus forming a free outflow boundary condition
as shown in Figure 2.2(a). This corresponds to the studies of Korger and
Krizek (1965), Gardon and Akfirat (1966), Schuh and Pettersson (1966) and
Scheuter and Dosdogru (1971). Unconfined impinging jet systems have little
industrial relevance because entrainment by the jets of fluid from the
surroundings is generally undesirable. Furthermore, lack of confinement is
inconsistent with the typical need to recover the exhaust flow for purposes
such as heat recovery.

Gardon and Akfirat (1966) measured the static pressure at the impinge-
ment surface for a system of three unconfined impinging slot jets spaced at
16w (2S/w = 16). At a relatively small nozzle~to-impingement surface spac-
ing, H/w = 4, and jet Reynolds number Rej = 5500 they found that the pressure
distribution in the impingement region of the middle jet is substantially the
same as that for a single unconfined impinging jet. However in the region
where the deflected jets approach one another, i.e. outside the impingement

region, while the static pressure at the impingement surface remains atmo-
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spheric for a single impinging jet, that for the multiple jets increases.
This positive pressure gradient causes first a thickening of the boundary
layer then flow separation from the impingement surface. This behaviour is
manifested by marked secondary peaks in static pressure at points midway be-
tween adjacent nozzles. For a large nozzle-to-impingement surface spacing,
H/w = 16, they found that the pressure distribution in the impingement region
for a multiple unconfined slot jet system is much less peaked than that for
the corresponding single jet, in that the stagnation pressure is decreased
while there is an increase in the static pressure beyond 2w from the stagna-
tion point. These observations indicate that for a nozzle to impingement sur-
face spacing, H/w = 16, equal to the internozzle spacing, 2S/w = 16, the in-
let jet and outflows are highly interacting. Thus while in the corresponding
single jet the flow spreads through substantially stationary air, the inlet
jet in a multiple unconfined jet system flows countercurrent to the stream
which constitutes the outflow after impingement. The overall effect found by
Gardon and Akfirat is a considerable reduction in heat transfer rate at the

impingement surface, as discussed subsequently.

2,2.4.,2 Confined Multiple Impinging Slot Jet Studies

Martin and Schliinder (1973) in their study of multiple impinging slot
jets used a confinement surface at the inlet slot nozzles, as portrayed in
Figure 2.2(b). With the outflow exiting in the transverse direction only,
they found that the discharge rate from the nozzles varied transversely, as
was quite predictable. The pressure drop in the transverse direction for the
transverse outflow naturally caused a transverse variation in pressure drop
across the nozzle slots, and hence a variation in nozzle flow in the same di-

rection. This increase in nozzle exit flow rate towards the edge of the array
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further increased the transverse variation in outflow which would exist even
if the nozzle exit flow were uniform. The tramsport characteristics at the
impingement surface were of course found to follow the same transverse varia-
tion. This variation in the transverse direction is generally unacceptable

in industrial applications such as drying of paper, where uniformity of trans-
port rates in this direction is an important specification. The design used
for their study thus has little practical relevance.

The third type of outflow, shown in Figure 2.2(c), is used in turbine
vane cooling where the flow for a system of multiple confined impinging jets
is constrained to exit from one lateral side while the three other sides are
closed. As reported by Saad et al. (1980), and later by Florschuetz et al.
(1981) for a confined array of jets with one-sided exhaust as shown in Figure
2.2(c), the cumulative crossflow, which increases in lateral (stream) direc-
tion, correspondingly reduces the driving force and hence reduces rates of
transport phenomena at the impingement surface. Although these studies re-
ported the effect of cumulative crossflow for an array of staggered round
jets, this effect, expressed as attenuation in transport phenomena, would
apply also for one-sided outflow from an array of slot jets. Further investi-
gation of this important effect, not previously reported in the literature,
forms part of the work of the present study. .

The fourth type of outflow from a multiple confined slot jet system is
shown in Figure 2.2(d) where outflow after impingement exhauststhrough cir-
cular ports located between neighbouring slot nozzles. This was the outflow
for the proposed '"Papridryer" process which constitutes a combination of im-
pingement and through-drying of paper (Burgess et al., 1972a, b). With re-
spect to the alternatives depicted on Figure 2.2 this outflow configuration

avoids the undesirable consequences of interaction with the surroundings that
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are associated with system (a), the flow nonuniformity in the transverse
direction associated with system (b), and cumulative crossflow effects of
system (c). o

The report by Burgess et al. on the Papridryer does not include measure-
ments to characterize the flow in this interesting system. In fact, no study

of flow for a multiple confined impinging jet system with symmetrical, two-

dimensional outflow has yet been published.

2.3 Heat Transfer at the Impingement Surface

In this section a review of analytical and experimental studies of im-

pingement heat transfer from slot jets is presented.

2.3.1 Analytical Studies

Two main categories of theoretical approaches have been adopted for im-
pinging jet calculations:

(a) 1inviscid flow-boundary layer approach, and

(b) iterative finite difference methods for solution of the full

governing equations.

Undoubtedly the assumption of inviscid flow is a great simplificatiom,
but it presents difficulty in the location of the free stream boundary, which
is one major drawback of this method. Shen (1962) suggested an iterative
procedure to position the free stream boundary, then Schnurr et al. (1972)
extended this approach with a new relaxation technique that computed the pres-
sure distribution at the impingement surface from the calculated velocity
potential. The large discrepancy of such predictions relative to experimental
data is due to flow separation that cannot be predicted by the parabolic

boundary layer calculation. Moreover, as the inviscid flow solution does not
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include the turbulent nature of the flow field, it fails to define the turbu-
lent boundary conditions to the boundary layer equatioms. For instance
Gardon and Akfirat (1965), Cartwright and Russell (1967) and Cadek and Zerkle
(1970) reported that both profiles at the nozzle exit of jet axial mean ve-

locity and turbulence intensity affect the heat transfer when a single slot

jet is spaced at H/w > 3. Using the potential flow method of Michell (1890) and

Ehrick (1955), Miyazaki and Silberman (1972) found that the local heat trans-
fer for impinging slot jet was independent of nozzle-to-impingement surface
spacing higher than 3w. This discrepancy is partially due to the potential
flow assumption which predicts no change in the mainstream velocity for H/w >
3.

Solution of the full governing equatibns by finite difference methods
was used by van Heiningen et al. (1976b),Saad et al. (1977) and Huang et al.
(1978) to predict flow and heat transfer for single impinging laminar slot
and round jets. Transport rates at the impingement surface were found to be
relatively insensitive to nozzle-to-impingement surface spacing 1.5 < H/w <
12, a prediction which compared well with experimental data of Sparrow and
Lee (1975) and Schlotz and Trass (1970) for laminar slot and round impinging
jets, respectively. On the other hand all prediéted characteristics of lam-
inar impinging jets were found to be a sensitive function of inlet jet veloc-
ity profile between the limits of parabolic and flat profile.

Concerning prediction of turbulent impinging jets, the approach of
solving the full governing equations like the boundary layer approach encoun-
ters the problem of appropriate modeling of turbulence. Although some models
such as those proposed by Gosman et al. (1969) and Gosman et al. (1976), pro-
duced acceptable predictions for some recirculating flows, these models are

based empirical constants obtained from experimental data for certain flow
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configurations. Application of such models to an unknown and highly complex
flow such as impinging jets is subject to unavoidable uncertainties.
Wolfshtein (1967), Gosman et al. (1976), Folayan and Whitelaw (1977) and van
Heiningen et al. (1977) found significant discrepancies between predicted
and measured data, especially at the stagnation region. In their studies us-
ing this approach van Heiningen et al. (1977) attributed the deviation of pre-
dicted from experimental measurements in the stagnation region to inapplica-
_ bility of the "log law'" as a boundary condition in this region. _Another re-
maining shortcoming of this approach is that with turbulence model used to
date, investigators using this approach have not been able to predict the
transition from laminar to turbulent flow that occurs at smaller values of
H/w (H/w < 7). This transition is believed to have been established by the
experimental studies of Gardon and Akfirat (1966) and Cadek and Zerkle (1970).
It may be concluded therefore that although it is evident that develop-
ment of improved analytical solutions for turbulent transport processes de-
serves continuing attention and development, experimental measurements are
still essential, especially for complex flows such as system of multiple im-

pinging jets.

2.3.2 Experimental Studies

Most of the impingement heat transfer studies reported in this section
are based on use of a steady state technique with the heat transfer surface
maintained either at a uniform temperature or at uniform heat flux, the two
standard boundary conditions. A few studies were derived from an unsteady
state technique in which the initial condition was a uniform temperature heat
transfer surface. Analysis of multiple impinging slot jet studies is pre-

ceded by a review of investigations with a single impinging slot jet.



19.

2.3.2.1 Single Impinging Slot Jet Studies

Metzger (1962) used an unsteady state technique to obtain average
Nusselt number, EE, for an isothermal heat transfer surface subjected to a
single unconfined slot jet. Over the range 1490 < Rej £ 3700 (0.25 s w €
2.04 mm), Nu was found to be at a maximum at H/w = 8. This observation was
confirmed later by Gardon and Akfirat (1966), who improved the resolution of
heat transfer measurements remarkably. They used a 0.90 mm diameter heat
flux sensor to measure the convective heat transfer rate from an isothermal
heated impingement surface to a slot jet. For 450 < Rej € 22000 and 1.59 <
w £ 6.35 mm Gardon and Akfirat obtained values of local Nusselt number, Nux,
over a wide range of nozzle-to-impingement surface spacing (2 < H/w < 80).
For 2 < H/w € 6 they measured a secondary peak in Nux that begins immediately
after the end of the acceleration (impingement) region where the disappear-
ance of the stabilizing streamwise pressure gradient leads to a steep rise to
turbulence intensity that triggers transition to a turbulent boundary layer.
This secondary peak in Nux was also measured by Korger and Krizek (1966),
Kumada and Mabuchi (1970), Schlinder et al. (1970) and Cadek and Zerkle (1970).
While the first two groups used the naphthalene sublimation technique,
Schliinder et al. computed local mass transfer rates by measuring the rate of
water removal from uniformly moist, parallel strips of porous stoneware sub-
jected to an impinging slot jet of unsaturated air. Although the results of
these authors agree to within +107 for value of average Nusselt number, ﬁﬂ,
the scatter in local value, Nux, is as high as +207, especially at the stag-
nation point. Such discrepancies are believed to be due in part to differ-
ences in turbulence levels at the nozzle exit. Unfortunately none of these
investigators provided any detail informations of turbulence characteristics

at the nozzle exit and downstream from the nozzle exit.
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The industrially more important configuration involving use of a con-
finement surface at the same spacing from the impingement surface as the noz-
zle exit was studied by Folayan and Whitelaw (1977) for a single impinging
slot jet cooling a heated surface. The experiments were carried out for one
Reynolds number, Rej = 7100, and for a range of spacing, H/w, between 2 and
12. For H/w = 2 their results indicated that the value of Nusselt at the
stagnation point, Nuo, was independent of whether or not a confinement surface
was present. However, at 5 < H/w < 12 Nuo was consistently lowered by use of
the confinement surface, and this trend continued away from the stagnation
point. The finding that the effect of confinement for the case of impingement
cooling of a hot surface is to cause a decrease in local and average heat
transfer may be attributed to the effect of the confinement surface in reduc-
ing entrainment of air from the surroundings into the impingement flow. For
the case of a single turbulent round jet, Obot (1981) has documented that at
Rej== 80000 the effect of confinement is to reduce entrainment by about 4.57.
Obot (1981) found that confinement did not affect turbulence significantly

either along the jet centerline or along the impingement surface.

2.3.2.2 Multiple Impinging Slot Jet Studies

Of the limited data which have been reported for transport phenomena at
the impingement surface for the industrially important case of multiple slot
jets, the most significant data are for the jets unconfined as shown in Figure
2.2(a). Four studies of this kind, those of Korger and Krizek (1966), Gardon
and Akfirat (1966), Schuh and Pettersson (1966) and Scheuter and Dosdogru
(1971) have been reported. For the case of confined multiple impinging slot
jets, the only study published, that of Martin and Schliinder (1973), is with

the unique arrangement for the outflow after impingement that is shown in
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Figure 2.2(b). The experimental conditions and proposed heat transfer cor-
relations of these studies are listed in Table 2.1.

As the results of Scheuter and Dosdogru (1971) shown in Figure 2.3 con-
tain a fundamental error, their data are not included in Table 2.1. Theése
authors used a hot-filmfprobe, which has been used widely as skin friction
device, to measure local heat transfer. They used a DISA film probe mounted
flush with the impingement surface of an unheated plate. Surface heat trans-
fer distributions obtained this way exhibited a minimum at the stagnation
point, thus conflicting with all other studies which invariably show a maximum
at this location. The profile of Gardon and Akfirat (1966) is shown for con-
trast in Figure 2.3. The error of Scheuter and Dosdogru derives from the fact
that for the impingement region the Reynolds analogy is not valid, as has been
pointed out with reference to impingement heat transfer studies by van Heiningen,
Mujumdar and Douglas (1976a). Schauer and Eustis (1963) measured the wall
shear stress from velocity profiles and the heat transfer rates by a direct
method. When the shear stress is correctly measured, as in their study, it
must of course be zero at the stagnation point, in sharp contrast with the
bell-shaped heat transfer profile. It should be noted that a completely dif-
ferent situation exists when the surface surrounding the hot-film probe is
heated to the same temperature as the hot film, which then becomes a heat
flux meter.

In Table 2.1 and in the discussion to follow frequent reference is made
to a dimensionless geometric parameter, S/H. The concept of characterizing
multiple impinging slot jet systems by the dimensionless S/H parameter was in
fact not used by any previous investigator. Rather, this concept was intro-

duced only in the present investigation. The analysis of multiple slot jet

systems with symmetric outflow as systems comprising assemblies of repeated
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TABLE 2.1. Experimental Conditions and Heat Transfer Correlations for Multiple Impinging Slot Jet Studies
Range of Parameters of Reported Experiments
Authors Rej w (am) S/w £ () . (s/m* Correlations and Range of Validity
Korger and Krizek (1966) 6500 5.0 5-33 1.5~10 8 0.63-4.13 | No correlations could be obtained due to limited
(L.M.T.), (M.U.) 21500 10.0 7.5 6.67 6 1.25 experiments.
Gardon and Akfirat (1966) 5500 3.2 | 8-16 | 3.13-6.25 | 4-40 | 0.2-4.0 | Na = 0.66 Reg'62f0'38(ﬂlw)-0'31
11000
(L.H.T.), (M.uU.) 22000 7000 < Rej < 120000; 8 < S/w < 32; H/w > 8
Schuh and Pettersson (1966) 1260 1.0 | 2.5-50 | 1.0-20 | 2-16 | 0.25-25 | Fu = 0.46 ReJ->?8¢0:372
(A.M.T.), (M.U.) 6300 1.0 2.5-50 1.0-20 2-16 0.25-25 3 .
e U 31600 5.0 2,5-10 5.0-20 2-16 0.25-5 1200 < Rej < 100000; 2.5 < S/w < 50; H/w = 4
0.667
Sh Nu 0.75 Re
Martin and Schilinder (1973) { 750~20000 { 1.5-18 | 2.5-55 | 0.9-21.2 2-80 | 0.12~27.5 = =0.84 ¢
s 0.42 P 0.42 f/E + £ /f
(A.M.T.), (M.C.) c T
-0.5
2
f°="= [60 + (U/w - 4) ]
750 < Rej < 20000; 2.5 < Sfw < 55; 2 < H/w < 80

* S/H geometric parameter is not used in any of the investigations listed.

NOTE: (

) = local heat trangfer measurements

) = average heat transfer measurements
.) = local wmass transfer measurements

) = average mass transfer measurements

)} = multiple confined jet system

) = multiple unconfined jet aystem
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"flow cells" of proportions S/H is proposed and validated in an extensive
section of Chapter 4. Because of the success of this new perspective for the
multiple slot jet system of the present investigation, the parameter of flow
cell proportion, S/H, has been used in the re-interpretation of the results
of previous investigators.

Korger and Krizek (1966), using the naphthalene sublimation technique,
measured local mass transfer from the impingement surface over the limited
range of parameters shown in Table 2.1. Their results show that with decreas-
ing S/H from 4.13 to 0.63 the impingement surface mass transfer profile for
the system of multiple jets departs from that for a single jet, in that the
stagnation peak decreases and a secondary peak appears midway between adjacent
stagnation peaks. Their mass transfer profiles also show that these secondary
peaks increase over their operating conditions which correspond to flow cells
of decreasing width, S/H. For instance, at Rej = 21500, H/w = 6 and S/w =
7.5, (i.e. equivalent to S/H = 1.25) the secondary peak was found to be of
similar magnitude to that at the stagnation line. Unfortunately these authors
did not comment on these significant differences between single and multiple
jets. Incredibly, they recommended use of single jet correlations for multi-
ple jets regardless of the spacing S/w even though their own results showed
major differences between the single and multiple jet cases.

Over a relatively wider range of parameters as shown in Table 2.1 Gardon
and Akfirat (1966), using the steady state technique at uniform surface tem-
perature, reported similar heat transfer profiles. For their conditions which
correspond for a multiple jet system to a relatively wide flow cell, i.e.
S/H = 2, (i.e. for their combination of S/w = 8 and H/w = 4) the pressure and
heat transfer distribution in the impingement region of the middle jet is

nearly the same as that for single jet. However in the region where the de-
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flected jets converge (midway between neighbouring jet centerlines) the pres-
sure was higher than for the equivalent single impinging jet. They believed
that the associated adverse pressure gradient is high enough to cause flow
separation which manifests itself in the marked secondary peak in heat trans-
fer midway between adjacent jet centerlines. Their results for S/w = 8, H/w =
16 (equivalent to S/H = 0.5) indicated lower values for both impingement sur-
face pressure and heat transfer, relative to the equivalent single jet. This
reduction for the multiple slot jet case was most pronounced for their com-
bination of S/w = 8 with H/w = 40 (equivalent to S/H== 0.2). Not only were
the heat transfer profiles significantly lowered, but the maxima and minima in
these profiles were reduced to only about 157 on either side of the average
value. For the S/w = 8, H/w = 40 condition (S/H = 0.2), the amount of entrain-
ment in this unconfined system and the interaction and mixing between adjacent
jets would of course be very large. Gardon and Akfirat proposed a heat trans-
fer correlation that covers a wide range of S/w (8 < S/w < 32), and jet Rey-
nolds number 7000 < Rej < 120000,

Schuh and Pettersson (1966) reported average heat transfer data for a
similar system of unconfined multiple slot jets using a steady state techmique
at a uniform surface temperature. Over the wide range of internozzle spacing
2.5 < S/w < 50, for all values of H/w, i.e. H/w = 2, 8 and 16, they found a
maximum heat transfer to occur at S/w = 7 and H/w = 8, which would correspond
to S/H = 0.88. They repprted no explanation of this optiﬁum because of lack
of detail of their flow and local heat transfer investigation. TFor widely
spaced jets, S/w > 25 at H/w = 8 (i.e. S/H > 3) their results show good agree-
ment with those reported by Metzger (1962) for a single impinging slot jet.

On the other hand for the same impingement surface spacing, H/w = 8, but at

closer jet-to-jet spacing, S/w of 12 and 4, combinations which would corre-
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spond to S/H of 1.5 and 0.5, they reported heat transfer rates lower than
those for single jet by Metzger (1962).

In summary for this unconfined system of multiple slot jets the range
of values of flow cell proportions, S/H, at which heat transfer becomes less
than that for a single jet was found to be S/H < 1.5 for Korger and Krizek
(1966), at some value of S/H larger than 0.5 but less than 2 for Gardon and
Akfirat (1966) and some value of S/H less than 1.5 for Schuh and Pettersson
(1966). One limitation on the applicability of the results of these three in-
vestigations is the fact that the unconfined outflow arrangement is not Qhat
is needed for some important industrial applications. Moreover, the results
do not indicate clearly what are the conditions at which heat transfer for a
multiple slot jet system begins to be less than that for an assembly of equiv-
alent single jets. However the results are sufficient to indicate that this
reduction starts for flow cells samewhat narrower than S/H = 2.

To eliminate the changes in impingement surface heat or mass transfer
caused by the mixing and entrainment from the surroundings associated with an
unconfined system, Martin and Schliinder (1973) used a confined jet system as
shown in Figure 2.2(b). As a consequence of the flow exiting in the trans-
verse direction the impingement flow was 3-dimensional and the transport char-
acteristics at the surface varied in the lateral and transverse directionms.

At a number of locations in the transverse direction they measured a laterally
averaged rate.of evaporation of water from striﬁs of stoneware. Because of
the serious flow nonuniformity in the transverse direction, as detailed in the
previous section, they obtained laterally averaged mass transfer rates at the
ends of the nozzle slot which were as much as 2.3 times the minimum rate at
the midway location of the slot. Although an extensive amount of data was

taken and correlated, their complex correlation is of limited value because of
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the transverse variation of mass transfer rates which is generally unaccept-
able in industrial applicatioms.

For H/w = 4, Figure 2.4 compares the correlation of Martin and Schlinder
(1973) and Schuh and Pettersson (1966). The disagreement between the two sets
of results at all values of £ (f = 2, 4 and 87) may be attributed to the lower-
ing of impingement surface transfer rates of Martin and Schliinder due to the
spent outflow in the transverse direction and also to the presence of confine-
ment surface.

For f = 47, the effect of Re, on average heat transfer, Nu, is shown in

]
Figure 2.5 for 3 values of H/w (8, 16 and 24). From this figure it can be
seen that the correlation of Martin and Schliinder (1973) is close to that of
Gardon and Akfirat (1966), since for the former at higher value of jet spacing

(H/w) than 4 the effect of épent outflow on the transverse heat (mass) trans-

fer profile is decreased.

2.4 Effect of Suction

Jets impinging on a permeable surface through which fluid may pass con-
stitutes an industrially important configuration. Such an application is the
proposed "Papridryer" process, a combination of impingement and through-drying
of paper (Burgess et al., 1972a, b). 1In this process the range of the ratio
of suction velocity to the average velocity at the nozzle exit is 0.045 <

*
US/UJ. < 0.45%.

2.4.1 Flow Studies

The effect of suction on impingement flow field appears in only three
previous studies. Abdul-Wahab et al. (1975) and Baines and Keffer (1977)
studied flow characteristics of a slot impinging jet on a permeable impinge-

ment surface. More recently a more comprehensive study on the effect of
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suction on axial and lateral flow was reported by Obot (1981) for a single
round jet impinging on a permeable surface. In the exploratory study of
Abdul-Wahab et al. the suction velocity was varied between 0.21 < U, < 0.43
m/s, for a jet exit velocity of U? = 13.5 m/s, equivalent to Rej = 5680, thus
producing values of US/U; = 1.5 and 3.27Z. All measurements were made prior to
impingement of the jet on the permeable surface. The results show a faster
decay of the jet centerline mean velocity with suction than without and a re-
duction across the jet of the axial fluctuating velocity component. On the
contrary, for Rej = 38000, Obot (1981) found that a suction velocity of Us =
0.25 m/s (US/U§== 0.87) at a flat impingement surface subjected to a round jet
caused a significant increase in axial mean velocity, no consistent effect on
fluctuating velocity and thus soﬁe reduction in turbulence intensity in the
developing jet region. For quite a high jet Reynolds number, Rej = 80000, a
suction velocity of US== 0.25 m/s (US/Uz = 0.42%) prodﬁced no measurable
effects on mean velocity and turbulence in the developing jet region. In the
wall jet region application of suction 0.2 < US/U§ < 0.87 caused both an in-
crease in lateral velocity and a slight decrease in turbulence intensity adja-
cent to the impingement surface and a decrease in the boundary layer thickness.
Both effects result in increasing the velocity gradient at the impingement
surface.

With suction imposed on a rotating drum surface to produce values of
throughflow velocity that varied up to US/UE = 0,297 for Uz = 52.7 m/s (Rej =
6600), Baines and Keffer found that the local surface shear stress increased
throughout the entire profile by roughly a constant amount, sufficient that
the average shear stress increased by 127. In the wall jet region the maximum
lateral velocity measured above the impingement surface was increased slightly

by suction.
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The data from Obot (1981) and Baines and Keffer (1977) show a qualita-
tively similar trend as to the effect of suction on lateral wall jet flow, a
trend which suggests an enhancement of impingement heat transfer, However no
quantitative information is available on this variable of considerable indus-

trial importance.

2.4.2 Heat Transfer Studies

For a laminar impinging jet the effect of suction on momentum and heat
transfer at the surface was predicted in computer simulation studies of wvan
Heiningen et al. (1976b)for a slot jet, and by Saad (1976), Huang (1977) and

*
Li (1977) for a round jet. At H/w =5, Re, = 100 and Us/Uj = 17, the results

J
of van Heiningen et al. indicated a small effect throughout the surface. At
H/w =8 and 12 and for Rej = 950, the results of Saad, Douglas and Mujumdar
showed that at x/w = 0 and x/w = 1.3 heat transfer increased by 10 and 307
respectively when compared to the case without suction. With suction, the
heat transfer profiles presented by Huang and by Li show similar trends.

For the turbulent case, the effect of suction on impingement heat trans-
fer under a single round jet was studied experimentally by Obot (1975). At
H/w = 6, Rej = 20000 and 28000 and 0.24 < US/U; < 0.327 the heat transfer

rates increased by a constant amount from the stagnation point (107 increase)

out to x/w = 13 (75% increase).

2.5 Summary

From the review of flow and heat transfer studies of slot impinging jets
no information was found as to the effect of geometrical and flow parameters
on confined multiple impinging jet systems without spentflow interaction and

with uniform spanwise transport characteristics. Also it was found that even
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fqr the case of single impinging slot jet, there has been little attention
to the industrially important configuration of a closed system with a confine-
ment surface.

In summary it is noted that in spite of their industrial significance,
transport processes under multiple impinging jets have received relatively
little attention in the prior literature and that there are distinct short-
comings among the few existing studies. Since mixing of inlet jet fluid with
the ambient and interaction of jets with spentflow may cause significant
changes in heat transfer rate, the lack of such a study in a confined impinge-
ment system is regretable. Neither has there been any study of multiple slot

jets impinging on a permeable surface.
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CHAPTER 3

EXPERIMENTAL APPARATUS

3.1 Introduction

An experimental facility was designed to permit high resolution mea-
surement of local heat transfer rates at a permeable heat transfer surface
under a set of confined multiple impinging slot jets. The working fluid was
air at nearly ambient temperature and the heat transfer was from the heated
impingement surface to the impinging jet. The facility was constructed to
permit study of the effect of four fundamental parameters; the spacing,
nozzle~to-impingement surface; the ratio, nozzle area:impingement surface
area; Reynolds number of the jet; and uniform suction at the permeable im-
pingement surface. For characterization of the flow field the design also
allowed flow measurements from nozzle exit to impingement surface and pres-
sure profiles at the latter. The flow field in the absence of suction was

characterized using an impermeable impingement surface.

3.2 General Description of the Apparatus

The apparatus shown schematically in Figure 3.1 and in a photograph
in Figure 3.2 provided control of four general systems: flow of impingement
and exhaust air; suction through impingement surface; horizontal and verti-
cal traversing of the impingement surface; and impingement surface tempera-
ture control, including the heat flux sensor. Details of these systems are

provided in the four sections which follow.
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FIGURE 3.1. Schematic Diagram of the Apparatus
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3.2. Photograph of the Facility
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3.2.1 Impingement and Exhaust Air System

Ambient air passes sequentially through the inlet air filter, silencer,
blower, bleed flow control valve~;ith silencer, main flow silencer, cylindri-
cal header plenum chamber, slot jet nozzle assembly (three in parallel), the
test section and the exhaust ports, as illustratéd on Figure 3.1.

Dust removal was required to prevent accumulation of dirt particles on
the impingement surface during runs without suction and was essential to
avoid clogging of the porous impingement plate under suction conditioms.
Therefore the ambient air was drawn into the turboblower through a filter-
silencer (North American Mfg. Co., Cleveland, Ohio) with a one micron reten-
tion felt-type filter inside a metallic mesh filter element. The intake
silencer reduced noise by absorption of objectionable sound frequencies.

The capacity of the turboblower was 0.9 m3/s (2000 cfm) at 1157 of motor
rating, and its differential head 10342 N/m2(41 inches of water). The turbo-
blower, with its 15 H.P., 550 Volt/3 phases/60 Hz motor, was mounted on a
900 1b seismic base to minimize vibration. A manually controlled valve pro-
vided adjustment of a bleed flow to prevent overheating of the motor for ex-
periments at low flow rate, while a safety stop electric power controller
(Cutler-Hamma, Montreal) was set to shut off the motor at an upper tempera-
ture limit of around 50°C. Two additional silencers were used, one on the
bleed flow line, the other on the main flow line (Acoustex of Canada Ltd.,
Toronto). The three silencers reduced the overall sound pressure level by

6 decibels, and the maximum weighted sound level was found to be 70 decibels.

Air passed from the main blower discharge silencer through a flanged
aluminum header, 200 mm diameter. The header supplied air to three 100 mm
0.D., 160 mm long aluminum pipes, welded at 90° to the header at a spacing

between centerlines of 160 mm. Each of these pipes contained a manually



39.

operated butterfly valve for control of flow rate to each plenum chamber.
These rectangular plexiglass plenum chambers (250 mm deep and 100 mm x 250 mm
in cross-section, 250 mm being the length of the slot nozzles) adapted the
flow from the 100 mm circular inlet to the 250 mm slot nozzle entrance. Air
entering the well aligned plenum chambérs passed through a layer of aluminum
honeycomb to straighten the flow, then through two 100 mesh screens spaced
50 mm apart to dampen turbulence and generate uniform flow upstream of the
nozzle exit. The slot nozzle plate was likewise spaced 50 mm below the sec-
ond screen as shown in Figure 3.2. The plenum-to-nozzle contraction ratio
was sufficiently large (in the range 7:1 to 40:1) so that, combined with the
screens, conditions at the nozzle exit were a flow with well damped turbu-
lence and a uniform velocity profile in the spanwise direction of the jet,
as documented subsequently.

Aluminum nozzles in five configurations enabled study of effect of the
ratio, nozzle area:impingement surface area, termed the percentage open area,
from £ = 1,567Z to £f= 8.313%. While using one set of plenum chambers and
hence a fixed spacing (160 mm) between adjacent slot jets, five values of
percentage open area, f, were obtained with a single test section by using
five sets of nozzle plates of varying nozzle width, w. The nozzles were
machined according to the American Society of Mechanical Engineers Standard
(1971) for short, elliptic entry, round nozzles, using nozzle hy&raulic diam~-
etexr DH’ in place of pipe diameter. The five sets of 250 mm long, geometri-
cally similar nozzles, 2.5, 3.3, 5.0, 10.0 and 13.3 mm wide, are shown in
Figures 3.3 and 3.4. The centerlines of the elliptic nozzles of square exit
ports were equidistant, with the width of the latter in most cases set at
four times the nozzle width (4w) in order to minimize pressure loss through

the exit and the length of the straight portion of the nozzle was equal to
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the nozzle width, i.e. t/w = 1. The nozzle aspect ratio %/w varied from
100:1 to 18.75:1. These high values of 2%/w assured two-dimensionality of
flow at the nozzle exit over effectively all the span. The pressure differ-
ence across the nozzle plate was measured from static taps and the discharge
coefficient for each nozzle is shown in Appendix 3. A chromel constantan ther-
mocouple was mounted.at the nozzle exit for measurement of jet tempeérature, Tj.
From the nozzle exit the jet discharged into the test section (480 mm x
250 mm) as shown in Figures 3.5 and 3.6. The test section was composed of
four confinement walls and the impingement surface. A key feature of this ex-
perimental design was that impingement flow was exhausted through ports lo-
cated midway between neighbouring jets. Thus symmetrical flow without cross-
flow of air after impingement was achieved. The two plexiglass retaining
walls prevented the jets from spreading in the transverse direction, thereby
maintaining their two-dimensiomnal character, a feature missing from some ear-
lier work. The two end walls, i.e. the confinement walls parallel to the
principal axis of the slot nozzles, were located at a position corresponding
to the mid-point of an exit port, i.e. the exit ports at each end were half
the width of the other exit ports as they accommodated only half the flow of
the other ports. For each test case a fine adjustment on the position of
each end wall was used to achieve this flow specification. Furthermore,
static pressure measurements on the impingement plate were used to control
the uniformity and similarity of the three inlet jets. The end walls were
provided with a variable area slit that allowed hot wire traversing of the

jet flow system. The impingement plate is described in detail subsequently.

3.2.2 Suction Air System

Suction at the impingement surface was obtained by mounting a permeable
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impingement plate on a suction box. The upper part of the suction Box was
made of plexiglass, 250 mm high and 480 mm x 250 mm cross-section, as shown
in Figure 3.7. The lower part of the suction box, the diffuser section, was
made of aluminum sheet metal. Both parts of the suction box may be seen in
Figures 3.1 and 3.2. The upper edge of the suction box, which provided an
air-tight mounting for the plate, was framed flush with 50 mm wide x 4 mm
thick aluminum, thus providing additional support to the test section and re-
taining walls. Each lead wire from the instrumented lower surface of the test
plate traversed the wall of the suction box through an air-tight pin connec-
tion. Similarly a number of slits were machined on each 480 mm side of the
suction box to avoid damage to the lead wires during horizontal traversing of
the impingement plate. Provision was made to enclose these slotted sides of
the suction box to prevent ambient air from entering. This was achieved by
enveloping the sides with thick nylon film. Thermocouples at various loca-
tions in the suction box indicated the temperatﬁres of the through air, as
will be described subsequently.

Air withdrawn from the suction box through the flexible hose, required
to permit vertical positioning of the impingement surface-suction box unit,
passed successively through an orifice flow meter, centrifugal blower, air
intake tank and rotary blower with silencer. The high pressure head, rotary
blower (Iesson Electric Corporation), powered by 10 H.P., 550 Volt/3 phase/
60 Hz motor, provided the higher suction flow rates. It was connected in
series through a 200 litres air intake tank with a centrifugal blower (North
American Co., Cleveland) powered by 3 H.P., 550 Volt/3 phase/60 Hz motor. A
gate valve controlled the intake mass flow ratio between ambient air and air
from the centrifugal blower. Another gate valve, located upstream of the

centrifugal blower, was used to control low suction flow rates when the
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rotary blower was not operated. The suction fiow rate was determined from a
calibrated orifice meter installed in the suction line (76 mm diameter PVC
pipe), 20 pipe diameters downstream from the suction box. Depending on the
range of suction flow, the pressure drop across the orifice was determined
by either a Meriam fluid, U-tube manometer or by a micromanometer (Wilh.

Lambrecht KG Gottingen - Type 655).

3.2.3 Vertical and Horizontal Traversing of the Impingement Surface

Obtaining a complete heat transfer rate profile in the direction cross-
wise to the fixed position nozzle slots was achieved by horizontal traversing
of the impingement surface, with its single heat flux sensor as shown in Fig-
ure 3.8, over a lateral distance of 320 mm. Horizontal traversing was aided
by mounting teflon ribbon on the 4 mm wide aluminum support strips which, as
noted in the previous section, were attached to the two 480 mm edges of the
suction box. One end of tﬁe impingement plate, the right—hand end as seen on
Figures 3.1 and 3.2, was connected to a screw rod supported on an inclined
beam fixed in turn to the suction box. The screw rod was mounted to a gear
driven through a chain by 1/3 H.P. variable speed AC electric motor. The
screw rod motion was controlled through the motor by means of a specially de-
signed variable transformer with an on-off timer option. Traversing distance
and stopping time at a particular position were thereby controlled. A stop-
ping time of around 30 minutes was found to be sufficient to ensure steady
state conditions of the heat flux sensor. A manual traversing option, used
particularly during the qualification runs, was obtained by providing easy
disengagement of the chain from the electric motor. The location of the sen-
sor was read from scale attached to the side wall.

Variation in one of the fundamental parameters of this study, the im-
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pingement surface sPacing.from the jet nozzle, was achieved by providing a
gear mechanism for adjusting the vertical position of the impingement surface-
suction box unit under a multiple jet nozzle assembly maintained at a fixed
position. This vertical positioning mechanism was designed to achieve the
range of impingement surface spacing, 4 £ H/w < 24, for all widths (w = 2.5

to 13.3 mm) of nozzles used. The suction box supporting the impingement plate
was mounted on a supporting plate, Figure 3.6, which in turn was mounted at
its four corners on screw rod. Each screw rod was installed on a gear sup-
ported by two copper rings fixed on a level table. The four gears were con-
trolled by a main gear through a chain. In turn the main gear was powered by
a bidirectional variable speed, 1/3 H.P., 12 lb-in torque (0-1800 RPM) elec-
tric motor. The motor was actuated by a double pole, double-throw switch.

The main supporting table was accurately leveled until the impingement sur-
face was parallel to the jet nozzle assembly. Each of the four table wheels
were mbunted on a screw rod for leveling; The impingement surface spacing

was monitored by means of an accurate scale on the retaining walls.

3.2.4 Impingement Surface Temperature Control

As the overall experimental design involved determination of steady
state impingement heat transfer profiles for the case of the isothermal
boundary condition, a system was required for achieving a uniform isothermal
impingement surface temperature under conditions of a highly non-uniform heat
transfer at this surface. For impingement air at ambient temperature this
objective was achieved by provision of an impingement plate electrical heat-
ing system sectioned into twelve independently controlled units. The AC
power to each of these twelve plate heaters was controlled independently by a

proportional controller (Model 872, RFL Industries Inc., Boonton, N.J.).
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Each heater consisted of a single length of 24 AWG (0.5 mm diameter) Inconel
wire, electrically insulated with a magnesium oxide layer, then shielded with
a stainless steel sheath (0.D. 1.0 mm). This heater wire was laced back and
forth in grooves machined in the back surface of impingement plate as shown
in Figure 3.7. The end of each heater wire, after being stripped, was silver
welded to 24 AWG single string copper leads, then placed inside a ceramic
tubing for insertion into the groove. For each heater wire one lead was con-
nected to a variable resistor, then to the ground bus bar, while the other
lead was connected to another bus bar. A proportional controller connected
to these bus bars closed the circuit. The controller, when rated for 115 AVC
to a load higher than 100 watts, was specified to control the temperature
within #0.1°C. The control circuit resistance was therefore increased by in-
cluding an extra, variable (dummy) resistance to bring the controller power
output to at least 100 watts at the lower impingement flow conditions. A
thermistor located in a hole drilled to about 0.2 mm from the impingement
surface closed the feedback loop of the controller. The thermistor semi-
conductor bead was located in a glass tubing, 0.8 mm diameter. Its two elec-
trically insulated lead wires, 150 mm long, were connected to the controller
unit. The negative temperature coefficient of resistance thermistor used
operated between 30,000 and 300 ohms over 10°C to 130°C. In the proportional
temperature controller used, the transmitter, controller and final control
element comprise one integrated electronic circuit as shown in Figure 3.9.

A temperature variation actuates the bridge system, causing a variable gain
amplifier to supply a proportional signal to a Triac (bidireetional thyristor)
firing circuit, thus ensuring proper Triac turn-on time. The Triac was
mounted on a heat sink channel to assure good heat dissipation. Thus the

number of integral cycles supplied to the heating wire was proportional to
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the temperature deviation from the set point. The power switching Triac was
pulsed into conduction as the line voltage passed through zero, thereby elim-
inating current surges which cause radio frequency interference (RFI). Radi-
ated RFI could falsely trigger electronic instruments and computers located
near the generating source.

While the l2-element electrical heating and control system described
above served to maintain the required isothermal boundary condition for heat
transfer at the impingement surface, a much more precisely controlled heat
flux sensor was located centrally in the spanwise direction of the impinge-

ment plate, insulated from the plate. While details of the heat flux sensor

design are presented in Section 3.4, the temperature control aspect is de- __ .

scribed here along with that for the entire impingement surface. The temper-
ature of the sensor, 78.5 mm x 3.7 mm, was regulated manually by a variable
voltage DC power supply (Model LP-410A-FM Lamda Electronics, Melville, L.I.,
N.Y.). The sensor heater, a 78.8 mm length of the same 1.0 mm 0.D. insulated
Inconel wire as used for the remainder of the plate, was located inside a
single groove on the back surface of the sensor. One end of the heater was
connected to a high precision, low resistance shunt (Leeds & Northrup Co.)
through copper leads similar to those noted earlier, then to the ground bar.
The other end was connected to the other bus bar, and the DC power supply
connected to the bars. The sensor heater power was determined from the volt-
age drop across the heater and across the precision shunt in the heater cir-

cuit as shown in Figure 3.10.

3.3 Flow Measurements

The following two sections describe the instrumentation and procedures

used for measuring mean velocity and axial turbulence for the jet and for
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mean static pressure along the impingement surface.

3.3.1 Velocity and Turbulence Measurements

Turbulence measurements were made using the following DISA 55M System:
a constant temperature anemometer (DISA 55M01), an electronic linearizer
(DISA 55D10), a DC digital voltmeter (DISA 55D31), a root-mean square volt-
meter (DISA 55D35) and a Tektronix 466 dual beam storage scope. The probe
was mounted on a (DISA 55H21) probe holder which was in turn screwed concen-
trically to a 20 mm diameter tube (probe support) entering the test section
from the 250 mm long end wall. The probe was mounted on a manual traversing
mechanism (United Sensor and Control Corporation, Watertown, Masé.j, withr
Vernier-type graduations, in increments of 0.5 mm. The traversing unit could
rotate to any angular position. Both Vernier and protractor were friction
loaded with adjustable éprings and balls for easy accurate rotation to any
angle. The unit was mounted on a heavy tripod which, as it was designed for
use for high speed photography, was sufficiently robust to minimize probe
vibration.

A standard (DISA 55P04 and 55P14) right angle, single wire probe was
used to measure axial mean velocity (U) and fluctuating velocity (u') along
the jet centerline and downstream of the nozzle exit. The gold-plated hot
wire probes, 1.2 mm long and 5 um diameter, caused minimal disturbance to
the flow around the sensitive part of the wire. Integration times for the
mean voltages were 10 seconds, while the RMS voltmeter was set at a time
constant of three seconds. Standard procedures were followed to obtain the
linearized signal from the single wire probe. The calibration of each hot
wire probe was verified after each test run. For the linearized system,

mean velocity and axial fluctuating velocity component were calculated from
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U = E/S (3.1)
(]

u ==(‘_12)0.5 _ (EZ)O.S/So (3.2)

where So is the sensitivity factor determined experimentally from calibration
of the hot wire. The probe was calibrated in situ on the jet axis at 1 mm
from the exit plane of the ASME nozzle, which generated a flat mean velocity
profile and low turbulence level. This calibration was done on the basis of
Pitot tube measurements at corresponding values of jet flow rate. The con-
stant temperature anemometer was operated at an overheat ratio (the differ-
ence between operating and cold probe resistance values, divided by the lat-
ter value) equal to 0.8. The thermal stability of the electronic equipment
was maintained by allowing the units to remain powered during the course of
the experimental work even when the instruments were not in use. The cali-
bration of the hot wire was done at steady state air jet temperature which

was around 10°C higher than ambient air.

3.3.2 Static Pressure Measurements

Static pressures were measured with 1 mm O0.D. stainless steel tube
(0.76 mm I.D.) pressure taps which were spaced 5 mm apart in the streamwise
direction along the midspan centerline of a plexiglass impingement plate
built for the purpose of mapping impingement surface pressure profiles. At
one streamwise location, close to the mid-point of this impingement plate,
10 static taps were located in the spanwise direction, i.e. along a line at
90° to the other 38 taps. The spanwise pressure profile was obtained at
various streamwise locations by horizontal traversing of the plate. The

pressure from the static taps through tygon tube was measured by two Statham




unbonded strain gauge differential pressure transducers (range 0-6.9 and
0-1.1 KN/mz). Both units were equipped with calibrated zeroing bridge. A
Data Precision Inc. (Model 3400, Waterfield, Mass.) digital voltmeter was
used to read this pressure transducer. A 48 port scanivalve (Scanivalve
Corp., San Diego, Calif.) facilitated switching between the static pressure
taps.

The heat transfer impingement plate was also equipped with 64 taps,
1 mm O0.D. stainless steel tube (0.76 mm 0.D.), spaced from 5-7 mm apart (de-
pending on the location of heating wire) in the streamwise direction along
the midspan centerline of the plate, and was built for the purpose of moni-
toring pressure profile before and during the heat transfer measurements.
Each tap was connected to a manometer leg, while the other leg of each U-
tube was connected through a manifold to the manometer fluid supply bottle.
The 64-branch multimanometer panel, Figure 3.11, was mounted on a variable
angle inclined manometer board to allow greater precision at low pressures.
During heat transfer experiments the static pressure profile on the impinge-
ment surface was continuously displayed on this inclined multimanometer

panel.

3.4 Heat Transfer Measurements

The following three sections provide descriptions of the porous plate,
the instrumentation, and procedures used for measuring temperature and heat

flux distribution along the impingement surface.

3.4.1 Porous Plate

The 10 mm x 760 mm x 250 mm plate (Arrow Sintered Products Company,

Forest Park, Illinois) was produced by vibrating spherical particles of




5

Ld INSS—— N

TR
it l|.‘ P
’ '||,i‘:|i; MU ,i' T——
| j.«& ’“Whlm. i
i | ‘ﬂ ﬂ; 1|I :'f
: | |'.l ,I”E Il I;
Hm nﬁ*tm7v1~t n
b
e

[
i
1 lf=

{
|
|
! l

e e

FIGURE 3.11. Multimanometer Panel




58.

. copper coated with tin (90 Cu - 10 Sn) into a mold, then sintering to bond
all particles into a bronze plate of uniform porosity and excellent strength.
The porosity of the plate was approximately 457, its density, 520.4 kgm/mB.
The controlled porosity structure matrix gave uniform thermal properties. The
particle size distribution was controlled by selective screening to eliminate
both the larger particles which would cause a rough surface, and the very fine
particles which tend to agglomerate during the sintering process. The parti-
cle diameter before sintering ranged from 0.020 to 0.08 mm, with an average
diameter of 0.05 mm. The plate surface roughness, measured by 0.127 mm radius
stylus, was found to be 1.25 to 5 um RMS which was found to be lower than the
critical roughness. With a statistically small number of exceptions, the par-
ticles are aligned so that the crests of particles are in the same plane. To
the touch the surface feels smooth.

In summary the porous plate may be described as follows:
Size: 10 mm x 760 mm x 250 mm
Composition: Special grade bronze filter made from 0.02 to 0.08 mm spher-

ical sintered bronze particles.

Surface Finish: 1.25-5.00 pym (BMS) measured with a 0.0127 mm radius stylus.

Uniformity of permeability is an important requirement in the study of
phenomena affected by normal throughflow. Permeability measurements on the
plate were made before and after its instrumentation and installation. The
suction air flow system was operated on 50 mm2 square area of the plate by
sealing the remaining areas on both faces with plexiglass board. The flow
rate in the suction system through that 50 mﬁz spot and the pressure drop
across the plate was measured. These measurements provided the value of the
local resistance to flow through the test area. Permeability maps were

therefore constructed by making measurements on different spots over the
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surface of the plate. Similar permeability variation measurements made after
the plate was instrumented with thermocouples and heater wires produced sim-
ilar results. The permeability of the instrumented plate was found to be
uniform within * 107.

3.4.2 Temperature Measurements . .

All temperature measurements on the impingement plate were made using
36 AWG Chromel-Constantan (OMEGA Type E) thermocouples (Figure 3.12). All
thermocouples were brought to a manual selector switch (Omega Engineering,
Stanford, Conn.) for read-out. The thermocouples were made sufficiently long
so that the thermocouple wire itself could be used for the conmmection to the
selector switch. To avoid introducing sharp temperature gradients in any of
the thermocouples they were all thermally guarded with teflon tubing. The
entire thermocouple circuit used a single electronic ice point compensator
built in the digital temperature read-out, Omega Model 250. Impingement sur-
face thermocouples were epoxied into 1.0 mm diameter holes precision drilled
from the back surface of the plate to within 0.2 mm of the top impingement
surface. These thermocouple temperatures were taken to be the plate surface
temperature. These thermocouples were installed by partially filling the
holes with a high thermal conductivity epoxy resin using a hypodermic needle,
then inserting the thermocouple to the bottom of the hole. This procedure
resulted in a small collar of epoxy squeezing up around the thermocouple at
the plate back surface. Examination of every installation from the top im-—
pingement surface revealed no case of bleeding through the epoxy.

The 24 AWG Inconel heating wire, shielded with stainless steel and in-
sulated with magnesium oxide, was imbedded in grooves spaced at 5 mm (except
in the sensor region) on the lower surface of the plate. Both ends of each

heater were stripped for silver soldering to the 26 AWG copper leads to the
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temperature controller. A 0.3 mm thick layer of teflon ribbon was inserted
in the groove on top of the wire, thereby reducing heat dissipation while

also securing the wire in place.

3.4.3 Heat Flux Measurements

For determination under multiple slot jets of the heat transfer profile
in the streamwise direction where this profile is highly non-uniform, one
design would be installation of a large number of small heat flux sensors in
an impingement surface which is fixed with respect to the jets. An alternate
design would be to construct an impingement surface with a single, high pre-
cision heat flux sensor but with provision for traversing the impingement
surface in the streamwise direction with respect to the jets, i.e. in the
direction 90° to the length of the slots. The latter design, a simple and
better alternative, was used in the present study. Traversing of the im-
pingement surface in the streamwise direction was carried out in a stepwise
manner, i.e. with the surface being held at each desired location for a peri-
od sufficiently long that steady state temperature conditions were obtained
before measurements were made and the surface traversed to the next position.

The heat flux meter (Figures 3.13 and 3.14), the central feature of
the design, comprised the 13th separately heated section of the porous bronze
impingement surface, but differed from the other 12 heated sections in that
it was thermally insulated from the surrounding plate, was instrumented so
that the electric power dissipated by heat transfer from it could be ﬁeasured
precisely, and was much smaller, i.e. sufficiently small to achieve the ob-
jective of measuring a streamwise local value of the highly non-uniform heat
flux. The transverse length of the heat flux sensor was set at 78.5 mm, i.e.

to cover about the central one-third of the nozzle spanwise dimension (250 mm)
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of the impingement surface. Measurements of static pressure in the spanwise
direction confirmed that this length of the sensor was such that it did not
approach the wall effect region adjacent to the 480 mm length side walls.

Determining the width of the sensor was much more difficult, as this
dimension involves choice of an optimum dimension between conflicting require-
ments. Thus the narrower the sensor, the closer the approach to a true local
value in the streamwise direction of heat flux. However, the narrower the
sensor, the greater the percentage cross-sectional area of the porous bronze
sensor that is blocked by the electric heating wire, and the less typical the
sensor is the porous bronze impingement surface of which it is meant to be a
representative element. In order to make the best choice of width of the
sensor the two-dimensional heat conduction partial differential equation was
solved for various values of sensor width (see Appendix 4) with the appropri-
ate boundary conditions.

The maximum temperature variation across the lateral width of heat
transfer surface of the sensor (over the entire range of the experiments) by
four thermocouples, located as shown in Figure 3.14, was found to be 0.1%.
The temperatures of the impingement surface varied by at the most 0.1°¢c from
the sensor temperature, thus assuring a very close approach to the constant
temperature boundary condition and minimizing driving force for lateral heat
conduction between the sensor and the plate. Lateral heat transfer by con-
duction between the sensor and the plate was further reduced by thermally
insulating the sensor with 0.37 mm of Marinite-36 asbestos cement (Johns
Manville Ltd., Montreal) as shown in Figures 3.13 and 3.14.

For experiments without throughflow (which represents more than 907
of the experimental program) the heat loss from the grooved lower surface of

the sensor was minimized by mounting a 250 mm x 100 mm x 10 mm sheet of
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Marinite-36 asbestos cement (Johns Manville Ltd., Montreal) to cover the heat
flux sensor and adjacent plate. The temperature of the grooved surface of the
sensor was measured from two thermocouples (Figure 3.14) epoxied into a 0.5 mm
deep groove and likewise, two thermocouples were inserted at the back surface
of the marinite insulation. Thus the heat loss frﬁm this face for experiments
without throughflow could bé calculated using the known thermal conductivity
of the marinite. For experiments with throughflow, the marinite board was re-
moved and the heat loss convected by the through air from this face was esti-
mated.

Assembly of the heat flux sensor into the corresponding slot machined in
the test plate shown in Figure 3.15 was carried out with great care to assure
smoothness of joints. Various methods of reworking and finishing small irreg-
ularities in the porous bronze surface established that the porosity of the
plate was almost unaffected by mild compressive working provided there is no
shearing of the surface. Thus minor irregularities around the sensor after
assembly in the plate were "ironed out" using a polished steel roller without
affecting the local permeability. 1In the final step the top irregularities of
the teflon insulation gap were filled with plastic putty and shaved flush.

The final joint lines could not be detected by touch.

The heating circuit shown in Figure 3.10 consisted of an Inconel heating
wire (Rh = 0.6 1) embedded in the heat flux sensor and a precision resistance
(Rp = 0.1 Q). A variable DC power supply Lamda LP-410A-FM (Manville, L.I.,
N.Y.) was manually adjusted to achieve the desired sensor surface temperature.
The precision resistance, Rp, was used for calculation of the current, the
voltage, Vp, being measured by a 5.5 digits multimeter, Model 3500 (Data Preci-
sion, Wakefield, Mass.). The voltage drop, Vh, across the heating wire, Rh’

was measured by a 3.5 digits multimeter, Model 175 (DatavPrecision).
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At steady state the convective heat transfer with zero throughflow is

- g (3.3)

rad.

Qony. ~ Fs = Q

conv. s cond.

where
Qco

nd and Qrad (the heat loss by conduction and radiation, respective-

ly) are evaluated as shown in Appendix -5 and PS is calculated from

_ 2
P —Vh(Vp/Rp) - (Vp/Rp) Row (3.4)

where sz is the resistance of the lead wire. The local heat transfer coef-

ficient is therefore calculated as

Q
h =-—couv. (3.5)

A (T - T,

X < (Tg J)

where TS and Tj are the steady state sensor free surface temperature and the
jet temperature at the nozzle exit, respectively. The impingement surface
heat transfer coefficient with the presence of throughflow is calculated as

shown subsequently in Section 5.6.

3.5 Test Procedure

Each heat transfer experiment was begun by measuring the static pres-
sure distribution at the impingement surface with no power to the plate, in
order to assure flow symmetry. The position of the two end walls was fine-
tuned to ensure that exactly one-half of one nozzle inflow left each of the
end ports.  Power to the impingement surface heaters was then switched on and
monitoring was started for achieving steady state surface temperature, iso-
thermal to within +0.1°C. Following recording of all variables at the steady

state condition, the plate was traversed to the next station under the jet
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array and a new steady state monitoring started.

uncertainties is preSented in Appendix 5.

68.

The analysis of experimental
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CHAPTER 4

RESULTS AND DISCUSSION: FLOW

4.1 Introduction

As impingement heat transfer depends on the corresponding flow field, the
present chapter is devoted to the documentation of the flow prior to the pre-
sentation in the succeeding chapter of the analysis of heat transfer for the
impingement system under study.

The multiple confined slot jet system with exhaust ports located symmet-
rically between jets which is of prime interest in this study is illustrated
schematically at the top of Figure 4.1. In order to document differences be-
tween nmultiple and single confined slot jets, flow field measurements were also
made for the corresponding single confined jet system, illustrated at the mid~
dle of Figure 4.1, where the impingement surface was the same as that for mul-
tiple jets. The single jet system was obtained by removing the nozzle blocks
for the two outside jets, hence the confinement surface comprised the two cen-—-
tral jet nozzle blocks. The third configuration shown on Figure 4.1, used for
study of effect of throughflow, was obtained by blocking the exit ports and the
two outer nozzles and by removing the end walls to permit lateral outflow.

Between the points of jet inflow and outflow for systems of confined jets
shown in Figure 4.1 the flow field comprises the free jet, impingement and wall
jet regions. Thus the flow field analysis is presented successively for the
region at the nozzle exit (Section 4.3), in the free jet (Section 4.4), and
along the impingement surface, including the impingement and wall jet regions
(Section 4.5). 1In Sections 4.4 and 4.5 the cases of both single jet and multi-
ple jet systems, as shown on Figure 4.1, are analyzed in order to document con-
ditions for which the latter deviates significantly from the former.

Finally, the effect of throughflow at the impingement surface is analyzed
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in Section 4.6 followed by the summary and conclusions, Section 4.7.

4.2 Range of Geometric and Flow Parameters

Impingement flow and heat transfer for the multiple confined jet system
with exhaust ports located symmetrically between jets shown in Figure 4.1
were studied over a wide range of geometrical and flow parameters. Compre-
hension of the results discussed subsequently will be facilitated by presen-
tation at the outset of the entire range of geometrical parameters, with the
corresponding dimensionless variables, and likewise of the entire range of
flow parameters.

The geometrical variables (Figures 4.1 and 4.2) are nozzle width w,
spacing between the confinement surface and the impingement surface, H, and
distance between centerlines of adjacent inlet nozzles and exit ports, S.
The five values of nozzle width used in the present investigation, Figure
4.2, are 2.5, 3.3, 5, 10 and 13.3 mm. For reasons detailed in Chapter 3,
the value of S was fixed at 80 mm, hence both dimensionless centerline spac-
ing, S/w, and fractional open area, f = w/2S are unique functions of nozzle
width. Thus for each value of w the equivalent set of values, S/w and £,
are tabulated in Figure 4.2 and at the top of Table 4.1.

Use of values of H over the range 4 to 400 mm provided a range in
values of dimensionless confinement surface-to-impingement surface spacing,
H/w, from 4 to 24 as noted on Table 4.l1. The other geometric proportion
listed, defined for the first time in the present study, S/H, characterizes
the shape, i.e. the ratio of width to depth, of the basic flow cell which
recurs in the multiple impinging jet system. Flow cell width is the center-

line spacing, inlet nozzle-to-exit port, while flow cell depth is the spacing
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TABLE 4.1. Geometrical Parameters of the Confined Multiple
Impinging Slot Jet System

w (mm) 2.5 3.3 5.0 10.0 13.3
S/w 32 24 16 8 6

£, % 1.56 2.06 3.125 6.25 8.313
H/w S/H

4 - 6 - 2 1.5

8 4 3 2 1 0.75
16 2 1.5 1 0.5 0.375
24 1.33 1.0 0.67 0.33 -

73.
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between impingement surface and confinement surface, the inlet nozzles and
exit ports being continuous with the confinement surface. The present ex-
perimental apparatus comprised 6 flow cells, identified on Figure 4.1 as I
to VI, The widest flow cell, S/H = 6, corresponds to combination of a wide
internozzle spacing,S/w = 24 (w = 3.3 mm), with the smallest confinement-to-
impingement surface spacing, H/w = 4. At the other extreme, the narrowest
flow cell used, $/H = 0.33, results from the narrow internozzle spacing
S/w =28 (w = 10 mm) and the largest impingement surface spacing, H/w = 24.
It may be noted that the multiple jet system illustrated on Figure 4.1 cor-
responds to an intermediate flow cell proportion of S/H = 2.

The flow parameters are similarly presented in Table 4.2. Experiments
were run at a number of levels of nominal jet Reynolds number, Rej, from
3500 to 45,000, for which the corresponding values of nozzle exit mean ve-
locity, U;t are tabulated as well in Table 4.2. Air viscosity and density
for Rej were evaluated at the nozzle exit temperature. So that the flow
could be considered incompressible, the maximum value of U{&did not exceed
Mach number of 0.3. While the nominal, i.e. target values of Rej are
listed in Table 4.2, subsequent references to experimental results always
give the actual value of Rej, génerally close to the Table 4.2 nominal
values.

The record of all values of geometrical and flow parameters used in
the present study, Tables 4.1 and 4.2, constitutes a key reference to facil-
itate understanding of results throughout this thesis.

The values of geometrical and flow parameters listed in Tables 4.1 and
4.2 were chosen to encompass the wide range of parameters for two major indus-
trial applications, impingement drying of paper and impingement cooling of

turbine vanes. With respect to the first area of industrial applicationm,



TABLE 4.2. Flow Parameters of the Confined Multiple
Impinging Slot Jet System
w (mm) S/w £, % Rej U.* (m/s)
(nominal). J
2.5 32 1.56 3500 24.6
5500 38.7
11000 77.5
3.3 24 2.06 3500 18.7
5500 29.3
11000 58.7
18500 98.7
21000 112.0
5.0 16 3.125 5500 19.4
7500 26.4
11000 38.7
18500 65.2
21000 73.9
10.0 8 6.25 5500 9.7
11000 19.4
18500 32.6
22000 38.7
13.3 6 8.313 11000 14.6
18500 24.5
22000 29.0
30000 39.7
45000 59.5
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the proposed "Papridryer' process represents a projected combination of im-
pingement and through~drying of paper (Burgess et al., 1972a, b). For their
laboratory apparatus and mill-test "Papridryer" the range of fractional open
area was 1.33 < f < 1.67% and the range of spacing between confinement and im-
pingement surfaces was 10 < H/w < 16. In terms of the characterization of flow
cell proportions introduced for multiple slot jet systems in the present study,
the range of S/H for their test units was 2 < S/H < 3, a range which corre-
sponds to the wider flow cells tabulated in Table 4.1. Further, in these ex-
perimental Papridryers the jet velocity at the slot nozzle exit was between 60
to 100 m/s and jet temperature in the range 250-450°C. The corresponding jet
exit Reynolds numbers were in the range 1000 < Rej < 3000, based on w = 1.3 mm
for the mill dryer. |

The second industrial application consists of a two-dimensional array of
jets to cool the midchord region of airfoils (Saad et al., 1980Y%, for turbo-
fan and turbo-prop engines. 1In this application the range of fractional open
area is 3 < £ < 107 and the range of spacing between confinement and impinge-
ment surfaces is 3 < H/w < 15. Thus this application produces flow cells in
the range 0.34 < S/H < 5, which covers the entire range recorded for the pre-
sent study in Table 4.1. 1In this industrial application the jet velocity at
the slot nozzle exit is between 30 and 200 m/s at the jet temperature in the
range 250—500°C, i.e. corresponding to jet exit Reynolds number, 500 < Rej <

6000 based on w = 1.3 mm for a typical engine design.

4.3 Flow Characteristics at the Nozzle Exit

A key variable in study of transport phenomena at the impingement sur-

face under a system of confined multiple impinging jets is the ratio
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jet nozzle area:impingement surface area, referred to here as percent open

area, f. For a confined multiple jet system, the nozzles constitute open-

! n

ings in the confinement surface, hence the terminology '" open area ratio ".
For the case of slot jets this is equivalent to the ratio, nozzle width:
internozzle spacing, i.e. w/2S. For reasons documented in Section 3.2.1,
the alternative of varying percent open area by varying internozzle spacing
was rejected in favor of varying nozzle width for a fixed internozzle spac-
ing. The nozzle geometry selection, i.e. short nozzles (t/w = 1) with ASME
standard elliptic entry shape, was made with the objective of having for all
cases a uniform boundary condition for the inlet jet, i.e. flat velocity
profile and low uniform turbulence across the jet at the nozzle exit. Thus
the objective was to achieve dynamic similarity for all nozzles. As nozzle
width, w, was varied over the limits 2.5 to 13.3 mm in order to cover a wide
range in open area, f, 1.56 to 8.3137, it was necessary at the outset of
this study to document the effect of the large variation of nozzle width on
degree of uniformity of the inlet jet boundary condition. Hence the effect
of nozzle width on axial mean velocity and axial turbulence at the nozzle
exit will now be examined.

Measurements of axial mean velocity, Uj’ and axial fluctuating veloc-
ity, u', mainly on the middle jet, were made for typical values of jet
Reynolds number as shown in Table 4.3. The centerline mean velocity pro-
file along the nozzle exit spanlength, %, was found to be uniform up to 5
mm from the end of the 250 mm span. Profiles of axial mean and fluctuating
velocity, Uj and u', across the nozzle width, normalized respectively with
respect to Ujo and Uj’ are recorded for all five values of w in Figures 4.3

through 4.6. It is well established that short nozzles of elliptic

(contoured) entry produce profiles of mean and turbulent velocity which are



TABLE 4.3. Geometrical and Flow Parameters of the Multiple Jet
System for Analysis of Nozzle Exit Flow Conditions

w (um) S/w £, 7 Re, U; (m/s)
2.5 32 1.56 10800 76
3.3 24 2.06 10300 55

18700 99.7
5.0 16 3.125 10800 38
18700 65.8
10.0 8 6.25 11000 19.4
18700 33
13.3 6 8.313 10800 14.3
18700 24
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very far from the limit for fully developed flow. Rather, such nozzles
produce an exit profile of mean velocity which is uniform from the nozzle
centerline over the central region of the nozzle almost to the nozzle wall,
and an axial turbulence profile which over the central region of the nozzle
is uniform and at a level much below that for the corresponding fully devel-
oped flow. |

With respect to mean axial velocity,’Figures 4.3 through 4.6 confirm
that in the present study these profiles at the nozzle exit were flat over
approximately the central 907 of the nozzle width, dropping very sharply to
zero only over the last 57 of the width. For the two widest nozzles (10 and
13.3 mm) the mean velocity profiles display a very slight minimum around the
centerline, which may be attributed to the correspondingly smaller ratio of
area contraction to these wide nozzles from the 100 mm plenum chamber imme-
diately upstream of the nozzle. Thus the plenum-to-nozzle contraction ratio,
in the range 40:1 to 20:1 for the three narrowest nozzles, is only 10:1 and
7:1 for the two widest nozzles. This deviation from uniformity of mean
velocity profile for the two nozzles of smallest contraction ratio, while
discernable, is only about 27 from a completely flat profile, hence is not
a significant effect for the present study.

With respect to axial turbulence at the nozzle exit, it is well-known
that turbulence intensity is depressed in the strongly accelerating flow in
a short elliptically contoured entry nozzle. This general effect is observed
on Figures 4.3 through 4.6 where the profiles of turbulence intensity across
the nozzle are seen to be flat at a value of less than 17 intensity in the
central region, rising to about 27 at the closest location to the nozzle
wall that was measured. These low turbulence levels contrast sharply to the

corresponding values for fully developed channel flow of around 3% at the
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centerline and about 307 near the source of turbulence generation at the wall.
With respect to the effect of nozzle width on turbulence intensity in the
central region, reference to the tabulated data shows that over the range
10800 < Rej < 18700 this level increases in a small but consistent way from
0.657 for the two narrowest nozzles, successively to 0.7%, 0.75%7 and 0.87 as
w increases to 5, 10 and 13.3 mm. As the flow crosé-section upstream of the
nozzle (the 100 mm wide plenum chamber) is constant, it is evident from these
results that the larger the ratio in area contraction between the upstream
channel and the nozzle throat, the greater is the suppression of turbulence
intensity at the latter position. As this contraction of area and correspond-
ing acceleration of flow is one cause of the suppression of turbulence, the
increasing suppression with the increasing contraction and acceleration noted
above is the expected behavior.

In the larger perspective that turbulence intensity in the jet increases
very rapidly downstream from the nozzle exit, for example to the order of 157
at 8 nozzle widths downstream along the nozzle centerline and higher than
that level away from the centerline, it might appear trivial to observe at
the nozzle exit small differences in axial turbulence intensity over the range
0.65-0.87%. However, it will be seen subsequently that, although small, these
differences at the nozzle exit due to the nozzle width are not negligible be~
cause in fact these differences grow to become quite significant downstream
from the nozzle exit and ultimately affect heat transfer at the impingement
surface.

It remains only to be noted that over the range 10800 < Rej < 18700 and
for any particular nozzle, no effect of Reynolds number on turbulence inten-
sity at the nozzle exit can be observed.

It was noted at the outset of Section 4.2 that it had been hoped the
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use of short (t/w = 1) elliptical entry nozzles would achieve the objective
of having for all cases of the heat transfer study a uniform boundary condi-
tion of inlet jet, i.e. a single profile for mean velocity and turbulence
intensity. Examination of the profiles of Figures 4.3-4.6 at the nozzle
exit indicates that at this location that ideal was achieved to a consider-
able extent, but not entirely. |

In the subsequent sectionAthis examination of the general flow bound-
ary condition for heat transfer at the impingement surface is extended to
inspection of the flow field downstream from the nozzle exit, first for a

single jet, then for the multiple jet system.

4.4 TFlow Field Downstream from the Nozzle Exit

Development of a single free jet and multiple impinging jets was stud-
ied at the middle jet position for a typical value of Reynolds number at the
nozzle exit, Rej = 11000. Thus w and U;’were varied inversely, keeping
their product, and hence Rej constant. For all values of w at Rej = 11000,
corresponding values of Ujo at the nozzle exit and Uo at 16w from the noz-
zle exit are presented in Table 4.4, For the study of single free jet de?
velopment the impingement surface was located at 30 times nozzle width. As
measurements were taken only as far as 18w from the nozzle exit, no influ-
ence from the impingement surface existed over the region studied.

Similarly, development of the free jet region in a multiple impinging
jet system was studied over a range of geometrical configurations, shown in
Table 4.5, sufficiently wide so as to include systems in which the jets are
effectively non-interacting as well as systems of interacting multiple im-
pinging jets. This range, duplicated subsequently in the study of the flow

field at the impingement surface as well, was chosen to provide a comparison



TABLE 4.4. Jet Centerline Velocity at the Nozzle Exit and at
l6w from the Nozzle Exit for Re, = 11000
J
w (mm) S/w £, Z L (m/s) Y (w/s)
J at z/w = 16

2.5 32 1.56 77.5 45.7
3.3 24 2.06 58.7 34.5
5.0 16 3.125 38.7 22.4
10.0 8 6.25 19.4 11.3
13.3 6 8.313 14.5 8.3
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TABLE 4.5. Geometrical Parameters of the Multiple Jet
System for Analysis of Free Jet Development
w (mm) S/w £, % H/w S/H
10.0 8 6.25 8 1.0
13.3 6 8.313 8 0.75
10.0 8 6.25 16 0.5
13.3 6 8.313 16 0.375

87.
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of development of the free jet for the multiple impinging jet system.with
that for a single jet.

For the single free jet the axial flow field is presented through pro-
files in both lateral and jet centerline directions, Figures 4.7 to 4.16.
Due to the lack of reliability of results in the extremely high turbulence
field awa& from the jet centerline obtained with the hot wire anemometry
instrumentation used in this study, only results along the jet centerline,

Figures 4.10 to 4.12, are presented for the multiple jet system.

4.4.1 Single Jet Flow Downstream from the Nozzle Exit

Development of the free jet flow field is discussed by examining first
axial fluctuating velocity and turbulence intensity, then axial mean veloc-
ity. This sequence is chosen as development of axial mean velocity can only
be understood through consideration of the development of axial turbulence.
It will be recalled that the rate of turbulent tfansport of axial mean momen-
tum between lateral regions of high and low axial momenta depends on level
of turbulence, i.e. the higher the turbulence, the higher the rates of tur-
bulent transport of momentum. Therefore, the sequence of analysis of turbu-
lence downstream from the nozzle exit will be to inspect, first, lateral
profiles of axial turbulence, then axial profiles of turbulence, and subse-
quently to examine the axial mean velocity via axial and lateral profiles.

For the five lateral profiles of axial fluctuating velocity at 16w

downstream from the nozzle, shown in Figure 4.7 for Re, = 11000, the values

h|
of u' for each profile are divided by a constant, i.e. by the value of UO
for that nozzle width. This treatment of the u' profiles is purely a

matter of plotting convenience, as values of u' cover an inconveniently large

range. Only at the centerline of the jet (x/w = 0) are the values of u'/U0
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in Figure 4.7 values of turbulence intensity. for simplicity on Figure 4.7
and on similar subsequent figures, lines are shown only through the data for
the two limiting values of w.

The values of u'/Uo at the jet centerline, when viewed with reference
to the u'/U;’values of Figures 4.3 to 4.6 at the nozzle exit, reveal that
turbulence intensity increases very greatly, from a level of 0.657-0.87 at
the nozzle exit to 197-21% at 16w downstream from the nozzle. Subsequent
axial profiles of turbulence velocity will show that in fact, by 16w from
the nozzle, u'/Uo has already passed through a maximum and is decreasing. As
is well-established for confined flow and shown in Figures 4.3 to 4.6, for
flow at the nozzle exit the peak in turbulence velocity and turbulence in-
tensity is very close to the nozzle wall (x/w = 0.5), the region of highest
gradient in mean axial velocity. Downstream of the nozzle exit turbulence
increases rapidly at all lateral positions as it is transported laterally
in both directions from the fegion of generation around x/w = 6.5 where the
gradient in mean axial velocity is highest. Thus the peak in lateral pro-
files of u' remains in the same general vicinity, relatively close to x/w =
0.5, although by 16w downstream the turbulence velocity peaks have drifted
outwards somewhat to the region about 0.6-0.75 x/w from the nozzle center-
line because of the general outwards mean velocity of the laterally expand-
ing jet. Discussion of the other trend evident on Figure 4.7, i.e. the
effect of the parameter, w, for data at one value of Rej, Wili be considered
following presentation of Figure 4.8.

With the axial turbulence for the cases shown in Figure 4.7 expressed
alternately as intensity of turbulence, the resulting five lateral profiles
at 16w downstream from the nozzle exit are shown in Figure 4.8. Whereas

the u' lateral profiles downstream of the nozzle exit remain peaked at loca-
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tions never far from that of the nozzle wall, the corresponding downstream
lateral profiles in turbulence intensity, although in the order of 30 times
higher than at the nozzle exit, display a relatively flat minimum at the
centerline and increase continuously out as far as it was considered reason-
able for turbulence measurements to be made. The fact that lateral profiles
of turbulence intensity increase continuously outwards from the centerline
whereis the corresponding turbulence velocity profiles exhibit maxima reveals

a
that /some distance from the jet centerline the local axial mean velocity de-
creases more rapidly with lateral distance than does local axial fluctuating
velocity. As will be seen subsequently, the lateral profiles in axial mean
velocity, which are almost square at the nozzle exit, do indeed become rela-
tively Gaussian in shape downstream from the nozzle exit, with a decrease in
mean velocity much more rapid than that for fluctuating velocity displayed
by Figure 4.7.

If should further be noted from Figﬁre 4.8 that even at a fixed

Reynolds number (Re, = 11000) the turbulence intensity downstream from the

i
nozzle is not independent of nozzle width, i.e. turbulence intensity in-
creases with increasing nozzle width. Thus the same trend as noted at con-
stant Reynolds number at the nozzle exit in the previous section, does not
damp out downstream of the nozzle, but is clearly present even at 16w from
the nozzle. Therefore, incorporating nozzle width, w, in the dimensionless

parameter, Re,, unfortunately does not yield data which are totally indepen-

h|
dent of w. TFurther consideration of this flow characteristic will appear
later.

Because the lateral profiles of Figures 4.7 and 4.8 are considerably

downstream (16w) from the nozzle exit, it is of interest to examine through

Figure 4.9 a lateral profile at only 1w downstream from the nozzle. With
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respecé to axial mean velocity, Figure 4.9 shows the very rapid transition
from the almost square velocity profile at the nozzle exit to a very con-
siderably rounded profile at only lw downstream from the nozzle. Figure 4.9
further demonstrates the extremely rapid rate of turbulence generation imme-
diately downstream of the nozzle exit. Thus from a very narrow peak around
27 turbulence intensity at the nozzle exit the intensity of turbulence has
by only lw from the nozzle increased to a much broader, much higher peak of
about 257, with even the level at the jet centerline up to about 2.57 in-
tensity. The axial profiles of turbulence shown subsequently will furthef
illuminate the development of the velocity and turbulence field downstream
from the nozzle.

Having presented lateral profiles downstream from the nozzle exit in
Figures 4.3 to 4.9, this examination will now be extended via axial profiles
through this flow field for the same value of Reynolds number at the nozzle
exit, i.e. Rej ==11006. Figures 4.10 and 4.1l present jet centerline pro-
files of axial turbulent velocity and turbulence intensity, thus complement-
ing the lateral profiles of Figures 4.7 and 4.8. As noted at the outset,
axial and lateral profiles of axial mean velocity will be presented subse-
quent to Figures 4.7 to 4.11 concerning axial turbulence.

Figure 4.10 portrays two sets of data; the band of data for five
values of w for single jets which pass through maxima, and the four axial
profiles for multiplé slot jets, which da not display maxima. The single
slot jet data are considered here, while the muléiple jet data will be dis-
cussed in the next section. It should also be noted that, as in the case
of Figure 4.7, the values of u' for each profile in Figure 4.10 are divided
by a constant, i.e. by the value of Ujo’ the value of centerline mean veloc-

ity at the nozzle exit as listed in Table 4.4, This treatment of u' pro-
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files has the effect of reducing for graphical representation the inconve-
niently large range of values of u' and, because of the choice of constant,
results in all axial profiles beginning at z/w = Q on Figure 4.10 at the
value of percent turbulence intensity at the nozzle exit. At all other
values of z/w these values should not be misinterpreted as percent intensity,
which they clearly are not, but rather as suitably compressed axial profiles
of fluctuating velocity, u'. The values of u' are shown in Appendix 1.

The centerline fluctuating velocity in Figure 4.10 begins to rise
rapidly immediately after the jet leaves the nozzle exit, i.e. turbulence
increases even through the first 3w to 4w from the nozzle exit which con-
stitutés the potential core region in which centerline mean velocity remains
unaffected. Thus Figure 4.10 supplements the trend at z/w = 1 already evi-
dent from Figure 4.9. The centerline turbulent velocity continues its rapid
increase within the development region, i.e. up to 7w from the nozzle, due
to intense mixing, reaches a maximum around z/w = 8, then declines with in-
creasing distance from the nozzle exit. Discussion of the effect of the
parameter, w, on the profiles of u' can better be considered following pre-
sentation of Figure 4.11.

The fact that Ehe sharp rise of u' begins immediately after the nozzle
exit warrants comment. Flow at the exit of a short (t/w = 1), contoured entry
nozzle is far from a self-preserving flow. From the source of turbulence
adjacent to the nozzle wall there exist at the nozzle exit a rapid rate of
lateral transport of turbulence directed towards the jet centerline where
turbulence is a minimum. So at the nozzle exit the unstable flow from a
short, contoured entry nozzle is in a condition of rapid lateral transport
of axial turbulence from the wall to the jet centerline, as may be seen from

Figures 4.3 through 4.6. Then immediately after the nozzle exit there is a
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new source of turbulence, also at around x/w = 0.5, namely the interaction
between the high velocity jet and the low velocity surrounding fluid, i.e.
a region of very high gradient in axial mean velocity. Although it is well-
known that it takes about 3w to 4w downstream of exit of short contoured
entry nozzles before the dissipation of axial momentum reaches the jet center-
line, i.e. the so-called length of potential core within which axial mean
velocity remains constant. There is with respect to turbulence development
downstream from such short nozzles no corresponding region where u' does not
increase with axial distance. These contrasting effects concerning axial
mean velocity and axial turbulence velociﬁy indicate that downstream from
short contoured nozzles the rate of lateral transport of turbulence is evi-
dently much higher than the rate of lateral transport of axial momentum.
With respect to development of turbulence downstream of the nozzle
exit it is also relevant to record that the hot wire signal displayed on
an oscilloscope during lateral traversing lw downstream from the nozzle
exit reveals that the velocity therein undergoes increasingly violent low
frequency oscillations which persist as the probe was moved downstream. At
z/w = 4, i.e. near the end of the potential core, the lower frequency com-
ponents are gradually masked by higher frequency components.Thus the rapid
increase of axial turbulence within the potential core could be attributed
to the random low frequency oscillations which reflect large scale distur-
bance ghat diffuse laterally very rapidly from the mixing region inwards
to the centerline and, of course, outwards as well. The effects of later-
al diffusion of large scale disturbances into the potential core region
may be the cause of lateral distribution of u' at various axial location,
Figures 4.7 and 4.9. For developed jets Sato and Hiroshi (1960), Minh and

Hoopes (1972), Bradshaw (1966) and Obot (1981) found that the
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highest value of u' is around the central location of the mixing region,
i.e. half way between the shear layer and the centerline. Therefore, the
lateral spreading of the shear layer at a given axial location has two
effects; an inward spreading toward the jet centerline that consumes the
core and initiates the decay in centerline velocity, and an outward spread-
ing that increases the shear layer interface with the surroundings and en-
hances entrainment of ambient fluid by the jet. Both of these effects
should tend to intensify the mixing process. As a final comment in this
connection, it may be noted that the location of maxima in turbulence veloc-
ity (z/w = 8) in Figure 4.10 cdrrespond to the location of maxima in the
frequency of generation of eddies found by Yokobori et al. (1978).

In the same way that lateral profiles of turbulent velocity of Figure
4.7 were followed by lateral profiles of turbulent intensity of Figure 4.8,
the axial profiles of turbulent velocity of Figure 4.10 are now presented
in Figure 4.11 as axial profiles of turbulence intensity. As on Figure
4.10 for lateral profiles, the axial profiles of Figure 4.11 display two
sets of data, i.e, the band of data for 5 values of nozzle width for single
slot jets at a fixed Rej = 11000, and another set of data for multiple slot
jets. Again the single free jet data are considered first as a point of
reference, then the multiple jet data are discussed in the next section.

Up to the end of the tramsition region (i.e. z/w = 7) all profiles of
centerline turbulence intensity, u'/Uo, of Figure 4.11 show trends similar
to those noted on Figure 4.10 for the u' profiles. However, beyond z/w =
7, the turbulence intensity continues to rise, thus indicating that mean
centerline velocity, Uo’ in the developed free jet region decays at higher
rate than does axial fluctuating velocity u'. Although the u' profiles at

z/w = 18 show no influence of the impingement surface located at H/w = 19,
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i.e. one nozzle width from the impingement surface, the drop of Uo to zero
at the stagnation point starts at about 4w from the impingement surface,

as will be seen in Figure 4.12. Thus this lack of effect of the impingement
surface on u' over the region for which Uo drops rapidly is what is respon-
sible for the sudden increase of intensity of turbulence, u'/Uo near the
impingement surface, as can be seen from Figure 4.11. This remarkable rise
in turbulence intensity when the flow enters the impingement region from a
relatively stable level of about 18-~207 at 4w from the impingement surface,
i.e. to about 27-307 at lw from impingement, is therefore entirely the re-
sult of a drop in mean velocity Uo at a nearly constant centerline fluctu-
ating velocity u'.

Because of the representation of u' profiles in Figure 4.10 in terms
of u'/Ujo,consideration of the effect of the parameter, w, was not included
in that discussion. However, from Figure 4.11 it can be seen that for all
values of 0 < z/w < 18 the turbulence intensity consistently increases with
nozzle width. For instance,over the range 0 < z/w ¢ 4 and Rej = 11000, the
jet centerline turbulence intensity for the largest nozzle, w = 13.3 mm, is
around 507 higher than that for the smallest nozzle, w = 2.5 mm. The abso-
lute differences in turbulence intensity as a function of nozzle width re-
main about the same further downstream, but the relative differences of
course become much smaller as turbulence intensity increases. For the same
Rej = 11000, the lateral turbulence profiles at z/w = 0, Figures 4.3 through
4.6, and that at z/w = 16, Figure 4.8, showed the same trend for the effect
of nozzle width. So even though the dependence of turbulence level on w
becomes relatively less significant as the jet becomes fully developed, i.e.
with increasing distance from the nozzle exit, incorporating w in the dimen-

sionless parameter Rej unfortunately does not yield data completely indepen-
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dent of w. As poted at the outset, development of jet mean velocity can better
be understood through examination of turbulence. Thus subsequent to the pre-
sentation of lateral and axial turbulence profiles in Figures 4.7 through 4.11,
axial mean velocity development downstream of the nozzle exit will now be in-
spected through profiles along the jet centerline, Figures 4.12 through 4.14
and lateral profiles, Figures 4.15 and 4.16. |

As for the two preceding figures Figure 4.12 portrays two sets of data
for Rej = 11000; the band of data for values of nozzle width for a single jet,
enclosed between the solid lines, and another band of data for multiple im-
pinging jets. The lower limit of the multiple jet data, that for S/H = 0.375,
the narrowest flow cell, is indicated by a dotted line. A dashed line identi-
fies data for the next size flow cell, S/H = 0.5. As data for the widest flow
cell, S/H =1, occur in a congested region this limit is not indicated by a
line. These data are values of jet centerline mean velocity, Uo’ normalized '
with respect to that at the nozzle exit, Ujo’ shown in Table 4.4 for all values
of w. The single jet data are considered now, the multiple jet data in the
following section.

As shown in Figure 4.12 the mean centerline velocity of a single jet re-~
mains constant from the nozzle exit, z/w = 0, down to around z/w = 3-4, then
decreases at a constant rate. With the presence‘of an impingement surface at
z/w =19, Uo starts its drop to zero at tHe stagnation point at a distance of
about 4w from that surface. This distance is similar to that reported by
Gutmark et al. (1978).

The mean centerline velocity profiles of Figure 4.12 display the famil-
iar regions documented by pfevious workers, i.e. the potential core, develop-

ing jet, developed jet, and impingement regions, and therefore do not require

discussion here. The only aspect meriting comment is a trend at constant
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Reynolds number for some dependence of length of potentiél core on nozzle
width. This effect may be seen more clearly from Figure 4.13 where the pro-
file is expressed in terms of (Ujo/Uo)z, as proposed by previous studies
(Flora and Goldschmidt, 1969) who suggested the following form of empirical

correlation,
_2_
(UO/Ujo) —-Kl(z/w - Ho/w) (4.1)

The kinematic virtual origin, HO/W, is the intercept of velocity decay lines
with the aBscissa. For only the limiting values of nozzle width, i.e. w=
2.5 and 13.3 mm, the velocity decay lines are illustrated in Figure 4.13.
The kinematic origin moves away from the nozzle geometric origin consistently
with increasing w, as tabulated on this figure. Thus the length of the
potential core produced by the largest nozzle (w = 13.3 mm) is 1,15w shorter
than that produced by the smallest nozzle (w = 2.5 mm). Flora and Goldschmidt
(1969) found, for a similar short; t/w = 1, elliptic contoured nozzle (w =
12,7 mm and Rej = 17000), the location of the kinematic origin to be at lw
upstream of the nozzle exit, Ho/w =;l; this agrees quite well with the pre-
sent findings. The reduction of potential core length with.increasing w
corresponds to the increase of centerline turbulence with w as illustrated
by Figure 4.11. As noted earlier, the rate of turbulent transport of axial
momentum between lateral regions depends on the level of turbulence. Thus
there is consistency between the experimental findings here that the larger
the nozzle, the higher the turbulence, the earlier the decay of the center-
line mean velocity, and the shorter the potential core.

Hills, Jenkins and Gilbert (1975) found a decreasing potential core
length with decreasing jet velocity only when the initial nozzle boundary

layer is laminar or in transition, and reported the effect to be dependent
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upon the turbulence characteristics upstream of the nozzle. In an attempt
at explaining this phenomenon,Bradshaw (1966) attributed the decrease of
potential core length with increasing w to the high level of Reynolds
stresses in the boundary layer relative to the shear layer. The shear layer
in turn produces a large scale structure of periodic disturbances that are
more suppressed for a turbulent boundary layer.

Thus for the same jet Reynolds number, Rej = 11000, a larger nozzle
with lower exit mean velocity produces a flow field downstream of the nozzle
exit that is more susceptible to disturbances from large scale structures,
causing an earlier decay of centerline mean velocity hence a shorter potential
core, while narrower nozzle suppresses these disturbances due to its higher
acceleration.

Although the onset of decay of centerline mean velocity is to some ex-

tent a function of w, its decay rate, K ,, remains constant as shown in Fig-

1
ure 4.14 where the profiles appear as a function of downstream distance cor-
rected for the displacement with w. The complete results thereby converge

to a single curve that decays with the inverse of the square root of the

corrected distance as follows:
U /U, =2.31[(z - H )]0 (4.2)
o' jo ' o '

The intercept, 2.31, compares well with that found by Flora and Goldschmidt
(1969).

After discussing the effect of w on jet centerline mean velocity, its
effect away from that centerline is now considered. Similar to turbulence
lateral profiles reported in Figures 4.7 and 4.8, lateral profiles of axial
mean velocity, U, measured at z/w = 16 for Rej = 11000 and for all values

of w, are given on Figure 4.15. The lateral distance, x, was non-
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dimensionlized with respect to the jet half width x defined as the dis-

0.5°

tance from jet centerline at which U = 0.5 Uo' At z/w =16 /w can be

> *0.5
obtained from Figure 4.16 as shown subsequently. Unlike the flat veloc-

ity profiles obtained at the nozzle exit, z/w = 0, as in Figures 4.3 through
4.6, the velocity profiles at z/w = 16 in Figure 4.15 present the limit for

developed flow. These profiles are therefore well represented by Reichardt's

solution:
] - 2
U/U° exp [0.693(x/x0.5) ] (4.3)

Since the dependence of this velocity profile upon w starts from the nozzle
exit and continues all the way downst:eam, it is better discussed based on
data in Figure 4.16 as shown subsequently.

-Although no lateral profiles of axial mean velocity are given for
other locations from the nozzle exit, i.e. 0 < z/w < 17, additional informa-
tion on the deveiopment of axial mean velocity in the lateral directiom is
presented in terms of jet half width X5 5» which expresses the spreading
characteristics of the free jet. Hence at Rej = 11000 and for all values of

W, /w was plotted versus the distance from the nozzle exit, z/w, as pro-

%0.5
posed by Flora and Goldschmidt who suggested the following form of empirical

correlation,

xO.S/w== Kz(z/W - HG/W) (4.4)

The geometric origin, HG/w, the intercept of the half velocity lines with
the abscissa, is also a measure of the displacement of these lines from the
geometric origin of the jet, z/w = 0.

From immediately after the nozzle exit to around 3-4w downstream, i.e.

within the potential core region, the jet half width remains effectively
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equal to 0.5w. Downstream of this region the spreading is observed to in-
crease at a constant rate K2 = 0.119, by a family of curves which are dis-
placed consistently from the jet centerline with increasing w. Similarly to
Figure 4.13, i.e. for only the limiting values of nozzle width, i.e. w =
2,5 mm and 13.3 mm, the intercepts of the half velocity 1ings (spreading
lines) with the abscissa are illustrated in Figure 4.16. The kinematic ori-
gin, HG/W, moves away from the nozzle geometric origin consistently with w,
as tabulated in this figure. These results agree well with those of Flora
and Goldschmidt (1969) as shown in Figure 4.16. The dependence of jet
spreading upon w is consistent with that of centerline velocity decay shown
earlier.

Numerous aspects of measurements of the flow field can now be inte-
grated. At constant jet Reynolds number, Rej = 11000, the wider nozzle shows
a more turbulent flow field because with its smaller contraction ratio from
the plenum chamber there is a less suppression of turbulence, hence a higher
turbulence level at the nozzle exit, which in turn initiates a more turbulent
jet at the nozzle exit, an effect which continues downstream from the nozzle
exit. This high turbulence level in jets from larger nozzles at constant
Rej produces higher rates of lateral transport of momentum, hence a shorter
potential core, earlier onset of axial mean velocity decay as well as earlier
lateral spreading with axial distance downstream.

After analysis of the flow field for a single jet, attention may now be

turned to the more challenging case of multiple impinging jets.

4.4.2 Multiple Jet Flow Downstream from the Nozzle Exit

For the confined multiple impinging jet system with slot exhaust ports

alternating symmetrically between slot jet nozzles which is under study, a
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central featuré of analysis of results is the concept developed here of a
"flow cell”. This concept identifies the basic flow unit which 1is repeated,
in pairs, for as many slot nozzles as such a multiple jet system may contain.
As indicated in Figure 4.1, the test facility comprising 3 slot nozzles con-
structed for the present study contains 6 flow cells. It is evident from
Figure 4.1 that even when the geometric and flow parameters for a single and
a multiple jet system are identical, the flow field in a flow cell of the
latter must be different from that for the corresponding single jet, at least -
over the region away from the jet centerline. However, it is also evident
from consideration of Figure 4.1 that for a multiple jet system with jet
nozzles and exhaust ports spaced sufficiently far apart, interacfio;‘frbm““>_r
the outflow would not extend to the jet centerline. In impinging jets con-
ditions along the jet centerline assume exceptional importance because they
affect the high rates of tranmsport of heat and/or mass in the near stagnation
region of the impingement surface.

This perspective establishes the basis of the importance of knowing
how to characterize conditions for which the jet centerline flow in a mul-
tiple jet system does not differ from that of a single jet at the same geo-
metrical and flow parameters. Further, under conditions for which jet
centerline flow characteristics do deviate from those for the equivalent
single jet a logical basis of categorizing such conditions is needed. The di-
mensionless parameter, S/H, flow cell geometric proportions, introduced in the
present study will be seen to be most useful in this regard. In subsequent
discussion, the terms "non-interacting" or "interacting" will be used to
describe the contrasting cases when the jet centerline flow conditions are

the same as or different from those for the equivalent single jet.
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From Table 4.1 it will be recalled that the experimental facility of
the present study could be adjusted to provide flow cells for which the
dimensionless parameter, S/H, varied between the limits of 0.33 and 6. For
the specific purpose of studying the effect of multiple jets on jet center-
line flow conditions, a sub-set of just four geometrical parameters from the
right-hand side of Table 4.1 was selected, specifically two values of inter-
jet spacing, S/w = 8 and 6 for two values of confinement surface-to-impinge-
ment surface spacing, H/w = 8 and 16. This sub-set covered a range in flow
cell proportions, S/H, between 0.375 and 1, which was sufficient to cover the
range from non-interacting to highly interacting multiple jets, the objective
of this part of the investigation. These four sets of geometrical param-
eters, taken from the complete listing of Table 4.1, are reproduced in Table
4.5, this time in order of the value of the respective flow cell proportion,
S/H, because of the central importance of the latter parameter.

The set of Figures 4.10, 4.11 and 4.12 document the dependence on geo=-
metrical parameters, particularly on S/H, the flow cell proportion, of axial
fluctuating velocity, axial turbulence intensity, and axial mean velocity,
respectively, along the jet centerline.

With respect to profiles of fluctuating velocity, it is apparent from
Figure 4.10 that there is relatively little difference in centerline fluc-
tuating velocity between a single and a multiple jet system for a flow cell
of S/H = 1. More precisely, the data indicate that axial fluctuating veloc-
ity is only marginally higher perhaps by 157, for a multiple jet system cell
of S/H = 1, relative to an equivalent single jet. It can be seen that for
the multiple jet system this profile was measured out to about z/w = 6, i.e.
only about 2w from the impingement surface at H/w = 8. Although a slight

effect on centerline fluctuating velocity may then be ascribed to interaction
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in this multiple jet system, a satisfactory approximation would be to char-
acterize the S/H = 1 flow cell as effectively a non-interacting jet at the
jet centerline, at least as indicated by measurement of centerline turbu-
lence velocity.

For the narrower flow cell, S/H = 0.75, Figure 4.10 indicates that
at about 2.5w from the nozzle exit the single and multiple jet centerline
profiles of fluctuating velocity are indistinguishable. However, beyond
z/w = 2.5 the multiple jets are obviously strongly interacting all the way
to the jet centerline. Thus by z/w =6, i.e. 2w from the impingement sur-
face, the centerline fluctuating velocity for the multiple jet system at
S/H = 0.75 is effectively double that for the equivalent single jet, which
constitutes strong interaction indeed. For the next narrower flow cell,

S/H = 0.5, Figure 4.10 indicates that the interaction between the multiple
jets reaches the centerline earlier yet, at about z/w = 2.0, For the nar-
rowest flow cell, S/H = 0.375, the multiple jets are so strongly interacting
there is no discernable distance from the nozzle exit before the centerline
displays a penetrating interaction. By only z/w = 0.5 the centerline fluc-
tuating velocity for the S/H = 0.375 flow cell is already about double that
for the equivalent single jet and by z/w = 3 the centerline fluctuating
velocity is about 4 times as high.

If axial turbulence intensity rather than turbulence vglocity is taken
as the criterion to characterize the onset of the extent of interaction at
the jet centerline for multiple jet systems, Figure 4.11 indicates essen-
tially the identical conclusions as did Figure 4.10 for fluctuating velocity.

If axial mean velocity rather than any turbulence variable were taken

as the criterion for interaction along the jet centerline of multiple slot

jet systems, Figure 4.12 would provide the indication. Here we see quali-
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tatively the same effects as for the turbulence variables on Figures 4.10
and 4.11, although the magnitude of the effects on mean velocity are less,
especially in the jet development region. It is clear that the narrowest
flow cell, S/H = 0.375, results in a more rapid decay of centerline mean
velocity than for the reference single jet case. The trend with S/H remains
consistent, i.e. for S/H = 0.5 there is significantly less interaction at
the centerline, at S/H = 0.75 some interaction is apparent, while for a flow
cell of S/H =1 the effect is marginal, approximately within the range of
accuracy of the measurement.

From analysis of the iqterdependence between turbulence and mean
Velocity presented earlier in connection with single jet results, it is
of course entirely predictable that as the multiple jet interaction effect
is to enhance levels of turbulence, the interaction effect on axial mean
velocity would be to cause more rapid decay of centerline velocity, which is
of course the direction of these effects as documented on Figure 4.12.

As another view of when multiple slot jets become interacting it is
instructive to examine the relationship between jet half-width and flow cell
proportions, as may be done by reference to Table 4.6. In the center sec-
tion of this table are listed the values of jet half-width for single jets
for a number of combinations of values of w and H/w. In the right-hand sec-

tion the jet half-widths, X, 5/w, are re—-expressed as X /S. By inspection

0.5

of the correlation between S/H and x, ./S one may conclude that multiple

0.5
jets begin to be interacting along the jet centerline when the jet half-
width reaches about 157 of the spacing between jet and exhaust center-
lines.

The question of the extent of interaction between jets in multiple

slot jet systems will recur in the following section concerned with the flow



TABLE 4,.6. Jet Half-Width for Analysis of Free Jet Development
S/8 %0.5/¥ %.5/8
w (mm)
5.0 10.0 13.3 5.0 - 10.0 13.3 5.0 10.0 13.3
H/w
8 2 1 0.75 1.01 1.06 1.11 0.06 0.13 0.18
16 1 0.5 0.375 1.96 2.01 2.06 0.13 0.25 0.34
24 0.67 0.33 - 2,96 2.96 - 0.18 0.37 -
O'S/W = 0.119(z/w - HG/W)

*CTT
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field at the impingement surface, for which the concepts of flow cells and
the flow cell geometric parameter, S/H, developed in the present section

will find further utility.

4.5 Flow Field at the Impingement Surface

After characterizing the flow first at the nozzle exit for all values
of w over the range 10800 < Rej < 18700, then downstream from the nozzle exit
over a range of size of flow cells 0.375 < S/H 1 at Rej== 11000, the effect
at the impingement surface of these parameters, i.e. geometrical and flow
parameters, for the multiple slot jet system illustrated in Figure 4.1 will
now be presented. A wide spectrum of flow cell geometry, i.e. 0.375 < S/H ¢
6, covering the range from interacting to non-interacting multiple impinging
jets, was tested over the entire range of jet Reynolds number, 5000 < Rej <
43800.

Flow at the impingement surface is analyzed through examination of
static pressure profiles as this sensitive variable can be measured accu-
rately. Presentation continues the pattern of the previous section, i.e.
results are considered first for the single impinging jet, then for multiple

impinging jets, both systems as represented on Figure 4.1.

4.5.1 Impingement Flow for a Single Confined Slot Jet

Static pressure profiles were obtained for a single jet with w = 3.3
and 13,3 mm, and H/w = 4, 8 and 16, at Rej== 20700, over a length S = 80 mm.
These geometrical parameters correspond to some of those listed in Table 4.7
for the multiple jet system,

Lateral profiles of static pressure normalized with respect to pres-

sure at the staénation point, AP/APO, are presented in Figures 4.17 and 4.18.
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TABLE 4.7. Geometrical and Flow Parameters of the Multiple Jet System
for Analysis of Impingement Surface Flow Conditions
Table 4.7(a)
(;m) S/w £, Z H/w S/H Re, APOZ AP /AP,
J (N/m®) J
3.3 24 2,06 4 6 5000 427 0.8
9500 1560 0.86
20700 7260 0.9
8 3 5000 340 0.64
’ 9500 1248 0.69
20700 5808 0.72
16 1.5 5000 200 0.38
9500 750 0.41
20700 2880 0.36
13.3 6 8.313 4 1.5 20700 432 0.84
30000 917 0.89
43800 2095 0.91
8 0.75 20700 334 0.65
30000 709 0.69
43800 1620 0.70
16 0.375 20700 102 0.2
30000 205 0.2
43800 459 0.19
Table 4.7(b)
* AP
(;m) Rej Uj jZ Rj2
(m/s) (N/m™) (W/m")
3.3 5000 26.7 528 290
9500 51 1804 1896
20700 110 8010 18152
13.3 20700 27.4 510 1161
30000 39.7 1026 3387
43800 60 2296 11450
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These profiles reveal that static pressure decreases sharply from its maximum
value at the stagnation point to nearly ambient pressure by about 3w-8w

from stagnation, the i;;ter location naturally increasing in the increasing
H/w. The larger the impingement surface spacing, 4 < H/w < 16, the larger
the jet spreading before impingement, hence the wider the extent of the im-
pingement surface over which the pressure from the jet is felt, as may be
seen from Figure 4.17. Within this stagnation region, 0 < x/w < 3-8, con-
ditions reflect lateral flow acceleration as the incoming free jet axial flow
turns 90° and lateral wall jet flow starts to form. Downstream from x/w =
3-8 the developing wall jet is a region of flow deceleration where the static
pressure increases slightly up to about x/w = 14, thereafter remaining steady.

This flow region does not form for shorter impingement surface, i.e. x/w =

6 as shown in Figure 4.18.

4,5,2 Impingement Flow for the Multiple Slot Jet System

From the comprehensive tabulation of geometrical paraméters of the
multiple jet system given by Table 4.1, a more detailed compilation of the
geometrical and flow parameters used for the impingement flow investigation
is given now as Table 4.7. The values of flow cell proportions, S/H, and
jet Reynolds number cover the entire range of geometrical and flow param-
eters. The six limiting combinations of flow cells, S/H =6, 3, 1.5 for
S/w =24 at H/w = 4, 8 and 16 respectively, and S/H = 1.5, 0.75 and 0.375
for S/w = 6 at H/w = 4, 8 and 16 respectively, are depicted in Figures 4.19
and 4.20. For the analysis which follows reference should be made to Fig-
ures 4.19 and 4.20 because of the central role of the concept of flow cell
proportions in a confined multiple impinging slot jet system. Thus with

that visual representation of the range of flow cell proportions studied,
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the effect of jet Reynolds number and geometrical parameters on impingement
surface pressure profiles may now be examined.

For the widest flow cell, S/H = 6, it is evident from Figure 4.19(a)
that there occurs first the usual impingement region, then a particularly
long wall jet region, and finally a region around the centerline of the exit
ports which has not previously been named as it does not exist in the single
jet case studied by many earlier investigators, but which may logically be
termed the exit port flow region. Here the wall jet type flow is succeeded
by a flow from the impingement surface to the exhaust port in the confine-
ment surface. In the exit port flow region the lateral velocities are
approaching zero, the limiting value at the exit port centerline, while the
normal velocity away from the impingement surface is becoming correspondingly
large. The flow in the exit port flow region clearly differs from that in
a wall jet where mean velocity normal to the impingement surface is
smaller than that parallel to the surface. 1In any case, for a multiple
impinging jet system with large internozzle spacings, as depicted in Figure
4.19(a), it may be expected that conditions at the impingement surface could
be quite well predicted from data for a single jet for the same flow and
geometrical parameters.

At the other extreme in flow cell proportions, i.e. for the narrowest
flow cell, S/H = 0.375, Figure 4.20(c) indicates that the wall jet region
effecfively vanishes, there being essentially a transition from an impinge-
ment flow directly to the converse, i.e. to an exit port region flow. In
this case, fluid which enters and leaves along the centerlines of the inlet
nozzle and exit ports in fact travels over 6 times the spacing S
in passing the distance H = 2.67S from nozzle exit to stagnation point, then

along the impingement surface over distance S before leaving via the exit
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port centerline, another distance H = 2.67S. For flow cells of proportions
as narrow as this it may be anticipated that extensive interaction would
occur between inlet jets and the adjacent exit flows with the result that
impingement surface flow and heat transfer would be greatly different rela-
tive to the corresponding single jet at the same jet Reynolds number and

geometrical parameters.

Subsequently in this section criteria will be developed for distinguish-

ing between systems of confined multiple jets of wide internozzle spacing,
which behave as arrays of largely non-interacting single jets, and multiple
jet systems of narrow flow cells in which adjacent inlet and exit flows in-
teract strongly so that impingement surface conditions are significantly dif-
ferent from those for the corresponding single jet flow.

For one jet Reynolds number, Rej » 20700, Figures 4.21 through 4.23
provide lateral profiles of normalized impingement surface pressure, AP/APO,
for 3 greatly different values of flow cell proportions, S/H = 3, 0.75 and
0.375. On these figures the locations are shown for the six flow cells, as
numbered on Figure 4.1. For the wide flow cell (S/H = 3) of Figure 4.21
there is for each one of the inmer flow cells, i.e. from II to V, a lateral
flow acceleration region with a negative pressure gradient followed by a
lateral flow deceleration, positive pressure gradient region. With a nar-
rower flow cell, S/H = 0.75, Figure 4.22 indicates that the region of posi-
tive pressure gradient has completely disappeared. For the narrowest flow
cell, S/H = 0.375, Figure 4.23 indicates a yet more major change in the im-
pingement surface pressure profiles, and hence in the flow, as will be dis-
cussed in detail subsequently.

On the other hand, the pressure profiles for the outer flow cells I

and VI, as shown in Figure 4.21, are affected significantly by the presence
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of the end walls, More specifically, in cells I and VI the pressuré profiles
over the region from stagnatiom out to about x/w = 16 correspond closely to
those in flow cells III and IV, respectively, However, it is evident that
beyond x/w = 16 the pressure profiles in cells I and VI become much steeper
than in the central flow cells. Thus a multiple impinging jet system could
clearly ﬁot be simulated in a test facility that comprised only a single im—
pinging jet with two end walls and with half exhaust ports at the end walls,
i.e. a two flow cell system equivalent to the combination of cell I and VI

in Figure 4.21.

From inspection of the pressure profiles for cells I, II, V and VI of
Figures 4.21, 4.22 and 4.23, it appears likely that a system of two inlet
jets, one full exit port located centrally and two half exit ports at the
ends would in fact be sufficient to give a pair of cells, centrally located,
which would provide a satisfactory representation of flow cells in a multiple
jet system. This observation that two inlet jeté would appear to be suffi-
cient further confirms that the use of three inlet jets in the present study
provides a fully adequate representation of a multiple jet system.

While essential to illustrate the general perspective of impingement
surface pressure profiles, Figures 4.21 to 4.23 are not adequate for demon-
strating whether or not the central two cells of the 3-jet, 6-flow cell
system used here do indeed correspond to the flow cells in the equivalent
multiple jet system. For this purpose the data for all four flow cells, II,
ITI, IV and V, of Figures 4.21, 4.22 and 4.23 are shown superimposed on the
expanded lateral scale of Figures 4.24, 4.25 and 4.26, respectively. The
fact that for each of the three cases a single curve adequately represents
the pressure profiles from all four flow cells proves first, that the flow

is symmetrical in the central region, flow cells III and IV and second, that
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cells III and V are equivalent flow cells and likewise that cells II and IV
are equivalent. The above proof of the postulate that this 3-jet system con-
tains a central region which accurately represents flow in a confined multiple
jet system provides assurance that the data from this experimental facility
may be taken as representative of an equivalent confined multiple slot jet
system with a large number of jets. Aspects of the results on Figures 4.24

to 4.26 other than this proof will be discussed subsequently.

Having established that this apparatus satisfactorily represents a mul~
tiple jet system, the effect of various geometrical parameters and jet Rey-
nolds number may now be examined through the corresponding effects on pressure
profiles at the impingement surface. Thus in contrast to Figures 4.21—4.26
pressure profiles presented subsequently are for a single flow cell which has
been proven representative of a multiple jet system.

For Rej = 20700, each of the next three figures, 4.27, 4.28 and 4.29,

~show impingement surface pressure profiles for one value of nozzle exit-

to—-impingement surface spacing. The absolute value of stagnation pressure,
APO (N/mz), to which lateral profiles are normalizéd, are tabulated in each
figure. Also shown in these figures is comparative data for a single slot
jet without exit ports, i.e. with outflow between the impingement and con-
finement surfaces as illustrated in the central part of Figure 4.1. These
three figures portray effects which have already been noted in connection
with Figures 4.18 to 4.26. However, the addition of reference curves for
equivalent single slot jets on Figures 4.27-4.29 establishes that multiple
jgt pressure profiles are nearly coincident with those for a single jet ex-
cept for the narrowest flow cell, S/H = 0.375. In the latter case, the
large value of impingement surface pressure at the exhaust port centerline,

i.e. about 607 of the stagnation pressure, reflects the large dissipation of
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energy from the spentflow to the countercurrent inlet jet flow as the spent-
flow passes from the impingement surface to the exit port in flow cell as nar-
row as that shown on Figure 4.20(c), i.e. S/H = 0.375. Thus for the case of

a narrow (S/H = 0.375) flow cell the pressure profile coincides with that for
a single jet only for a very short lateral distance, i.e. to only about 1w
from stagnation, as shown in Figure 4.29. Beyond that position the pressure
profile deviates sharply from that for a single jet.

It was pointed out earlier that, as the width of the flow cell in a
confined multiple slot jet system is decreased, the extent of the wall jet
region decreases. For a very narrow flow cell the wall jet region effec-
tively vanishes because of the direct transition from an impingement flow to
an exit flow without a wall jet type flow ever developing. At Rej = 20700
it is evident from Figures 4.28 and 4.29 that this limit is reached for a
narrow flow cell of proportions S/H at some value between the limits 1.5 >
S/H > 0.375. The exact value of this limiting proportion would be the value
of S/H at which the impingement surface pressure profile for the multiple jet
system just starts to deviate from that for a single jet. For values of flow
cells proportions, S/H, less than this limiting value, the multiple jets may
be considered to be interacting in the impingement region and such a multiple
jet system may not be considered to be equivalent simply to an array of sin-~
gle jets.

Because static pressure in Figures 4.27 through 4.29 is normalized with
respect to stagnation pressure, APO, it is not evident when interaction be-
tween jets affects the stagnation pressure. Therefore stagnation pressure
has been shown as a function of impingement surface spacing on Figure 4.30.
For this figure APo is normalized with respect to the pressure difference

across the nozzle, APj, as listed in Table 4.7(b). The data of both Figures
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4.30(a) and (b) show no significant difference between multiple and single
jet data for flow cells over the range 6 > S/H > 0.75. However, Figure 4.30(b)
shows that at some flow cell proportion in the vicinity of S/H =1
stagnation pressure for the multiple jet system begins to drop below that for
a single jet. As the correct location of the start of this deviation is un~
known, the dashed line is shown only to indicate that the stagnation pres-
sure must converge to the single jet line at some value of S/H less than 1.
The display of both single and multiple jet results on Figure 4.30 parallels
the similar interrelation displayed for the free jet region on Figures 4.10
through 4.12.

Figures 4.27, 4.28 and 4.29 indicate that H/w remains a parameter for
pressure profiles of single and non-interacting multiple slot jets. However,
as the value of H, the normalizing parameter for S, has been established, it
is reasonable to investigate the utility of H as an alternate basis for non-
dimensionalizing the lateral dimension of pressure profiles. This approach
is‘investigated through the use of x/H as the lateral dimension on Figures
4.31 and 4.32. The data of these two figures, at Rej = 20700, relates to
two greatly different nozzle spacings, i.e. S/w = 24 and 6 which, with a
range of confinement~to-impingement surface spacing, H/w = 4, 8, 16, corre-
sponds to flow cells from very wide, S/H = 6,to very narrow, S/H = 0.375.

As it is already apparent from Figures 4.23, 4.26 and 4.29 that the impinge-
ment surface‘pressure profiles for strongly interacting jets in flow cells
as narrow as S/H = 0.375 are sharply different, this difference as expected
carries over to the S/H = 0.375 profile on Figure 4.32. On the other hand,
for the five profiles for non-interacting jets; 6 > S/H > 0.75, it is sig-
nificant from Figures 4.31 and 4.32 that with lateral distance normalized

with respect to H, the profiles effectively collapse to a single profile
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within a reasonable variation. Specifically all half pressure widths (where
AP/APo = 0.5) occur at around x/H = 0.15:0.01, and the location for AP/AP°'=
0.05 is also about the same for all cases, i.e. at x/H = 0.5x0.1.

Figures 4.27 to 4.29 have already established that there are no signif-
icant differences in impingement surface pressure profiles between single jets
and multiple slot jets in flow cells of proportions S/H > 0.75 for which jets
are non-interacting. This evidence may be combined with that from Figures
4,31 and 4.32 to state that, at a specific jet Reynolds number, single slot
jets and multiple slot jets for flow cells of proportions S/H > 0.75 may be
characterized by a single normalized impingement surface pressure profile pro-
vided lateral distance is expressed relative to H, this profile being indepen-
dent of impingement surface spacing over the rather wide range tested, i.e.

4 ¢ H/w ¢ 16. In this universal profile the surface pressure drops to half
the stagnation pressure at about 0.15H from stagnation and to 57 of stagna-
tion pressure at about 0.5H from stagnation. This similarity of pressure
profiles at the impingement surface constitutes an interesting extension to
the similarity of jet development downstream of the nozzle exit that was dem-
onstrated particularly through Figures 4.13 through 4.16 in Section 4.4.

Although the profiles of normalized surface pressure relative to x/H
effectively collapse to a single profile over the impingement region, the ex-
tent of relatively flat région of pressure profile wherein the pressure ap-
proaches that at the exhaust port varies considerably. The lateral extent
of this flat region of the profiles ranges from about 5.5H for the case of
the widest flow cell, S/H = 6, down to about 0.25H for a relatively narrow
flow cell, S/H = 0.75, the narrowest flow cell in this series which did not
give the strongly interacting multiple jet behavior represented by S/H = 0.375.

These relatively flat regions of the pressure profiles were first presented
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in the broader perspective of Figures 4.21 and 4.22.

While w is a satisfactory basis for normalizing lateral distance from
stagnation point for some purposes, the above observations indicate that the
maximum degree of similarity is obtained by lateral distance from stagnation
point nondimensionalized with respect to impingement surface spacing H. The
degree to which normalizing lateral distance with respect to impingement sur-
face spacing, H, yields a common pressure profile at-Rej = 20700 provides fur-
ther evidence supporting the concept that S/H is a basic characteristic vari-
able of general utility for confined multiple slot jet systems.

For a jet Reynolds number of about 21000 an analysis has been presented
through Figures 4.17 to 4.32 of conditions at the impingement surface, an
analysis which has established the importance in a multiple jet system of the
geometrical proportions of the flow cells, S/H, and the generalization of re-
sults possible through normalizing lateral distance with respect to impinge~
ment surface spacing, i.e. use of the nondimensional lateral position, x/H.
With the aid of Figures 4.33 through 4.38 this analysis will be extended from
the single Reynolds number, 21000, to the range of Reynolds number from 5000
to 44000. Figures 4.33 to 4.35 are for a wide internozzle spacing, S/w = 24,
while Figures 4.36~4.38 are for the narrow spacing, S/w = 6. With this range
of S/w combined with the use of impingement surface spacings in the range 4w
to 16w, the range of flow cell proportions, S/H, ranged from 6 to 0.375, as
listed earlier in Table 4.6.

Although an appreciable spread of the data remains it is highly signif-
icant that, over this great range of geometrical and flow parameters, all the
profiles are reasonably close to a common profile provided lateral distance
is measured in terms of x/H. Thus whereas for the data from a single value

of Reynolds number shown in Figurés 4.31 and 4.32 the pressure half-width,



n.c L ¥ | L) v L) L) L] L) L 1

3

o SYMBOL | Rej |aR(N/m?)] [PARAMETERS

4 0 WL a 5,000 427 w=3.3mm

. a 9,500| 1,560

L s |20;700{ 7i260 S/w=-24

% f=2.06%

» 08| H/w=4

7 .

&J . S/H=6

= 06}

Q

E 04 [ a

-

»

02t

Q .

L £

N 4 A 4

&I o} 2 - 3 8 :

= deg g3 3

g _O 2 1 N —_ 1 0 —_ 1 1 2 : 1

2 2 4 6 8 {0 12 4 16 18 20 22 24
0.5 1.0 15 20 285 30 35 40 45 50 55 60

FIGURE 4.33.

DIMENSIONLESS DISTANCE FROM STAGNATION POINT

Effect of Reynolds Number on Lateral Profiles of Static Pressure

at the Impingement Surface for Multiple Slot Jets for S/H = 6

--..x/w

x/H

RAA



n—o Ll L] L] LI L L LI 1 T L] T LN
N
o SYMBOL | Rej |aR(N/m®) PARAMETERS
Q4 104 A w=3.3mm
- 9,50 , .
w s |20;700| 5808 S/w-24
a L f=2.06%
8 08 t, H/w=8 ]
wn S/H=3
w | s J
@ 0.6
o 'y
) a
[t 04t & 1
5 A
wn i s A
o 0.2 X :
l'ﬂ A A o
J o0 & : 2 200 — & o6& A
< A Y 1
x
o) _0.2 1 — T 1 S i - - . 1 1 1
< o) 2 4 6 8 10 12 4 16 8 20 22 24
O 025 050 075 100 125 150 1175 200 225 250 275 3.00
DIMENSIONLESS DISTANCE FROM STAGNATION POINT
FIGURE 4.34. Effect of Reynolds Number on Lateral Profiles of Static Pressure

at the Impingement Surface for Multiple Slot Jets for S/H = 3

x/w

x/H

AAS



n_o T ™ - | p— ) — T - — ™ — T —

g SYMBOL | Rej |aR(N/m2) PARAMETERS

d4 104 a 5,000 200 w=33mm |

. : a 9,500| 750 S/w =24

W 'y 20,700| 2,880

1 f=2.06%

2 08 H/w =16 .

n S/H=15

a - |

x 06}

o a

3 &

E 04 | 2 J

- a

n L a

o 0.2 s R !

w

N a N a A ﬁ

3 | 4 N

g © a—p 3 8.

=

i

O .02 1 1 — 1 i - L 2 N 1 1 2

< 2 4 6 8 0 12 14 1B 18 20 22 24
0.25 0.50 0.75 1.00 1.25 1.50

DIMENSIONLESS DISTANCE FROM STAGNATION POINT

FIGURE 4.35. Effect of Reynolds Number on Lateral Profiles of Static Pressure
at the Impingement Surface for Multiple Slot Jets for S/H = 1.5

x/w

x/H‘

ToYT



o T L) L] 1 L] L]
nq. I.OL SYMBOL Re aPy(N/m?) | 4
~ o 20,700 432
04- : 30,000 2919';
,800 _
- 08 |§ R0 .
=
= PARAMETERS
‘u‘?’.. 06} ) S/H=1.5 J
= H/w= 4
© t=8.313%
: 0.4} %] S/w=6 T
[y
4 wez[3.3mm
[~]
5 0.2} g -
-l
= §
= 8
S Of 8— g— 8 &
= — i —. 1 _— I ""X/W
0 | 2 3 49 5 6
L — 5 — 1 — N x/H
0 0.5 1.0 1.5

DIMENSIONLESS DISTANGE FROM STAGNATION POINT

FIGURE 4.36. Effect of Reynolds Number on Lateral Profiles
of Static Pressure at the Impingement Surface
for Multiple Slot Jets for S/H = 1.5

146.



a® [ i — - T T T
q 1.0 SYMBOL Rej aP,(N/m2)
E ° o 20,700 334
q o 30,000 709

08 o © 43,800 1,620
w YT e
[~
-
A PARAME TERS
g 06 ° w=|3.3mm
[ © S/w=6
E 04 | 1£8.313%
w 0 H/w=8
b ° S/H=0.75
~d
= 02} o
= o
= o 9

1 S | S | 1 e {
o) | 2 3 4 5 6
0 0.25 0.50 075

DIMENSIONLESS DISTANCE FROM STAGNATION POINT

....x/w

x/H

FIGURE 4.37. Effect of Reynolds Number on Lateral Profiles
of Static Pressure at the Impingement Surface

for Multiple Slot Jets for S/H = 0.75

147.



(o) Y
o
N \0
a 08 070
< O\
g 0.6 = §°~
P 8-_"8
(7~}
(¥ ¥}
(- 4
a- 04}
b
= PARAMETERS
& 0.2} S/H=20.375
e H/w=16
':"'J SYMBOL Rej aPy(N/m2) t:8.313%
= Or g 20,700 102 S/w=6
g 0 33’,338 igg w={3.3mm
= -
-0.2 - - - - _ -
0] ] 2 3 4 5 6
(o) 0.125 0.250 0.375

DIMENSIONLESS DISTANCE FROM STAGNATION POINT

......x/w

x/H

FIGURE 4.38. Effect of Reynolds Number on Lateral Profiles
of Static Pressure at the Impingement Surface

for Multiple Slot Jets for S/H = 0.375

148.



149.

AP/APO = 0.5, occurred at x/H = 0.15, it may be seen that the wide range of
Reynolds number, 5000 to 44000, represented on Figures 4.33 to 4.38 the range
in locatig;-of pressure half-width increases only to x/H = 0.16. This range
in pressure half-width location is remarkably small considering the large
range of geometric and flow variables. Although the spread of data around a
common profile becomes somewhat greater for pressures less than half the stag-
nation pressure it may be seen for example that at x/H = 0.5 all the data are
in the range below 207 of the stagnation pressure. In the range of less than
half the stagnation pressure the profiles are slightly steeper with higher Rej.

While Figures 4.33 to 4.37 portray systems for which the flow cells are
sufficiently wide that the multiple jets are non-interacting in the impinge-
ment region, Figure 4.38 represents the strongly interacting multiple jets for
S/H = 0.375. It is notable that this latter figure demonstrates that even for
strongly interacting multiple jets, the surface pressure profiles are remarkably
independent over the wide range of jet Reynolds number represented.

As the basis for analysis of the problem of interacting and non-inter-
acting jets the present study proposes that multiple slot jet systems be
viewed as an assembly of repeated "flow cells', these being defined as the
volume contained by the impingement and confinement surfaces and the center-
lines of adjacent inlet nozzles and exhaust ports. As the lateral and axial
length of such a flow cell would be, respectively, S and H this approach sug-
gests that a flow cell could be characterized by its dimensionless geometric
proportions, S/H. However, it should also be kept in mind that there is a
third dimension involved, i.e. nozzle width w. Complete similarity between
flow cells would then require equality of two dimensionless ratios of the
three dimensions involved, S, H and w. Thus in addition to S/H, another in-

dependent dimensionless ratio, either S/w, f£(w/2S) or H/w is required for
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considerations of geometric similarity. In the graphical representation of
results, impingement surface spacing, H/w, is usually indicated as the other
M;imensionless geometric parameter, although values of S/w and £ are also gen-
erally indicated.

Although dimensionless analysis thus indicates that at a given Reynolds
number, conditions in a flow cell are a function of S/H and H/w, only experi-
mental results can establish the relative importance of S/H and H/w. In this
respect one particularly interesting finding is that for a flow cell of in-
termediate proportions, S/H = 1.5, variation of H/w by a factor of 4, i.e.
between H/w = 4 to H/w = 16, caused no significant change in the lateral pro-
files of normalized impingement surface pressure, AP/APO, from the stagnation
point out to the pressure half-width, and relatively little change even out
to the location where pressure was only 57 of the stagnation point pressure,
APO, as shown in Figure 4.39. Some differences in the normalized pres-
sure profiles occurred only in the relatively long wall jet region from 0.5H
to 1.5H from the stagnation point. Thus in this case S/H was sufficient to
characterize flow cell conditions within the region of prime importance, the
impingement region, while the second parameter, H/w, was of some im-
portance only in the wall jet region.

4.6 Effect of Throughflow at the Impingement Surface

Prior to discussion of effect of suction on heat transfer at the im~
pingement surface, its effects on axial flow above the impingement surface
is presented and analyzed in this sectionm.

Throughflow was achieved by maintaining a uniform reduced pressure on
the suction side of the permeable impingement surface. A uniform flow on
the low pressure side combined with the type of pressure profile on the im-
pingement side that was thoroughly documented in the previous section leads

to a qualitatively similar lateral profile of the pressure drop, AP_, across
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the permeable surface, i.e. from a maximum of APO + APS at stagnation point
to about APs by O0.5H from the stagnation point. Such a lateral variation
in APs in turn produces a lateral profile of throughflow that decreases from
a maximum at the stagnation point to a nearly uniform throughflow beyond
x/H = 0.5. This lateral variation of throughflow is redqced by minimizing
the ratio, APO/(APo + APS). For a given jet Reynolds number this reduction
can be achieved, as may be seen quantitatively from Table 4.7(a), by decreas-
ing the axial mean velocity, i.e. by use of wide nozzle (w = 13.3 mm) and by
using the impingement surface spacing, H/w = 8. Thus the pressure drop non-
uniformity expressed as APO/(APo + APS) varies from 0.87 (for the smallest
Rej, 11400 and largest Us’ 0.3 m/s) to 127 (for the largest Rej, 30200 and
US, 0.2 m/s) as shown in Table 4.8. As impingement surface throughflow is a
direct function of impingement surface pressure drop, the above values of
percentage nonuniformity indicate the range of throughflow nonuniformity.
From Table 4.1 it may be seen that the choice of w = 13.3 mm and H/w =
8, dictated by the need to limit throughflow nonuniformity, would in turn
correspond in the multiple impinging jet system to f = 8.3137 and S/H = 0.75.
Flow cells this narrow and percentage open area this high were undesirable for
two reasons. First, for cells as narrow as S/H = 0,75 Figure 4.11 documents,
by only 6w from the nozzle exit, that turbulence intensity is already 307
and is much higher yet away from the centerline, as established in Figure
4.9. Because of inaccuracies with hot wire anemometry measurements in such
highly turbulent flows, and the objective in the present study of having
reliable measurements to quantify the effects of suction on flow, it was
desirable to have S/H wider than 0.75. Secondly, in the pilot plant and
mill-trial Papridryer, a process proposed for drying paper which combines

impingement and through-drying (Burgess et al., 1972a, b), the ranges of



TABLE 4.8. Flow Parameters of the Confined Single Jet System for Analysis

of Effect of Throughflow at the Impingement Surface

Re o} U v /U3 Pls 1 ap, aP_ ap_
3 @/s) | (u/s) ) U amd | amd | vmd) AR, + 4R,
(%)

11400 15 0.10 0.67 24.2 156 101 1300
0.20 1.33 48.0 5200
0. 30 2.02 72.9 11700

22700 30 0.15 0.50 18.0 595 405 3000
0.20 0.67 24.2 5200
0.30 1.00 36.1 11700

30200 40 0.20 0.50 18.0 1042 720 5200
0.25 0.63 22.7 8200
0.30 0.75 27.0 11700

'esT
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these parameters were, S/H from 2 to 3 and f from 1.35 to 1.66Z. In order
to have a wide S/H for the first reason noted, and to have S/H and f closer
to the Papridryer range, the present investigation of effects of suction was
carried out by converting the multiple jet system of Figure 4.1 to a single
jet system by blocking the exit ports and the two outer inlet nozzles, as
shown in the bottom configuration of Figure 4.1. With this configuration
the values of these parameters, f = 2.77%, S/H = 2.25, were the desired range.
Finally, it should be recalled from the previous sections that a multiple jet
system in the range of f and S/H may be simulated satisfactorily by single
jet flow results.

For a study of effect of throughflow at the impingement surface, a
key parameter is of course the range of throughflows selected.
The throughflow may be expressed in three ways, i.e. as the average through-
flow velocity, US, as the ratio of this velocity to the mean jet velocity at
the nozzle exit, US/U§, and as the ratio of the throughflow'rate at the im~-
pingement surface to the jet mass flow rate at the nozzle exit, (pUS/pUg)/f.
These ranges for the present study and for the pilot plant and mill trial

Papridryer referred to earlier are as follows:

Present Investigation Papridryer
U, (w/s) 0-0.3 0.045-0.26
u_/uy, % 0-2.02 0.045-0.45
(pUS/pU;)/f, A 0-72.9 2.7-34

The range chosen for the present study thus goes well beyond that of this
industrial process.

The effect on the flow field of throughflow at the impingement surface
was examined by measuring lateral profiles of axial mean velocity and axial

turbulence. These profiles were determined at z/w = 6, i.e. 2w or 0.25H
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from the impingement surface. As indicated'by the studies of Beltaos and
Rajaratnam (1973) and Gutmark, Wolfshtein and Wygnanski (1978) discussed in
Section 2.2 and by the present study, discussed in Section 4.4, the impinge-
ment region begins at about 0.20H to 0.3H from the impingement surface when
the criterion is the position where the centerline mean velocity begins to
deviate from the corresponding value for a free jet. Thus for the study of
effect of throughflow the flow measurements were made at a location just wi-
thin the limit where the effect of an impermeable impingement surface is felt
on mean axial velocity. These profiles were carried out to a lateral dis-
tance x/H = 0.15, beyond which accuracy of the axial mean velocity starts to
decrease because of sensitivity error of the hot wire system.

Although some experimental scatter is evident the lateral profiles of
axial mean velocity expressed as U/U0 on Figure 4.40 clearly indicate that,
over all values of US/U;, Rej and x/H investigated, there ;s a consistent
trend at 0.25H from the impingement surface for axial mean velocity to in-
crease with throughflow velocity at the surface. The fact that it has al-
ready been established that the presence of an impermeable impingement
surface is felt by axial mean velocity as far as 0.25H from the surface in-
creases the significance of the present finding that throughflow at the im-
pingement surface causes an easily measurable effect on axial mean velocity
even this far from the surface. It is interesting to note from the lines on
Figure 4.40 enclosing the zero and maximum values of Us that, for any partic-
ular value of Rej, the increase in U caused by the maximum throughflow veloc-
ity, US = 0.3 m/s, is about constant from the centerline out to x/H = 0.15,
at which lateral position the axial velocity is about 307 of that at the jet
centerline. As the absolute amount of increase in U is about constant it

follows that, for a specific US, the relative increase in U would be about
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three times as high at x/H = 0.15 as at the centerline. The quantitative
effects of maximum throughflow velocity (US== 0.3 m/s) are summarized below,
although it should be kept in mind these increases are rounded off values

which should not be treated as highly precise.

% Increase in U/Uo at 0,.25H
e Throughflow Velocity from Surface at
b
U (m/s) US/U;‘ (2) x/H =0 x/H = 0.15
11400 0.3 2.02 12 28
22700 0.3 1.00 6 16
30200 0.3 0.75 3 10

The fact that the values for percent increase in U/Uo at either the center-
line or x/H = 0.15 are seen in the above listing to decrease in nearly in-
verée proportion to Rej is a consequeﬁce of the fact that actual increase in
U for a specific increase in Us’ i.e. US from zero to 0.3 m/s, is nearly in-
dependent of Rej. Combining this observation with one noted earlier one may
state that the absolute increase in axial mean velocity is nearly independent
of both Rej and x/H.

As axial mean velocity U increases approximately linearly with through-
flow velocity Us’ independently of jo and lateral position and as at a spe-
cific position above the surface Uo is some fraction of Uf because of simi-
larity in decay of axial mean velocity, the linearity of U with,Us may alter-
nately be expressed as a linearity of U/Uo witixUs/U;t for each value of lat-

eral position x/H independent of Re A final observation with respect to

It

the quantitative aspect is to note from the above listing of results that the

percent increase in U/Uo at 0.25H from the impingement surface is about 4-6
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times the reiative throughflow velocity, US/U;ﬁ In general it may therefore
be stated that the axial flow field in the vicinity of the impingement sur-
face is quite sensitive to throughflow velocity at the surface.

The effects of throughflow at the impingement surface, summarized quan-
titatively above, may now be analyzed and compared to related studies. In
the first place it should be noted that because of requirements of continuity,
increases in axial mean velocity resulting from throughflow at the impinge-
ment surface require that there be a corresponding reduction in lateral flow
away from the jet centerline. The only other study of effect of throughflow
on the axial flow field of an impinging jet is that of Obot (1981) who for a
single round turbulent jet studied the effect of surface throughflow on both
axial and lateral flow. As for the present study, Obot's axial profiles were
taken at 0.25H from an impingement surface, which in his case corresponded
to a distance which was two.nozzle diameters from an impingement surface lo-
cated at 8 diameters from the nozzle exit. For his maximum throughflow veloc-
ity of 0.25 m/s Obot found a significant increase in axial mean velocity at
Rej = 38000 (US/U:.T== 0.85%) but not at Rej = 80000 (US/U;== 0.42%7). Quanti-
tative comparison with these results is not possible not only because of the
difference in nozzle geometries (round and slot) and in percentage open area,
f, but also because Obot's\jet was unconfined and hence produced high rates
of entrainment from the surroundings.

With respect to lateral flow Obot found that the effect of throughflow
on lateral mean velocity was to produce increases close to the impingement
surface, including the maximum lateral velocity, and decreases away from the
surface. Thus at the impingement surface the slope of the lateral mean veloc-
ity was increased. A similar increase of maximum lateral velocity accom-

panied by a shifting of its location closer to the surface was reported by
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Bagnes and Keffer (1977) who over the very limited range of US/U; up to 0.29%
studied the effect of impingement surface throughflow on lateral flow for the
case of a rotating drum subjected to a slot jet. At a spacing, H/w = 10,
this increase in lateral velocity adjacent to the surface caused the local
shear stress to increase by a constant amount over the entire profile and an
enhancement of 127 on average shear stress at the surface when compared with
that without throughflow.

As an additional aspect of the effect of throughflow on axial flow, for
the same conditions of axial turbulence, was measured in the present study
for the same conditions as for mean velocity, axial fluctuating velocity was
found to show little significant effect of throughflow. Thus the turbulence
results, presented in Figure 4,41 as lateral profiles of axial turbulence in-
tensity, u'/U, show approximately the inverse trends to the lateral profiles
of axial mean velpcity, Figure 4.40. Thus relativé to the case without
throughflow the percent axial turbulence intensity decreases by up to about
97 at the highest throughflow rate and lower Rej. Obot (1981) also found
that the axial fluctuating velocity to be unaffected and the axial turbulence
intensity to be decreased somewhat with throughflow. For lateral flow he
also found the lateral fluctuating velocity to be independent of throughflow
and hence that tﬂe level of lateral turbulence intensity decreases adjacent
to the impingemeqt surface and increases away from it.

In summary, the present results indicg;e that at H = 0.25 from the im-
pingement surface, throughflow increases akial mean velocity and decreases
axial turbulence intensity. Other studies indicate similar effects of
throughflow on lateral flow, i.e. an increase in lateral meén velocity next
to the impingement surface with a corresponding increase of slopeof mean

velocity at that surface, while lateral intensity of turbulence decreases



26 | [EYMBOL [Ustm/aikus/]]  Re) =14:400 |
) 0.00 | 0.00
224 | ° 0.10 | 0.67 ﬁ
-; ° 0.20 | 1.33
22 | o 0.30 i
> 20
8 ]
7
Z 16
1Y)
= 14 t — —
2 o6 | [FTMBOL [UsimmpaUs )]  Re) =22,700
w o 0.00 | 0.00
O 24 | ° 0.5 | 0.50
> ° 0.20 | o067
u 22 L ° 0.30
() 3 20 |
g 18 J
- 16 1
3 14 4 —— ——
< 26 |[SYMBOL [Us(m/e[%Us/Uj Rej = 30,200 ]
< o 0.00 | 0.00
24 || o 020 | 0.50
- ° 0.25 | 0.63
E 22 | o 0.30
Q20 | 4
(0 d PARAMETERS
lbL.' 18 ;;w's_\ ]
- 18} %f+8.313
|4 A b, A -..x/w
0 0.4 0.8 .2
] : | S T I— decsnsecscsncecscosncanassnan x/H
0 0.05 0.10 0.15

DIMENSIONLESS DISTANCE FROM JET CENTERLINE

FIGURE 4.41.

Effect of Throughflow on Lateral Profiles of
Turbulence Intensity

160.



161.

adjacent to the impingement surface and increases away from it. As for both
the axial and lateral flow fields the effect of throughflow on mean velocity
and turbulence intensity are in the opposite direction with respect to their
effect on impingement surface heat transfer, the net effect of throughflow

on the latter cannot be predicted from these flow field measurements.

4.7 Summary and Conclusions

Although most studies of impinging jets are for single jets, most often
for unconfined jets, some industrial applications involve the use of multiple
confined impinging jets with the confinement surface parallel to the impinge-
ment surface. Two important industrial applications are the projected Papri-
dryer for the drying of paper and the new technology for the cooling of vanes
in turbine engines. Moreover, there is particular industrial relevance for
multiple confined slot jet systems in which the spentflow (the jet flow
after impingement) is discharged through exhaust ports located symmetrically
between the inlet jet nozzles at the confinement surface, a system for which
no analysis has been published.

To model this system an experimental facility was designed to comprise
three slot jets, with two wider slot exhaust ports located between the cen-
tral and the outer jets, and with a half-width slot exhaust port at each end.
The confinement surface was the structural extension of the nozzle wall, hence
was continuous and smoqth. The impinging jet system was totally enclosed by
four side walls between the impingement and confinement surfaces, thereby
generating a two-dimensional flow within the multiple jet system. The two
fixed dimensions were the lateral spacing between the centerlines of each in-
let nozzle and the adjacent exhaust port, 80 mm, and the spanwise (transverse)

dimension of the nozzle and exhaust ports, 250 mm. The impingement surface
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spacing from the nozzle exit was adjustable continuously, while five nozzle
widths, from 2.5 to 13.3 mm, were used.

A basic question in the use of such a test model is whether it accu-
rately represents a similar multiple jet system with large number of jets, as
would be found in an industrial application. An extensive set of impingement
surface pressure profiles established that the flow within each inlet nozzle~-
exhaust port flow cell was completely symmetrical over the central two-thirds
of the test unit, i.e. from the centerline of one of the outer jets, through
the central jet,\to the centerline of the other outer jet. Thus, as the evi-
dence was that two jets might have been sufficient, the use of a three-jet
system provided a reliable replication of multiple confined slot jet systems
of a large number of jets.

The present study covered the following range of key geometrical param-
eters, nozzle width w, open (nozzle) area ratio f, and impingement surface
spacing from the nozzle exit H/w, i.e. 2.5 s w £ 13.3 mm, 1.56 s f < 8.313%
and 4 < H/w ¢ 24. These ranges exceed those in the two industrial applications
noted. A wide range of jet Reynolds number, 3500 < Rej < 45000, was studied.

In a study of multiple slot jets a central question relates to the de-
gree of interaction between the inlet jet flows and the intervening exhaust
port flows, such interaction being related to the system geometry. As noted
above, variation in the dimensionless internozzle spacing, S/w, and open
area ratio,f? was achieved in the present study by use of a fixed spacing, S,
with nozzles of five widths, w. Extensive tests were therefore carried out
to characterize the flow field of a single slot jet for these five nozzle
widths over the range of Reynolds number intended for the multiple jet study.
The objective of this part of the study was to establish the extent to which

the mean velocity and turbulence characteristics for a given jet Reynolds
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number, Rej, were independent of nozzle width, w. 1In order to obtain a uni-
form mean velocity and turbulence intensity at the nozzle exit, short nozzles
(t/w=1) with an ASME standard elliptical contoured entry were used through-
out. Moreover, the single jet study provided the standard of comparison
against which the multiple jet system behaviour could be evaluated.

The velocity profiles at the nozzle exit for all nozzle widths was, as
expected, found to be essentially flat over the central 907 of the nozzle
width. The nozzlé exit turbulence intensity profile over the central region
was low, as expected for such short contoured nozzles, rising to the normal
peak near the nozzle walls. However although the level of turbulence in the
central region of the flat profile was independent of Rej at constant w over

the range of Reynolds number investigated, 10300 < Re, < 18700, this level of

|
turbulence was found to be dependent on nozzle width, w, at Rej = 11000.
Turbulence intensity in fact increaséd in a small but consistent trend from
0.657 for the narrowest nozzle w = 2.5 mm, to 0.857 for the largest nozzle,
w=13,3 mm. As a fixed plenum chamber width was used throughout, the area
contraction ratio, plenum chamber:nozzle width, decreased as nozzle width
increased. Thus the higher nozzle exit turbulence intensity for wider nozzles
is a fesult of correspondingly less contraction and hence less suppression of
turbulence from the flow entering the nozzle.

Immediately downstream of the nozzle exit the turbulence in the free
jeg increases extremely rapidly from turbulence generation in the region under
the nozzle walls where there is a very high lateral gradient in axial mean
velocity between the jet and the surrounding fluid. Thus from about 17 tur-
bulence at the exit, the intensity of axial turbulence by only one nozzle

width downstream from the exit shows a peak of about 257 at x/w = 0.5.

Along the jet centerline the fluctuating velocity peaks at about 10w down-
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stream, while by 18w downstream the continuously increasing centerline tur-
bulence intensity reaches about 20%. Lateral profiles of fluctuating veloc-
ity peak at around x/w = 0.5 near the nozzle exit, with the location of these
peaks in u' moving out to about x/w = 0.75 by 16w downstream, due to the gen-
eral outward expansion of the developing jet. By contrast lateral profiles

of intensity of axial turbulence do not peak but, because of the decrease of
axial mean velocity in the lateral direction, continue to increase with lat-
eral distance out to about x/w = 1.5, i.e. as far out as accurate measurements
could be made.

Similar to the finding by Obot (1981) for turbulent round jets, measure—
ments in the present study established that for a slot jet the axial fluctu-
ating velocity along the jet centerline was unaffected by the impingement sur-
face up to 1w from the surface, the closest that was measured. On the other
hand axial turbulence intensity along the jet centerline began to increase
sharply at about 4w from the impingement surface when the spacing was H/w =
19. This increase is entirely due to a corresponding drop in axial mean
velocity (that starts at around 0.2H from the impingemeﬁt surface) with un-
changed fluctuating velocity. This is similar to the finding by Gutmark,
Wolfshtein and Wygnanski (1978), i.e. for turbulent impinging slot jet the de-
viation of centerline mean velocity and turbulence intensity does not extend
further than 0.2H from the impingement surface.

As turbulence in a single free slot jet increases greatly in the region
immediately after the nozzle exit and eventually grows to levels of about 207
by 18w from the nozzle, it might be expected that the small differences in
turbulence intensity (0.65-0.857) existing at the nozzle exit as a function
of w would be damped out in this region of such strong generation of turbu-

lence. 1In fact these differences (0.65-0.85%) continue and grow in the free
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jet after discharge from the nozzle and are easily detected along the jet
centerline even at 18w from the nozzle exit, which is as far as these mea-
surements were extended.

The fact that the level of axial turbulence in the single free slot jet
remains é small but significant function of nozzle width has consequences on
the axial mean velocity characteristics as well. Thus with the higher turbu-
lence field from larger nozzles, the lateral transport of mean momentum is
correspondingly increased and the decay of axial mean velocity downstream from
the nozzle exit is consequently enhanced. The length of the potential core,
made dimensionless with respect to w, thus decreases slightly as noz-
zle width increaseg. The small but consistent effect of nozzle width could
likewise be detected on related variables such as the locations of kinematic
and geometrical origins of the single free jet and jet half-width. A small
effect of nozzle width on the decay of centerline mean velocity was detected
even at 18w from the nozzle exit, the limit of such measurements.

In summary, investigation of the mean velocity and axial turbulence
characteristics of a single slot jet served to define the flow field to which
that of the multiple jet system could be compared. In so doing it was found
that at a constant jet Reynolds number (11000) nozzle width remained a small
but consistent parameter over the entire extent of the jet flow field. The
effect of increasing nozzle width from w = 2.5 mm to w = 13.3 mm at Rej =
11000 is an increase in axial turbulence intensity and a more rapid decay of
axial mean velocity with distance from the nozzle exit. With respect to the
rates of transport phenomena at the impingement surface it will be recognized
that an increase in turbulence and a decrease in axial mean velocity affect
transfer rates in the opposite direction.

For a multiple slot jet system with exhaust ports alternating with in-
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let nozzles it is apparent that there will be an internozzle spacing, S, suf-
ficiently large that the impingement region conditions will be unaffected by
the presence of the adjacent exhaust port flow. A multiple slot jet system
with such a wide internozzle spacing becomes effectively an array of widely
spaced single slot jets. Such a system may be described as one of non-inter-
acting slot jets. Likewise it is evident that at narrow internozzle spacings,
S, conditions in the important impingement region will be affected by the
closely adjacent exhaust flow such that these conditions would differ signif-
icantly from those for the equivaleﬁt single slot jet. This type of system
may be described as consisting of interacting slot jets. As transport phe-
nomena in the impingement region could be predicted for a system of non-inter-
acting jets from single jet data while special multiple jet data would be re-
quired for a system of interacting slot jets, it is important to have a cri-
terion for distinguishing between these two types of multiple jet systems.

No previous study has focussed on this problem which relates directly to the
ability to design and optimize industrial scale equipment employing multiple
slot jets.

As the basis for analysis of the problem of interacting and non-inter-
acting jets the present study proposes that multiple slot jet systems be
viewed as an assembly of repeated "flow cells", these being defined as the
volume contained by the impingement and confinement surfaces and the center-
lines of adjacent inlet nozzles and exhaust ports. As the lateral and axial
length of such a flow cell would be, respectively, S and H this approach sug-
gests that a flow cell could be characterized by its dimensionless geometric
proportions, S/H. However, it should also be kept in mind that there is a
third dimension involved, i.e. nozzle width w. Complete similarity between

flow cells would then require equality of two dimensionless ratios of the
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three dimensions involved, S, H and w. Thus in addition to S/H, another in-
dependent dimensionless ratio, either S/w, f(w/2S) or H/w is required for
considerations of geometric similarity. In the graphical representation of
results, impingement surface spacing, H/w, is usually indicated as the other
dimensionless gedmetric parameter, although values of S/w and f are also gen-
erally indicated.

Although dimensional - analysis thus indicates that at a given Reynolds
number, conditions in a flow cell are a function of S/H and H/w, only experi-
mental results can establish the relative importance of S/H and H/w. In this
respect one particularly interesting finding is that for a flow cell of in-
termediate proportions, S/H = 1.5, variation of H/w by a factor of 4, i.e.
between H/w = 4 to H/w = 16, caused no significant change in the lateral pro-
files of normalized impingement surface pressure, AP/APO, from the stagnation
point out to the pressure half-width, and relatively little change even out
to the location where pressure was only 57 of the stagnation point pressure,
APO. Some differences in the normalized pressure profiles occurred
only in the relatively long wall jet region from O0.5H to 1.5H from the stag-
nation point. Thus in this case S/H was sufficient to characterize flow cell
conditions within the region of prime importance, the impingement region,
while the second parameter, H/w, was of some importance only in the
wall jet region. Thus while H/w is required for a complete description of
flow cell conditions, normalized static pressure data of the present study es-
tablish that S/H is effectively sufficient over the impingement region, with
H/w becoming an important factor only in the wall jet region. At a fixed
value of S/H the absolute values of impingement surface pressure from the
stagnation point out through the wall jet region are of course a sensitive

function of H/w.
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Two alternate criteria used to define the critical size of flow cell,
(S/H)c’ which separates non-interacting (large S/H) from interacting (small
S/H) multiple confined slot jet systems were the axial flow characteriétics
along the jet centerline of the free jet region, and pressure at the impinge-
ment surface. For a given value of S/H the degree of departure of the flow
characteristics along the jet centerline and at the impingement surface rela-
tive to those for a single impinging jet indicates the extent of interaction
in the multiple impinging jet system. The results of these studies are listed
in Table 4.9. Although the normalized pressure profiles for the multiple jet
system are not measurably different from those of a single jet until S/H is
less than 0.75, the other three criteria all indicate that the value of (S/H)c,
the critical value separating non-interacting from interacting multiple jet
systems, is between 0.75 and 1.0. As jet centerline turbulence and stagna-
tion point pressure are the most sensitive of the four criteria used, it may
therefore be concluded that (S/H)c is in the range 0.75 to 1.0. For compar-
ison it may be noted that the experimental Papridryers corresponded to S/H
between 2 and 3, i.e. entirely in the range of non-interacting jets, while
the turbine vane cooling application corresponds to S/H in the range 0.34 to
5, i.e. to both interacting and non-interacting multiple jet systems.

Another significant observation from Table 4.9 is that as S/H drops
below (S/H)c’ interaction in a multiple jet system causes jet centerline tur-
bulence to increase significantly while axial mean velocity drops. The re-
sulting net effect on transport phenomena in the impingement region cannot
be inferred from these results because the turbulence and mean velocity
changes produce opposing trends in heat or mass transfer at the surface.

Studies of single impinging jets generally provide information concern-

ing the wall jet region. For the multiple jet system with the widest flow



TABLE 4.9,

Criteria for Transition between Non-Interacting and

Interacting Multiple Confined Slot Jet Systems

Axial Flow Field along Jet Centerline for
Multiple Jet System Relative to a Single Jet

Impingement Surface Pressure for Multiple
Jet System Relative to a Single Jet

S/H
' Reduction in Stagnation Difference in Lateral
uo/Uo Uo/U o Pressure Relative to a Profiles of AP/AP
i Single Jet (o]
1 No difference No difference Initiated None
0.75 Divergence begins at | Velocity decay slightly 10% None
about z/w = 3; by faster for multiple jets
z/w = 6 turbulence after about z/w = 3.5
is twice as high for
multiple jets
0.50 Divergence begins Velocity decay signifi- 257 from interpolation No data
earlier, at about cantly faster for multi-
z/w = 1.5 ple jets after about
z/w=2.5
0.375 | Divergence begins Velocity decay much 5072 Completely
almost at nozzle faster for multiple jets different
exit; by z/w =3 after about z/w = 1.5 profiles

turbulence is four
times as high for
multiple jets

*691
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cell, S/H = 6, an extreme example of a system of non-interacting multiple
jets, there is a particularly long wall jet region, about 5.5H in length,
over all of which the surface pressure approaches that at the exhaust port.
By contrast, for the narrowest flow cell, S/H = 0.375, there is essentially
no wall jet because the impingement flow transforms directly to an exit flow
away from the impingement surface. The latter case of strongly interacting
jets contrasts in yet another way with the non-interacting case in that there
is no region for which the impingement surface pressure drops to approach the
exhaust port pressure. In fact, for S/H = 0.375 this pressure at the exhaust
port centerline is about 607 of the stagnation pressure, an indication of the
fact that the exit flow from the impingement surface to the exit port re-
quires this much pressure drop to provide the loss due to strong interaction
with the closely spaced countercurrent flow of the inlet jet.

For lateral profiles of variables in impinging jet investigations the
usual practice is to de-dimensionalize lateral distance from the jet center-
line with respect to the nozzle dimension, i.e. nozzle width for slot noz-
zles, nozzle diameter for round nozzles. While useful within a limited set
of data, such nondimensional profiles do not lead to a general unification of
lateral profiles. For example in the present investigation when lateral pro-
files of impingement surface pressure were prepared with distance from the
jet centerline expressed as x/w, the lack.of unification obtained may be quan-
tified by noting that the location of the pressure half-width varies from
0.65 x/w to 2.7 x/w, i.e. by a factor of 400%. However when lateral distance
was de-dimensionalized with respect to impingement surface spacing, H, for
data covering the range: 5000 < Rej < 43800, 2.5 < w < 13.3 mm, 2.06 < f <
8.3137, 4 < H/w < 16, 0.75 < §/H < 6, 102 < AP_ < 5808 N/m?, it was found

that the location of the pressure half-width for this extended range of vari-
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ables was remarkably well defined, expressed as x /H = 0.16x0.02. Although

0.5
as would be expected the variation in lateral profiles of pressure increased
farther from the jet centerline where pressures for non-interacting multiple
jets were lower, it may be noted for the above impressive range of parameters
that by x/H = 0.5 the surface pressure was always less than 207 of the stag-
nation pressure. It is thus demonstrated that spacing, H, is a considerably
more rational basis of de~dimensionalizing distance from the jet centerline
for the examination of lateral profiles than is the conventionally used basis,
i.e. the nozzle dimension.

As an important industrial application, the Papridryer, combines im-
pingement flow with throughflow at the impingement surface, throughflow was
studied over a range which may alternétely be expressed as: Us (0-0.3 m/s),
US/U; (0-2%), and throughflow to jet mass flow rate (0-737). These experi-
mental ranges are greater than those studied to date for the industrial ap-
plication hoted.

Throughflow at the surface was achieved by applying uniform suction to
a porous bronze impingement surface. Because of the laterally nonuniform
pressure profile at the jet impingement surface, throughflow will likewise
be nonuniform, decreasing from a maximum at the jet centerline. The use of
a wide nozzle, w = 13.3 mm, dictated by the need to limit throughflow nonuni-
formity, in turn required that only a single jet be used for the same impinge-
ment surface used with the three-jet configuration. This requirement of a
single jet was a consequence of the need to maintain the percentage open
area, f, and the flow cell proportions, S/H, within the desired range. Thus
the single jet configuration used for the investigation of effects of through-
flow corresponded to f = 2.77% and S/H = 2.25. As the study was carried out

with a confined single jet, the results are applicable to non-interacting
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multiple confined slot jet systems but not to those with internozzle spacing
sufficiently close that the jets are strongly interacting, i.e. for S/H sig-
nificantly less than 1.

The effect of throughflow on the axial flow field was investigated
through lateral profiles of axial mean velocity and turbulence at a location
0.25H from the impingement surface. This position is somewhat within that
for which the effect of an impermeable impingement surface is felt on center-
line mean velocity. Lateral profiles of axial mean velocity at this location
showed that throughflow increases axial velocity by about a constant amount
over the entire lateral region from the centerline out as far as accurate
measurements could be made, i.e. to about x/H = 0.15. It is instructive to
note the effects on a percentage change basis for the case of the maximum
value of throughflow used, Us = 0.3 m/s. This maximum throughflow which for
the range used for Rej, i.e. 11400 to 30200, corresponds to US/U; from 27 to
0.757%, was found to increase centerline mean velocity by from 127 to 37 and
to increase mean velocity at 9.15H from the centerline by from 287 to 107
over this range of Rej. Recalling that these lateral profiles were determined
at 0.25H from the surface, i.e. within the normal impingement region, it is
apparent that the axial mean velocity flow field is indeed quite sensitive to
throughflow at the impingement surface.

In contrast to the significant effects found for axial mean velocity,
axial fluctuating velocity was found to be unaffected by throughflow, at least
at 0.25H (2w) from the surface. Consequently the axial intensity of turbu-
lence at 0.25H from the surface decreases with throughflow proportional to
the increase in mean velocity noted earlier.

It is interesting to observe that the effects of throughflow on the

axial flow field have similarities to the effects of an impermeable impinge-
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ment surface. The similarity is that in both cases the effect on axial mean
velocity extends much further from the impingement surface into the oncoming
flow than is the case for axial fluctuating velocity, with the result that
changes in axial turbulence intensity simply reflect changes in mean velocity
for an unchanged fluctuating velocity. Another general observation is that
once again the effect of a variable, in this case throughflow, causes changes
in mean velocity and in turbulence intensity which have the opposite effect
on transport phenomena rates at the surface. Thus in all three aspects docu-~-
mented in this investigation, i.e. effect of nozzle width, effect of inter-
action between closely spaced multiple slot jets and effect of throughflow,

the trend of effects on impingement surface heat transfer rates can only be

determined by direct measurement of heat transfer, the subject of the succeed-

ing chapter.
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CHAPTER 5

RESULTS AND DISCUSSION: 'HEAT TRANSFER

5.1 1Introduction

Following documentation of the flow field in Chapter 4, the present
chapter is devoted to analysis of the corresponding convective heat transfer
for the same system of multiple impinging slot jets with exit ports located
alternately in the confinement surface. The geometrical and flow parameters
of this system are detailed in Section 5.1. In Séction 5.2 results from the -
confined system of alternate inlet jets and exit flows are compared with re-
sults from a configuration having cumulative spentflow. The effects of geo-
metrical and flow parameters on stagnation point, local profiles and average
heat transfer coefficients are discussed in Sections 5.3, 5.4 and 5.5, re-
spectively. Finally the effect on heat transfer of throughflow at the im-
pingement surf;ce is analyzed in Section 5.6, followed by the summary and

conclusions, Section 5.7.

5.1.1 Range of Geometrical and Flow Parameters

The confined impinging slot jet system with alternate inlet jets and °
exhaust ports shown schematically in Figure 5.1 is the same as that reported
in Chapter 4 for characterizing the flow. This system comprised three slot
jets, with two wider slot exhaust ports located between the central and the
outer jets, and with half-width slot exhaust ports at each end. In this two-
dimensional flow system there were two fixed dimensions, the lateral spacing
between centerlines of inlet nozzles and adjacent exhaust ports, S = 80 mm,

and the transverse dimension (not shown in this figure), always 250 mm. Im-
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pingement surface spacing from the nozzle exit, H, was adjustable continu-
ously, while five values of w, nozzle width, i.e. 2.5, 3.3, 5.0, 10.0 and
13.3 mm were used.

The geometrical parameters of such a system with the centerline spac-
ing, S, fixed are conventionally represented by impingement surface spacing
from the nozzle exit, H/w, and one of the three alternate parameters, nozzle
width w, the percent open (nozzle) area f(f = w/2S), or centerline spacing,
S/w. The range of these parameters is 4 < H/w < 24, 2.5 € w ¢ 13.3 mm, 1.56 <
f < 8.313%7 and 6 < S/w € 32. Analysis of the flow in Chapter 4 established
the value of viewing such a multiple slot jet system as an assembly of re-
peated "flow cells" of lateral and axial dimension S and H, a flow cell being
characterized by its dimensionless geometric proportions, S/H. In describing
the multiple jet system using the flow cell parameter S/H, considerations of
geometric similarity require specification of another independent dimension-
less ratio, either H/w or f£(w/28). The range of flow cell proportions for
the heat transfer study was the same as that for the flow investigation, i.e.
6 > S/H > 0.33.

The heat transfer study was carried out with air at ambient temperature
and pressure impinging on a heated isothermal surface maintained at a AT of
about 20°C, and which could be traversed laterally to obtain profiles of .local
heat transfer coefficient. The basic flow parameter is Reynolds number at
the nozzle exit, Rej ==U;W/vj, for which kinematic viscosity is evaluated at
nozzle exit temperature. Jet mean velocity at the nozzle exit U§ (m/s),
pressure drop across the nozzle APj (N/mz), and fan energy at the nozzle exit
per unit heat transfer area Rj (W/mz) are additional parameters that describe
the flow. The range of these parameters is 3330 < Rej < 29160, 9.5 < U? N

76.0 m/s, 66.8 < APj < 4007 (N/mz) and 39.7 < R.j < 8048 (W/mz). Details of
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the equipment and of the flow system are described respectively in Chapters
3 and 4.

From the comprehensive tabulation of geometric and flow variables in
Tables 4.1 and 4.2, a more detailed presentation of combinations of these
parameters for the heat transfer investigation is given in Table 5.1. For
each value of flow cell (S/H), the impingement heat transfer was measured for
three values of Rej as shown in Table 5.1(a), and for each of these values of

Rej the corresponding values of U¥, APj and R, are presented in Table 5.1(b).

3 3
Eor instance for w = 2.5 mm, S/w = 32, £ = 1.56%, local heat transfer profiles
were made for 9 sets of experiments, i.e. 3 jet flow rates (Rej) for each of
the 3 values of H/w or S/H. The only exception is noted by the asterisk in
Table 5.1. This table records the complete set of combinations of parameters
for 52 heat trgnsfer experiments performed on the multiple confined impinging

slot jet system with nozzles and exit ports located alternately in the con-

finement surface.

5.1.2 Basis of Local Nusselt Number

| As the aﬁalysis of heat transfer in Chapter 5 is in terms of local
Nusselt number, the basis of the local heat flux measurements (discussed in
Chapter 3) will now be summarized. The heat transfer profiles were obtained
by traversing the isothermal impingement surface under the stationary jets.
At each station the local convective heat transfer at steady state was evalu-
ated from the power dissipated to the impingement flow from the heat flux
sensor. The local heat transfer coefficient (hx), based on the temperature
difference TS - Tj’ was calculated as shown in Section 3.4.2. This value of
hx was then normalized in the form of Nusselt number, Nux‘= th/k, with ther-

mal conductivity evaluated at the nozzle exit temperature as was kinematic
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TABLE 5.1. Geometrical and Flow Parameters of the Multiple Jet
System for Analysis of Impingement Heat Transfer

Table 5.1(a)

S/w £, % H/w S/H Rej

(mm)

2.5 32 1.56 8 4 3330
5230
10790
16 2 3330
5230
10790
24 1.33 3330
5230
10790
@ 3.3 24 2.06 4 6 3410
5400
10270
8 3 3410
5400
10270
16 1.5 3410
5400
10270
24 1 3410
5400
10270
5.0 16 3.125 8 2 5700
7500
10740
20740%
16 1 5700
7500
10740
24 0.67 5700
7500
10740




Table 5.1(a) (continued)

(mm)

S/w

H/w

S/H

Re

10.0

16

24

0.5

0.33

5400
10910
21720

5400
10910
21720

5400
10910
21720

5400
10910
21720

13.3

8.313

16

1.5

0.75

0.375

10770
21760
29160
10770
21760
29160
10770
21760
29160
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Table 5.1(b)

AP, R,

v Re U, J J
(mm) h| 2 2

(m/s) (N/m™) (W/m™)

2.5 3330 23.4 406 148
5230 36.8 1003 576

10790 76.0 4007 4751

3.3 3410 18.2 245 92
5400 28.8 614 364

10270 54.8 2083 2352

5.0 5700 20.0 296 185
7500 26.4 504 416

10740 37.8 991 1171

20740 73.0 3528 8048

10.0 5400 9.5 67 40
10910 19.2 256 307

21720 38.2 966 2306

13.3 10770 14.2 140 165
21760 28.8 549 1314

29160 38.6 970 3112

180.
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viscosity for Rej. For the entire range of geometric and flow parameters of
the present study the statistical analysis of uncertainties based on single-

sample experiment and on repeated experiments is presented in Appendix 5.

5.2 Confined Multiple Slot Jet Systems with Symmetrical and One-Sided Outflow

As discussed in Chapter 2 the impingement transport characteristics are
greatly affected by the interaction between the jet flow and the flow after
impingement (often referred to as spentflow). This interaction decreases heat
transfer at the impiﬁgement surface. However, such interaction can be pre-
vented by constraining the flow after impingement to exit through openings in
the confinement surface between successive inlet jets. The study of impinge-
ment heat transfer for such a system is the central objective of the present
work. Hence as described in Chapter 3 heat transfer was studied using an ex-
perimental facility that comprised three impinging slot jets with outflow
ports alternating with inlet nozzles in the confinement surface.

Two different objectives are therefore treated in this section. First,
there is the need to establish that the present system does indeed accurately
represent conditions in multiple jet systems with a large number of jets.
Second, as the multiple jet design of the present study was chosen on the
basis of supposed superiority of symmetrical outflow, this superiority should
be documented quantitatively. Although these objectives are quite distinct,
it is convenient to treat them consecutively because both analyses require
reference to lateral profiles of local Nusselt number extending over several
adjacent flow cells.

Unlike the lateral profiles of static pressure, which covered the entire
impingement surface, lateral heat transfer profiles were carried out over only

somewhat more than half of the impingement surface, i.e. flow cells II, III,
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IV and part of flow cell I. Analysis of results established that profiles

covering three central flow cells was more than sufficient.

5.2.1 Laboratory Representation of Multiple Slot Jet Systems

In Chapter 4 it was established that the impingement surface static pres-
sure profiles in the central four flow cells of the six flow cell experimental
facility (shown on top of Figure 5.1) were symmetrical and indistinguishable.
Although this evidence from analysis of the flow would indicate that impinge-
ment surface convective heat transfer profiles would likewise be identical
over the central two-thirds of the apparatus, this expectation was tested di-
rectly. For this purpose lateral profiles of Nux were obtained over about 3.5
flow cells, i.e. for part of flow cell I and all of flow cells I1II, III and IV.
These profiles were obtained for the nine wide-ranging combinations of geomet-
rical and flow parameters listed in Table 5.2. It may be noted that the range
of geometrical parameters includes both non-interacting flow cells (S/H > 1)
and interacting flow cells (S/H < 1), a concept developed in Chapter 4.

The lateral profiles of Nux for the nine combinations of parameters
listed in Table 5.2 are presented in four sets of figures, 5.2 through 5.5.
The profiles shown as dotted lines on this set of figures relate to the suc-
ceeding section and may be ignored in the present discussion. Figures 5.2 and
5.3 present, for a single Reynolds number, the profiles for w = 2.5 mm (f =
1.56%Z, S/w = 32) and 5.0 mm (f = 3.125%, S/w = 16), respectively. For both
values of f, w or S/w (alternative parameters), profiles are presented for
three values of H/w or S/H. Figure 5.4 presents Nux profiles at three values
of Rej for a single set of geometrical parameters. Figure 5.5 presents pro-
files at a single Rej and H/w with f and S/H (or the equivalent) as variables.

For the purpose of the present section these profiles are examined only
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TABLE 5.2. Geometrical and Flow Parameters of the Multiple
Jet System for Analysis of Heat Transfer with
Symmetrical and One-Sided Outflow

Table 5.2(a)
w £, 7
(am) S/w H/w S/H Rej
2.5 32 1.56 8 4 10790
16 2 10790
24 1.33 10790
5.0 16 3.125 8 2 5700
8 2 10740
8 2 20740
16 1 10740
24 0.67 10740
13.3 6 8.313 8 0.75 10770
Table 5.2(b)
w u* APj Rj
(am) Rey ] 2 2
(m/s) (N/m™) W/m
2.5 10790 76.0 4007 4751
5.0 5700 20.0 296 185
10740 37.8 991 1171
20740 73.0 3528 8048
13.3 10770 14.2 140 165
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as to their degree of similarity, as analysis and interpretation of lateral
profiles of Nux forms the subject of an entire section, 5.4. Visual inspec-
tion of the 12 distribution curves portrayed on Figures 5.2-5.5 suggests that
the profiles of the three complete flow cells are indistinguishable.

Such visual comparisons as noted above are encouraging but not very pre-
cise. As a more critical test of the hypothesis that any of the central cells
of the 3-jet, 6-flow cell system do indeed represent the transport character-
istics of a cell in the equivalent multiple jet system, the data of cells II,
IIT and IV of Figure 5.2 through 5.5 are shown superimposed on Figures 5.6
through 5.9. The fact that for each of the nine cases a single curve adequate-
ly represents the heat transfer profiles from all 3 cells proves first, that
the flow is symmetrical in the central region, flow cells III and IV, and sec-
ond, that cells II and IV are equivalent. In brief, the profiles of all flow
cells of the apparatus except for the end cells, I and VI, are indistinguish-
able one from the other. It is therefore indic#ted that even in an experimen-
tal set-up comprising only two inlet jets, the central two of the four flow
cells would be representative of a multijet system. This conclusion provides
assurance that heat transfer data from the present experimental facility may
with confidence be taken as representative of that in an equivalent confined

multiple slot jet system with a large number of jets.

5.2.2 Effect on Heat Transfer of One-Sided Cumulative Spentflow

In the present section the extent of reduction of heat transfer in mul-
tiple jet systems with one-sided cumulative spent outflow is established.
The standard of comparison used in this purpose is the symmetrical outflow
design used for most of the work of the present study. Although the symmet-

rical outflow design gives superior heat transfer, as will be documented in



[#ej10,790, w = 2.6mm, t<1.86%, 8/u 32 {

L ) m TELL Mo
4al - z |
v LJ v u
SYMBOL | CELL No .
0 b+ 3¢ { @ WwsiS 1
(] m s .o /Nsp
x o LI xe8  @ ;
360} 1! PARAMETERS |1 . B,
f Rej = 10,790 j 20 "k 4
w=2.8mm | H
; t=1.56% - b
- ® WA ! 2}t | w @ e
! ' $/H= 4 - M —t
._40- ) q gss. é e e 26 B
d d‘ 4 a $/H=)1.33
% f 28t ,° ]
) 3 8
- g ' . 20} op .
)
20} | - 1 a i
L - 12 oF o 1
@ ' (e) ®ao g ©
. ‘ A
(o] 10 20 30 (o] io 20 30 40
DIMENSIONLESS DISTANCE FROM STAGKATION POINT, ; DIMENSIONLESS DISYANCE FRON STAGNATION POINT,
X/wW X/wW

FIGURE 5.6. Superimposed Profiles of Nuy for Confined Multiple Slot Jet Systems
with Symmetrical (f = 1.567) and One-Sided Outflow

‘68T



ol 3 [* [- 4 ~
o (= [« o o

LOCAL WUSSELT NUMBER, Nuy = hyw/k

N
o

DIMENSIONLESS DISTANCE FROM STAGNATION POINT,

[ mj=10.740, w=8mm, 1+ 3.126% , 8/u 16 |

L I SYMBOL | CELL No
° z |
| ° b
) : | =
|
o H/w =8
$/H=2
®
1 e
o
°
¥ oo
b <
..
h C¢
o Q
4 <
LR
: *e 9
{e)
)
| . . . .
(o] 4 8 12 16

FIGURE 5.7.

x/w

O

LOCAL NUSSELT NUMBER, Nuy = hyw/k

80

40

30}

20}

30}

20

In., 510,740 ,w=8mm ,1:3.128% , $/w= 16

v 0 A

SYMBOL

CELL No

cse

(-} H/ws24
®90¢ $/Hs=0.67

(e} ®

o 4 8 12 16

20

DIMENSIONLESS DISTANCE FROM STAGNATION POINT,

xX/w

Superimposed Profiles of Nu_ for Confined Multiple Slot Jet Systems
with Symmetrical (f = 3.1253) and One-Sided Outflow

‘061



LOCAL NUSSELT NUSSELY WUMBER, Nuy = hyw/k

100

90

80

70

60 }

80

40

30

DIMENSIONLESS DISTANCE FROM STAGNATION POINY,

-X N J

SYM

PARAMETERS

Rej= 20,740 |
w= Smm
f=3.128%

S/wus i€
H/u=8 1
8/H= 2

o

]

4

x/w

FIGURE 5.8. Superimposed Profiles of Nuy

LOCAL WWSSELT MUNDER, Muy = Myw/k

I YMBOL | CEL
o} | o -
° =
i s | =
so| |
o H/ws8
$/Hs2
[ J
8O ! g
®
e | 1 o
%
' Ce
,o { ¢ %o
°
i °e o
20}
: (e)
L S PR A A
0 4 8 12 e

DIMENSIONLESS DISTANGE FROM STAGRATION POWT,

[ Rej=10.740, usbmm , 1= 3.128% . 8/u =8 |

x/w

L d
o

v

LOCAL WUSSELT WUIER, Nuyx = hxw/k
»
o

4

&
F
Ay

(c)

CELL No

o .S
® ¢
] : 4

A

PARAMETERS | -

Rej = 8,700
wz8mm
t=3.128%

s/uzls

H/w=8

S/Hs 2

Y

e

0

4

16

20

DINENSIONLESS DISTANCE FROM STAGNATION POINT,

x/w

for Confined Multiple Slot Jet Systems

with Symmetrical and One-Sided Outflow and Rej = 20740, 10740 and

5700

‘T6T



LOCAL NUSSELT BUMBER, Nuyx =*hyw/k

| SYMBOL | CELL Ne]|

o u
- n
o n

60 | PARAMETERS

Rej = 10,790
we=2.8mm
f=1.56%

S/w =32

L Hws8

m S/H=4

40t

A - ek

o o 20 30

DIMENSIONLESS DISTANCE FROM STAGNATION POINT,

x/w

FIGURE 5.9. Superimposed Profiles of Nuy for Confined Multiple Slot Jet Systems
with Symmetrical (f = 1.56, 3.125 and 8.313%) and One-Sided Outflow

.. DAMENSIONLESS DISTANCE FROM STAGMATION POINT,

[ R6)510.740 , welmm, = 3.128% , 8/wsis |

x/w

gymBoL | CELL
[ J I
[ x
| + o x
° H/w 8
$/Hnt
[ ]
[ ]
o
o
] o
..
1 O% .
® [ ]
i *e o
(e}
'
0 4 8 12 (]

SYMBOL | CELL No
| : | 3
<70 #; S = (]
~
B PARAMETERS
P 4 .4 Rej = 10,800
“so} w=13.3mm
2 t=8.313%
i ' s$/w=68
2 ® :;:::75
i 80} o
()
— [ 4
g 40 0$
s
3.l °
30}
20 ! N A A — M "
0O 2 4 6 8 10 12 14
DIMENSIONLESS OISTANCE FROM STAGNATION POINT,

x/w

*C6T1



193,

the present section, it should be noted that examples of industrial applica-
tion exist for the use of multiple jet systems in a cumulative spentflow con-
figuration. Thus there is specific industrial relevance to the objective of
determining quantitatively the effect on heat transfer of cumulative spent-
flow.

A significant application utilizing a two-dimensional array of jets
occurs for gas turbine airfoils, for which the jets cool the midchord region
with a trailing edge discharge. The jet after impingement is constrained to
flow toward the rear of the airfoil along the channel formed between the jet
confinement surface and the inner surface of the airfoil envelope (the impinge-
ment surface). Thus, in this configuration spentflow from the upstream jets
impose a confined crossflow on the downstream jets.

For paper drying, high velocity hoods are designed so that the exit flow
openings are installed between three or more rows of jets. Thus the impinge-
ment flow from jets located af the middle of the array imposes a crossflow on
the downstream jets as the flow is constrained along the channel formed be-
tween the hood and the web.

The type of one-sided lateral spentflow for which heat transfer profiles
were obtained is illustrated by the middle configuration of Figure 5.1. Rela-
tive to the basic design shown at the top of Figure 5.1, this modification was
obtained by blocking all the exit ports in the confinement surface and remov-
ing one end wall. The cumulative spentflow may be described by reference
to the amount of spentflow exiting as a crossflow at the position of each suc-
cessive centerline of the basic equipment. By contrast, with the symmetric
outflow of the basic design there is of course zero crossflow at each of the
five centerlines between cells. With the cumulative spentflow of the modified

design there is at the cell I/II centerline a spent crossflow equal to half
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of the flow of am inlet jet. At the successive centerlines between cells II/
III, III/IV, IV/V, V/VI the spent crossflow cumulates successively to 1, 1.5,
2 and 2.5 times the flow of an inlet jet.

The heat transfer data at an impingement surface subjected to this type
of impingement flow with cumulative spentflow are presented in the form of lo-
cal Nusselt number, shown as dotted lines on the same graphs, Figure 5.2
through 5.5, as the corresponding profiles for symmetric outflow that were dis-
cussed in the previous section. At the positions corresponding to the three
centerlines included in Figures 5.2 to 5.5, i.e. between cell I/II, II/III and
III/IV, the respective cumulative spent crossflows equal 0.5, 1, 1.5 times the
flow of an inlet jet. This crossflow causes a shift of the entire heat trans-
fer profile in the direction of the crossflow, and causes the profiles to be-
come reduced by an amount which increases in the direction of increasing spent-
flow, i.e. the reduction of Nux increases progressively from cells II to III
to IV. Cumulative spentflow both degrades AT and reverses the lateral velocity
in flow cells I, III and V whereas it degrades AT but increases lateral veloc-
ity in cells II, IV and VI. The two latter effects act in compensating direc-
tions on heat transfer. Thus reduction in heat transfer is very large in cells
where lateral velocity is reversed (I, III and V) while being relatively un-—
changed in cells (II, IV and VI) where spentflow augments the lateral velocity.

With respect to the reduction of Nusselt number by cumulative spent
crossflow there are two mechanisms involved, one relating to flow field effects,
the other relating to a thermal mechanism. The flow field effect is of course
that any crossflow, either of a spent outflow or of an induced crossflow, acts
to destroy the unique flow field around the stagnation point which is the
source of high impingement surface transport rates. The additional thermal

effect is that the AT driving force for heat transfer is decreased by dilution
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of the inlet jet flow in the spentflow which has already exchanged heat at
the surface, i.e. the bulk temperature of the spentflow increases with dis-
tance downstream. This reduction in effective local AT for heat transfer at
the impingement surface is not accounted for in the calculation of the heat
transfer coefficient, which is based on the difference between Tj and TS.
Thus this thermal effect of cumulative crossflow is additive to the flow
field effect.

Having made these qualitative observations as to the effect of a cumula-
tive spent crossflow on the profiles of Figures 5.2 to 5.5, it is now appro-
priate to put these comparisons in quantitative form. Such a quantitative
comparison is made using as a reference a complete jet profile for the sym-
metrical outflow case. For the cell III plus IV section under the cumulative
spentflow condition, the crossflows at the three centerlines (II/III, III/IV
and IV/V) correspond, respectively, to 1, 1.5 and 2 times the flow of one in-
let jet. Four quantitative measures of the effect of spent crossflow are
used, namely, the maximum Nusselt number, Nuo*; the difference between mini-
mum and maximum Nusselt number, Numax - Numin; the shift, Ax/w, in location

of Nuo; and the average Nusselt number, obtained as follows:

x/w at III/IV centerline
-_—_ 1
Nu XI) Nuxd(x/w) (5.1)
x/w at II/III centerline

These quantitative comparisons are shown in Figures 5.10 through 5.13, which

correspond to Figures 5.2 through 5.5, respectively.

For Rej = 10790 and £ = 1.567% and 3.1257 (w = 2.5 and 5 mm; S/w = 32 and
16), the effects of spentflow on Nu, Nu , Nup. . - Nu, and Ax/w are shown as a
function of impingement surface spacing in Figures 5.10 and 5.11. It should be

kept in mind that in the cell III-IV region the spentflow corresponds to

* With cumulative spentflow the velocity profile slope at the wall never
changes sign, hence no stagnation point exists. With cumulative crossflow
the flow adjacent to the impingement surface constitutes a continuous wall
jet, the thickness of which is decreased each time it comes under the in-
fluence of a jet, with the Nu correspondingly passing through a maximum.
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from 1 to 2 times the flow from one inlet jet. The percentage decrease in Nu
caused by this spentflow is in the range 157 to 30Z. On the other hand for
this—;ange of spacing, H/w, the spentflow decreases Nuo by from 157 to 60%.

The finding that for the same flow and geometrical parameters a cumulative
spent crossflow can éause a much higher reduction in Nu° than in Nu is ex-
pected. It was noted earlier that there are two mechanisms involved in the
effect of cumulative spent crossflow . Degradation of the AT driving force for
heat transfer resulting from dilution of the inlet jet fluid with the spentflow,
referred to earlier as the thermal effect, applies over the entire impingement
surface, hence has a similar effect on Nuo and Nu. The second effect noted
earlier, the effect of the crossflow on the flow field, acts to destroy the
stagnation point flow field which is the source of the high values of Nuo,
whereas it does not have a comparable strong effect within the wall jet flow
field. Thus as one of the crossflow mechanisms operates over the impingement
and wall jet regions alike while the other mechanism relates particularly to
the stagnation region, the occurrence of higher reductions in Nuo than Nu is
consistent with the controlling factors.

It can be seen from the relatively parallel curves on Figure 5.12 that
the percentage reduction in Nu0 and Nu caused by the spent crossflow, around
35-457%, does not vary significantly with Reynolds number in the range 5700 <
Rej < 20740, for £ = 3.1257 and H/w = 8, (S/H = 2). As for the effect of noz-
zle open area, it is surprising to see from Figure 5.13 that the 35%-45% reduc-
tion in Nu caused by spent crossflow does not vary significantly with f. The
expectation might have been that because it is the impingement regions (which
have high heat transfer coefficients) that are particularly vulnerable to a
crossflow, the percentage reduction in Nu would be higher at higher values of

f because as percent open area increases, the fraction of the surface which
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comprises impingement regions increases while that which comprises wall jet
regions correspondingly declines.

Over the entire range of geometrical and flow parameters it is evident
from Figures 5.10 through 5.13 that an amount of spentflow equal to around 1.5
times the flow from one inlet slot jet causes a shift in Nuo in the direction
of crossflow of 3.5w to 6w. The limited aécuracy with which it is possible to
define this shift makes it impossible to relate the extent of the shift more
precisely to the parameters under consideration.

Although for the present system the percentage reduction in heat trans-
fer is found to be essentially insensitive to the variation of geometrical and
flow parameters, the magnitude of the reduction is quite appreciable. It is
interesting to note that for a similar crossflow of spentflow, the decrease in
heat transfer in the flow cell III-IV region is much less for an array of stag-
gered impinging round jets than for the present slot jet system. For example,
under similar conditions of Rej and S/H for an array of round jets where the
spacing between neighboring holes ranged from 3 to 10-hole diameters, Saad et
al. (1980) and Florschuetz et al. (1981) reported that Nu and Nuo in the flow
cell III-IV region is only about 107 less than with symmetrical outflow, i.e.
without spent crossflow. The more pronounced effect of the present multiple
slot jet system is expected, since the open area of a slot jet is the upper
limit of that for a row of holes as their number is increased. Furthermore
for a staggered array of round holds such as described by these authors, the
effect of crossflow is reduced relative to that for slot jets since the imping-
ing jet flow for the former passes through the interhole spacing, thus not
creating such a large effect of crossflow as in the case of slot jets.

In conclusion, it is established that the present multiple slot jet

system with symmetric outflow does indeed accurately represent conditions in
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multiple jet systems with a large number of jets. Moreover, the superiority
of this system with symmetrical outflow was demonstrated quantitatively by
comparing the heat transfer rate with that for the configuration with one-

sided cumulative spentflow, a case of considerable industrial relevance.

5.3 Stagnation Point Heat Transfer .

In the study of impingement transport characteristics the stagnation
point assumes exceptional importance for its high rate of heat transfer. 1In
order to increase the overall rate of heat transfer for a multiple impinging
slot jet system the frequency of these stagnation maxima should be increased.
This could be achieved by decreasing the spacing between jets, i.e. by de-
creasing the size of flow cell (S/H). However it is evident from results in
Chapter 4 that as S/H is decreased, a critical size of flow cell, (S/H)c’ is
reached at which interaction from the outflow extends to the jet centerline.
This interaction produces significant effects on the transport characteristics
at the impingement surface. In that chapter, two alternate criteria, i.e. the
fiow characteristics along the jet centerline and the static pressure at the
impingement surface, were used to define (S/H)c. As the effect on the mean
velocity and turbulence characteristics of the flow field resulting from mul-
tiple jet interaction are in the direction of producing opposing trends in the
transport phenomena at the surface, the resulting net effect on stagnation
point heat transfer cannot be predicted.

The purpose of this section is to define the critical size of flow cell
which separates non-interacting (large S/H) from interacting (small S/H) mul-
tiple impinging slot jet systems, and to determine the effects of flow and
geometrical parameters on stagnation point heat transfer for both systems.

Hence stagnation point heat transfer results were obtained to cover a wide
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range of parameters that covers the limits of £ , H/w, S/H and Rej as
shown in Table 5.1. On the other hand a larger number of values of H/w or
S/H than indicated in this table were tested and are reported in subsequent
figures.

Stagnation point heat transfer rates were obtained with the centerline
of the heat flux sensér positioned to coincide with the centerline of the mid-
dle jet. For each experiment this coincidence of centerlines was assured by
checking the symmetry of the static pressure profile at the impingement sur-
face. The stagnation point heat transfer coefficient, ho’ was normalized in the
form of Nusselt number, Nuo ==how/k, as discussed earlier for the case of lo-
cal Nux.

The magnitude of a small systematic error in Nu° which is appreciable
for the case of the narrower inlet nozzles may be estimated by reference to
Figure 5.14. Because of symmetry of the heat transfer profile around the jet
centerline only half the lateral distance need be considered.v When the
heat flux sensor is centered under the large nozzle (w = 13.3 mm), the sensor
width (s = 3.7 mm) produces an averaging of heat transfer over an impingement
lateral length equivalent to only 0.14w from the jet centerline. For the nar-
row nozzle (w = 3.3 mm) the lateral averaging of heat transfer is 0.56w, i.e.
4 times larger. The relative effect of this averaging for the narrow nozzle
might be assessed by comparing, for a typical heat transfer profile, the value
of Nuo for the large nozzle, i.e. averaged over 0.l4w,with that which would
have been obtained for the same nozzle but averaged over 0.56w. A test case
was chosen for which the Nux profile around the stagnation point is quite steep,
i.e. Rej = 10800 and H/w = 8 for w = 13.3 mm. For this case the values of Nus-
selt number at position (1), (2) and (3) from the jet centerline are 70, 67.5 and

63.5, respectively. The appropriate arithmetic average for 2 sensor widths
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FIGURE 5.14.

Schematic Presentation of the Finite Lateral
Size of the Heat Flux Sensor (s = 3.7 mm) with
Respect to the Nozzle Width for w = 13.3 mm
and 3.3 mm
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that corresponds to a location of 0.56w from the jet centeriine is [(0.5)70 +
67.5 + (0.5)63.5]/2. Thus for a nozzle width, w = 13.3 mm, a sensor four
times as wide would have given a value of Nuo of 67.13, i.e. 4.17% below the
value of Nuo = 70. As the systematic error which derives from the finite size
of the sensor corresponds to reducing Nuo by only about 4.17, it was concluded
ﬁhat this error is acceptably small and of the same order of the uncertainty
in measurement shown in Appendix 5.

Although the present study is oriented to heat transfer under multiple
confined jets, the experimental program included the corresponding single con-
fined slot jet in order to provide a base case for analysis of the multiple
jet configuration. The multiple jet system was converted to the equivalent
single jet arrangement shown on the bottom of Figure 5.1 by blocking the exit
slots and the two side nozzles with thin sheet metal and opening both end
walls to allow the spentflow to exit laterally as indicated.

The single impinging jet data presénted in Figure 5.15 over the rangé
4 < H/w < 24 indicate that Nuo passes through a maximum at around H/w = 8.

The data also indicate an effect due to nozzle width (w). Although the depen-
dence on w over the range 3.3 to 13.3 mm is not large (Figure 5.15), it cannot
be neglected, especially at the lower values of H/w.

Of these two effects on Nu_, i.e. the maximum with respect to impinge-
ment surface spacing at H/w = 8 and the appearance of w as additional param-
eter, the former will be considered first. Impingement surface spacing af-
fects Nuo through the corresponding effects of H/w on the mean velocity and
turbulence intensity of the impingement flow (documented in Chapter 4) ap-
proaching the stagnation point. With respect to effect of distance from the
nozzle exit, Figure 4.12 provides profiles of axial meaﬁ velocity, Uo’ while

Figures 4.13 and 4.14 document more clearly that after the end of the poten-
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tial core, which is about 3-4w, Uo decays proportional to the square root of
distance from the nozzle exit. It is clear that with this effect of spacing

on Uo’ there is a resultant effect of decrease of Nuo with increasing spacing.
However, while U° decreases continuously with spacing, Figure 4.11 documents
the increase of turbulence intensity with distance from the nozzle exit, an
increase at first very sharp, but levelling out after 8w from the nozzle exit.
Hence as impingement surface spacing increases, the effect of H/w on Uo at any
particular value of w is to cause a reduction in Nuo, while through the effect
of H/w on turbulence intensity there is the opposite consequence of increasing
Nuo. Figure 5.15 clearly illustrates that for spacings up to about H/w =8

the effect on Nuo of the rapidly increasing turbulence intensity is more im-
portant than the opposing effect of decreasing Uo' Beyond H/w = 8 the relative
importance of these two effects is reversed, i.e. the effect on Nuo of decreas-
ing U0 is stronger than the opposing effect of , now, more slowly increasing
turbulence intensity.

This approach of analyzing Nu0 = f(H/w) in terms of the concept of Nuo‘=
f(Rea,Tua) was applied quantitatively. Nuo has previously been successfully
correlated using the concept of an arrival Reynolds number derived from stagna-
tion pressure (Gardon and Akfirat, 1966). In the present study, Uo profiles
from Figure 4.12 were interpreted as equivalent to profiles of arrival Reynolds
number. Thus the effect of distance from the nozzle exit on centerline turbu-
lence intensity and centerline mean velocity of Figures 4.11 and 4.12 establish
the dependence on distance from the nozzle exit for arrival Reynolds number,
Rea, and for arrival turbulence intensity, Tua. The dependence of stagnation
Nusselt number on Reynolds number for the present study is known from results
to be presented and discussed subsequently. Combination of this Nu-Re depen-

dence with the net effect of H/w on Nuo, indicated on Figure 5.15, mzkes it
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possible to estimate the dependence of Nuo on turbulence intensity. With
Nusselt number dependence expressed as turbulence intensity to some power, as
for Reynolds number, this analysis indicates that for spacings in the range
4w to 8w from the nozzle exit, the turbulence exponent is about 0.41, while
for spacings 8w to 16w from the nozzle the exponent is about 0.10. For a dis-
tance 4w to 8w from the nozzle the corresponding average range in turbulence
intensity is 77 to 157, while for 8w to 16w from the nozzle the intensity is
in the approximate range 157 to 20%Z. It is reasonable that the turbulence in-
tensity exponent, i.e. the sensitivity of Nuo to turbulence, would be less at
levels as high as 157-207 turbulence than at lower intensities. With respect
to the occurrence of maxima around H/w = 8 in the Nuo-H/w profiles, the above
analysis puts into quantitative form the qualitative observations made at the
outset here and in numerous preceding studies that Nuo is dominated by turbu-
lence intensity for low spacings, less than about 8w, but by mean velocity
for spacings greater than that for the maximum in Nuo'

The approach of analyzing the effect of H/w on Nuo in terms of the cor-
responding effects of mean velocity and turbulence intensity is applied now
to a second feature of the Nuo results, the appearance of w as a parameter
in constant Reynolds number-constant H/w results. It was docuﬁented extén-
sively in Chapter 4 that w was a small but consistent parameter in all flow
field measurements. Because the effect of w as a parameter for Nuo is most
significant for spacings less than 8w (Figure 5.15), this is the region ex~
amined. It is predicted that as w increases from 3.3 to 13.3 mm the effects
of w on mean velocity and turbulence intemnsity should contribute, respectively,
a decrease of 37 and an increase of 257 in Nuo, i.e. a predicted net increase

of about 207 in Nu0 as compared to a measured increase of about 17%. The

7
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fact that this analysis provides a satisfactory prediétion of measured ef-
fects of w on’Nuo is further confirmation of the validiiy and usefulness of
the approach of interpreting effects of geometric variables w and H/w in a
quantitative way through the fundamental flow field variables, Reynolds num-
ber and turbulence intensity.

In summary at fixed geometrical parameters except w there are two op-
posing effects on Nuo associated with increasing w at a fixed Rej; an effect
on mean velocity which acts to decrease Nuo, and an effect on turbulence in-
tensity which acts to increase Nuo. As Figure 5.15 indicates that, at H/w =
4, Nuo at constant Rej in fact increases with increasing w, it can be con-
cluded that for close impingement surface spacings, the effect of w in in-
creasing turbulence inteﬁsity predominates over its effect in decreasing mean
axial velocity. It should be recalled from earlier discussion that the re-
sults for NuO contain a small, systematic error because of finite sensor
width, an error estimated for the smallest nozzle as causing a reduction in
Nuo of about 4.17. From Figure 5.15 it may be concluded that at spacings in
the range léw to 24w, after allowance for this systematic reduction in Nuo
for the data at w = 3.3 mm there remains littlé significant effect of w as a
parameter. By reference in Figures 4.11 and 4.12 to the effect of increasing
w on turbulence intensity and mean velocity at constant Rej at these large
values of spacing, i.e. a small increase in intensity but a counterbalancing
small reduction in mean velocity, the conclusion from Figure 5.15 is that
combination of these opposing effects produces little net effect on NuO in

this range of H/w.
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As understanding the effect of H/w on Nuo depends in part on the cor-
responding effects of spacing on turbulence, it is relevant to consider what
is known about dependence of rate of heat transfer upon turbulence intensity.
This subject was investigated by Kestin et al. (1961a, b) for the case of
parallel flow on flat plates and crossflow on cyclinders. They showed that
free stream turbulence can affect heat transfer in three ways. TFirst, in the
absence of pressure gradients (as for parallel flow over a flat plate) in-
creased turbulence in the free stream promotes transition from a laminar to
turbulent boundary layer. Second, in the presence of a positive pressure gra-
dient, as in diffusing flow, the transition to turbulence is also advanced.
Third, in the presence of negative pressure gradient, as in stagnation flow
(forward part of a cylinder in crossflow and a flat plate in an accelerating
stream) the local heat transfer coefficient increases with turbulence inten-
sity. As the impingement flow from the stagnation point is an accelerating
flow, it would be expected that an increase in turbulence level in the jet
would act in the direction of increasing the rate of heat transfer.

The recent measurements reported by Simonich and Bradshaw (1978) in a
turbulent boundary layer in zero pressure gradient showed that grid generated
free stream turbulence increased heat transfer by about 57 for each 17 root
mean square increase in the longitudinal fluctuating velocity.

- For single impinging slot jets the maximum Nuo was found to be in the
vicinity of H/w = 8 by a number of other studies, as reported by Korger and
Krizek (1966), Gardon and Akfirat (1966), Kumada and Mabuchi (1970), Schliinder
et al. (1970) and Cadek and Zerkle (1970). Only Gardon and Akfirat reported
measurements of axial mean velocity and turbulence intensity at the jet center-
line. They reported a higher level of turbulence intensity at the nozzle exit

than in the present study as they used a significantly larger nozzle length-
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to-width ratio, t/w. Their case of higher turbulence at the nozzle exit pro-
duced an axial profile of turbulence along the jet centerline that, relative
to the present study was higher for 0 < z/w < 8 and lower at z/w > 8. In
spite of this difference in profile of turbulence along the jet centerline,
Gardon and Akfirat found Nuo to be a maximum at a spacing of about H/w = 8,
where in fact the turbulence level of the two studies was about the same.
After analysis of the stagnation point heat transfer for single imping-
ing slot jet, attention may now be turned to the case of multiple impinging
slot jets. For the confined multiple impinging jet system with slot exhaust
ports alternating symmetrically between slot nozzles shown on top of Figure
5.1, a central feature of analysis of results is the concept developed in
Chapter 4 of "flow cell". It is evident from Figure 5.1 that even when the
geometric and flow parameters for a single and a multiple jet system are iden-
tical, the flow field and hence the impingement surface heat transfer of the
latter must be different from that for the corresponding single jet, at least
over the region away from the centerline as shown subsequently in Section 5.4.
However, as documented in Chapter 4, for a multiple jet system with jet noz-
zles and exhaust ports spaced sufficieﬁtly far apart, interaction from the
outflow would not extend to the jet centerline hence to the stagnation point
heat transfer. The criteria of interacting/non-interacting multiple jet
system will now be investigated by examining the corresponding valges of Nuo.
Over the entire range of jet Reynolds number the effect of impingement
surface spacing or flow cell proporfion on Nu0 for the multiple impinging jet
system shown on top of Figure 5.1 is presented in Figures 5.16 through 5.20
for each of the 5 values of open area over the experimental range 1.56 < f <
8.313%Z. It was noted earlier that the geometrical parameters for the multiple

jet system may be defined by two independent dimensionless ratios. As percent
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open area, f, has been selected as one dimensionless parameter, these figures
are presented so that either S/H or H/w may be read as the other geometrical
parameter.

For all values of jet Reynolds number and for all values of percent open
area, on Figures 5.16 through 5.20, the profiles of Nuo show a maximum. While
the value of S/H at which the Nu° maximum occurs varies considerably, these.
maxima are in all cases at about H/w = 8. For this purpose it is therefore
evident that as the second geometrical parameter, H/w is clearly preferred
over S/H. The varying relative importance of the opposing effects of H/w on
axial mean velocity and turbulence intensity, as analyzed in some detail in
connection with Figure 5.15 for a single jet, obviously continue to act in a
similar way for the multiple jet system. The consistent occurrence of a maxi-
mum in Nuo at about H/w = 8 is a consequence of these opposing effects of
spacing on the flow field variables along the jet centerline.

It was noted earlier that single jet results provide the point of refer-
ence for the complex multiple jet system. The flow field analysis in Chapter
4 established that an understanding of the key factor of interaction between
jets for the multiple confined slot jet case is only obtained with the choice
of £ and S/H rather than f and H/w as the two independent geometrical param-
eters. As the question of jet interaction effects is central to the analysis
of Nuo results, S/H and f is the pair of geometrical parameters required for
the ;ubsequent discussion of this section.

The comparison of single and multiple results is presented for 2.06,
6.25 and 8.3137 f respectively by addition to Figures 5.17, 5.19 and 5.20 of
data from Figure 5.15 for a single jet. For f = 2.067 and Rej== 10270 (Fig-
ure 5.17) the data for both single and multiple impinging jets coincide down

to the lower limit of S/H, i.e. to S/H = 1, thus indicating that for this S/H
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the multiple jets are still non-interacting at the stagnation point.

For £ = 6.257, Figure 5.19 shows the superposition of single jet results
from Figure 5.15 for Rej = 10910. As the flow cell proportions, S/H, are de-
creased the multiple and single jet Nuo values remain coincident down to S/H =
1. By S/H = 0.67 the multiple jet Nu° becomes slightly lower, while by S/H =
0.33 the multiple jet Nuo is about 257 lower than for the reference single jet
case. For f = 8.3137 the superposition of results for Rej== 10770 on Figure
5.20 shows that the multiple jet Nuo starts to drop below that for a single
jet after approximately S/H = 0.75 with the deviation at smaller values of S/H
increasing such that by S/H = 0.33 the multiple jet Nuo is about 277 lower.

The reduction of Nu0 for the multiple jet system at low values of S/H is
another indication of the interaction between jets having reached the inlet
jet centerline. Although single jet results were obtained at only this value
of Rej, from the similarity of slope of the curves on Figures 5.19 and 5.20 it
appears that, as S/H is decreased, the effect of multiple jet interaction be-
gins at about S/H = 0.75 over the range of Rej » 11000.

With respect to the critical value, (S/H)co, at which the effect of inter-
action between multiple jets just reaches the jet centerline, it is pertinent
to compare the values of (S/H)co indicated by the criteria of Nuo as noted above
with the flow criteria summarized in Table 4.9. Thus it was recorded in this
table that at S/H = 0.75 the interaction was already significantly felt at the
jet centerline. At S/H = 0.75 the turbulence intensity by only 6w from the
nozzle exit was already twice as high for multiple as for single jets, but the
axial mean velocity was somewhat lower for multiple jets. As the data for Nu0
from Figures 5.19 and 5.20 indicate no significant difference in Nuo between
multiple and single jets at S/H = 0.75, it is evident that the effects on Nuo

of increased turbulence intensity but lower arrival Reynolds number, being
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opposite in direction, are about equal, thus producing no net effect, Figure
5.19 indicates that the effect of interaction has lowered Nuo perceptibly by
S/H = 0.67. Taking the evidence of Figures 5.19 and 5.20 together it may be
concluded that, using the effect of S/H on NuO as the criterion, the critical

value of flow cell proportions at Rej = 11000 is very close to (S/H)co = 0.75.

There is no contradiction between this conclusion with respect to the
value of (S/H)c and that from analysis of the flow results which indicated 1 >
(S/H)c > 0.75. The finding that the value of (S/H)c is slightly lower using
Nuo as the criterion reflects the fact that the effects of interaction on the
flow field (decreasing axial mean velocity but increasing turbulence) act in
the opposite directions on heat transfer. Thus, over a small range of S/H
just above 0.75, the effects of changes in the flow field have counterbalanc-
ing effects on heat transfer which for this very limited range of S/H leave
Nu0 not significantly changed.

As the flow cell proportion drops below 0.75, i.e. below (S/H)c, the
same opposing effects continue, i.e. for the multiple jet case a great in-
crease in turbulence and significant decrease in axial mean velocity relative
to the single jet reference. However, the results for Nuo at S/H < 0.75 in-
dicate that the reduction of heat transfer associated with the lower mean ve-
locity predominates increasingly over the tendency of heat transfer to in-
crease with increasing turbulence. It is evident that beyond some high level
of turbulence, further increases in intensity do not have an appreciable ef-
fect on increasing heat transfer. Recall from Figure 4.11 that the turbulence
intensity for S/H = 0.375 had reached 20% by only 2w from the nozzle exit.
Thus with respect to stagnation heat transfer, the dominating flow field param-
eter for the case of interacting multiple slot jets is axial mean velocity,

not turbulence intensity.
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The occurrence of multiple jet interaction at the centerline demonstrat-
ed on Figures 5.17, 5.19 and 5.20 is depicted on Figure 5.21(a) by showing the

effect of S/H on Nuo for Rej = 11000. For the case of £ = 2.067, even at the

very large spacing of H/w = 24 the flow cell (S/H = 1) is still sufficiently

wide that interaction does not reach centerline. Hence for f = 2.06Z, the
nultiple jet line shown on Figure 5.21(a) is completely coincident with the
corresponding single jet line on Figure 5.15. Likewise, for the Figure 5.21(a)
lines corresponding to 6.25 and 8.3137 open area, the portions of the curves
down to S/H = 1 are also identical to the corresponding single jet lines on
Figure 5.15. However, for values of S/H below (S/H)co, the drop in Nu0 is so
sharp that the curves cross. Looked at from the perspective of H/w rather
than S/H, the result of the strong interaction at the centerline for 6.25 and
8.313% open area systems is reflected in the reversal at high H/w from the
usual effect of £ (or w) on Nuo. Similar to Nuo at Rej = 11000, the NuO pro-
files for Rej = 5400 and 21700 (shown in Figures 5.21(b) and (c) respectively)
appear to drop sharply at about S/H = 0.7, indicating that the effect of mul-
tiple jet interaction on (S/H)co does not vary significantly with Rej over
5400 g Rej § 21700.

The effect of interaction at the jet centerline in a multiple jet system
is illustrated alternately in Figures 5.22 and 5.23 where the effect of jet
Reynolds number on Nu0 is shown for two particular values of dimensionless im-
pingement surface spacing, H/w = 8 and 16. While for the non-interacting jets
(2 < S/H < 4) Nu0 depends on Reg'57, for the jets starting to interact 0.75 g
S/H ¢ 1 this dependence increases to Reg'62. Although this difference in ex-
ponent is not by itself significant, this trend continues as shown in Figure
5.23, where the Rej exponent increases gradually from 0.65 to 0.72 with de-

creasing S/H. For a single slot jet the stagnation region boundary layer was



FLOW CELL PROPORTIONS, S/H

o o O o0 O MmMOAO

- = S KR 8mAC9o .506%

; o [ ~ O @ OCD;)

o ° e S 835333 t=6.25%

) 0n Q "n 2 m A

Q

L 5 S & oo f=8.313%
90 L Rl L) T 1 L ) 1 T T T T T

@ .

[¢ ]
o

STAGNATION POINT NUSSELT NUMBER, Nu,

N
SYMBOL | %t Rej \v\m..__A
40 + a 2.060 10,270 o ‘~-..._A ]
v 6.250 10,800 \0 N
0 8.313 10,800 v\
30} i
20 L 1 b I R Il j M WS W TR N |
4 6 8 I0 12 1416 1820 24 28

DIMENSIONLESS IMPINGEMENT SURFACE SPACING, H/w

FIGURE 5.21. Effect of Impingement Surface Spacing on Nu,
(a) for Multiple Jet System (f = 2.06, 6.25 and
8.313%) for Rej = 10800 (nominal)

221.



O
FLOW CELL PROPORTIONS,S/H
Q [« o OoOm °°°
o 2
] ] 3-. 22352 r-206%
o o ~ &~ 0 Towm
O 0 0 €Ce¢enm -
] 2 ¢ 6 3 ggag f76.25%
} ©
o 0n o m M~ 3
2 S S S 6 o t=8.313%
60 L LA L LA L LE L3 L L ¥ .
[~ -
]
=z 50 E (b) -
E: [ O;'——— 4
@ 40 -
s A7
: =3 -
z
= 30} 4
w
7]
7] L 4
2
z
[
z 20 g
4
2 SYMBOL %t
= B a 2.060 1
.‘z-i \"J 6.250 } 5,400
Q o) 8.313
E 'O L 'y S [l [ U T TS G
4 ) 8 0 12 14 16 1820 24 28

DIMENSIONLESS IMPINGEMENT SURFACE SPACING, H/w

FIGURE 5.21 (b) Effect of Impingement Surface Spacing on Nu
o

for Multiple Jet System (f = 2.06, 6.25 and
8.313%) for Rej = 5400

222.



FLOW CELL PROPORTIONS, S/H

Q Q Q O MOLO
o o 6 2 @ ~ 2
o " o T T T332 f=208%
o ~ &~ O ®TOowUmM
S e @ © B T¥mm o0
N = © © 0o 9000 : °
' o m 2o
")
2 ~ 8 T mm 3 °
® p 6 & o o t=8.313%
'50 T — T ) Ty L v rvrs
[~}
C
2 @
x
§ 100 | 1
S 9%¢} d
Z 80} i
[
J -
J T0F
@
S 60F J
. J
; 50 |
o sSYMBOL ot Rej
o 40+ o 2.060 21,750 ]
5 v 8.250 21,720
1 o) 8.313 21,760
; 30 S /- L 1 ' I} F WSSO T N S
z 4 6 8 10 2 4 16 I8 20 24 28

FIGURE 5.21 (c)

Effect of Impingement Surface Spacing on Nu
for Multiple Jet System (f = 2.06, 6.25 and

DIMENSIONLESS IMPINGEMENT SURFACE SPACING , H/w

8.313%) for Rej = 21700 (nominal)

223.



0

K . - — :
< 100 ¢
n:" 90 o
L
™ 80
2 70} .
< 3
E 60 A0
K 50
T v3
- 40 o H/w=8
= / SYMBOL | %f | S/H
0. & o .56 4
_ 30 a |206 | 3
O o 3.125 2
= v 6.25 |
< . 8.313 | 0.75
% 20 — 2 R N 1 N N
f_K 5,000 10,000 20,000
w REYNOLDS NUMBER, Re;

FIGURE 5.22. Effect of Jet Reynolds Number omn Nu, for Multiple

Jet System (H/w = 8)

A



STAGNATION POINT NUSSELT NUMBER, Nuj,

80  |symBoL | %f | s/H :I
70 | DO 1.56
A 2.06
60 t o) 3.125
v 6.25
S50+ e 8.313 .
H/w =16
40 -
30 ~ '?o L
20 6 — 1 s 2 2 1 2 —

5x103 104 2x104
REYNOLDS NUMBER, Rej

FIGURE 5.23. Effect of Jet Reynolds Number on Nu, for Multiple
Jet System (H/w = 16)

3x104

YA



226.

assumed in various studies to be laminar, which would correspond to Nuo pro-
0.5
|

portional to Rej . The present data show that the Re, exponent increases

from 0.57 for non-interacting multiple jets, equivalent to single jets, to

0.72 with increasing interaction at the centerline. Hence at sufficiently low
values of S/H the interaction between multiple jets penetrates to the stagna-
tion point, decreases Nuo and changes the stagnation boundary layer in the di-
rection of becoming turbulent. The evidence of this statement is that increas-
ing interaction changes the Rej exponent from 0.57 (not much above the laminar
limit of 0.5) to 0.72 (not far from the limiting value of 0.8 for a turbulent

boundary layer.

For very approximate purposes only, a linear regression correlation for
Nuo was obtained for all the data for H/w > 8, and is shown on Figure 5.24 with
the corresponding single slot jet impinging jet correlation of Gardon and
Akfirat (1966) for the case of H/w = 8. The higher Rej exponent for the pre-
sent study reflects the fact that some of these data are for interacting jets
which, as noted earlier, are characterized by a larger Re, exponent. Figure
5.25 shows that in spite of some major approximations associated with it, this
overall representation correlates the data within *157 band around the corre-

lation line.

5.4 Lateral Profiles of Heat Transfer

Following the discussion of stagnation point heat transfer (Section 5.3),
the lateral profiles of Nux for the test conditions presented in Table 5.1 are

analyzed in the present section.

5.4.1 Effect of Reynolds Number and Geometrical Parameters on Profiles of Nu
P9

The first set of figures, 5.26 through 5.28, provides the profiles of
Nux for the closest spacing (H/w = 4) over a range of Rej. With specification
of one of the dimensionless geometrical parameters by fixing H/w, the second

independent geometrical variable may be specified alternately as f, S/w or

* The stagnation point mass transfer coefficients reported by Korger and Krizek
(1966) for single unconfined impinging slot jet (8 s H/w g 40, 6040 s Re, <
37800) were found to be dependent on Rei' and on H/w_o'6 . With the
absence of information on the nozzle and flow characteristics it is diffi-
cult to assess the effect of these variables on the relatively higher Re,
exponent. J
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S/H. Each of the three graphs in this set presents Nux profiles for one
value of the second geometrical variable.

The principal features of these 9 profiles are the occurrence in each
case of an off-stagnation maximum and intervening minimum. Previous investi- °
gators have identified the minimum as reflecting transition from a laminar to
turbulent boundary layer, hence the designation of this position as XT" This
transition is considered complete at the location of the off-stagnation maxi-
mum, the intervening section being therefore designated the tramnsition regiom.

Existence of minima in the Nux profiles reflects the end of the section
which begins at x/w = 0 and over which a laminar boundary layer grows in thick-
ness from the minimum value existing at the stagnation point. The heat trans-
fer coefficient naturally decreases as this boundary layer grows. The increase
in heat transfer coefficient over the transition region corresponds to the en-
hanced transport characteristics of a boundary layer which is becoming turbu-
lent. The decline in NuX beyond the off-stagnation maximum simply reflects
increasing thickness of the turbulent boundary layer.

For H/w = 4 and over the Reynolds number range 3410-29000 the minima and
off-stagnation maxima occur over the ranges of distance from stagnation equal
to 1.8w to 5w and 3.1lw to 7w, respectively. The second geometrical variable,
f, S/w or S/H has no effect on the location of either of these features. Thus
the variation in location of maxima and minima is due to Rej, the direction
of the effect being a shift of both the minima and maxima toward the stagnation
point with increasing Rej.

Reference at H/w = 4 to a laminar boundary layer over some distance out
from the stagnation point for the case of slot jet as highly turbulent as was
documented in Figure 4.11 warrants comment. For a single turbulent impinging

jet at 2 < H/w < 8, Gardon and Akfirat (1966), Korger and Krizek (1966), Kumada



233.

and Mabuchi (1970), Schliinder et al. (1970) and Cadek and Zerkle (1970) all
reported that stagnation region heat transfer has laminar characteristics and
that at the end of this region a transition to turbulence occurs. These stud-
ies indicated that the boundary layer remained laminar in the stagnation re-
gion. Cadek and Zerkle (1970) found good agreement between theory and experi-
ment in the stagnation region by assuming a laminary boundaryylayer, except
for H/w > 8 where free jet turbulent effects were found to augment the heat
transfer rates.

In the presence of a negative pressure gradient such as on the forward
part of a cylinder in a crossflow, Kestin et al. (196la, b) also reported that
up to the end of this region the boundary layer is laminar, and that the pres-
ence of this negative pressure gradient stabilizes the boundary layer, thus
delaying transition to turbulence. In the case of an impinging jet the pres-
ence of a similar negative pressure gradient in the stagnation region stabi-
lizes the boundary layer in spite of the locally high turbulence levels in the
free jet. A further stabilizing effect on the laminar boundary layer is the
high velocity gradient near the wall at small impingement surface spacings and
high Rej, which minimize the boundary layer thickness.

Cartwright and Russel (1967), and Cadek and Zerkle (1970) over a wide
range of Rej calculated the point of transition by employing the method of
Polhausen in the impingement region to predict the general flow properties,
including boundary layer growth and skin friction. They then determined a
stability criterion by the Tollmein-Schlichting procedure as shown in
Schlichting (1968) that yielded critical values of Reynolds number as based
on boundary layer displacement thickness.

For 8 < H/w < 17 and 25000 < Re, < 110000, the laminar analysis of heat

3

transfer by Cartwright and Russel (1967) fail to estimate by a comsiderable
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margin the value measured for xT/w. It is to be expected that such a simple
analysis would fail mainly because the turbulence level in the free jet is
considerably higher than that normally encountered in the aerodynamic stagna-
tion point theory used. In fact, the boundary layer in the impingement region
for the case of a turbulent jet may be considered as an unsteady layer.

As noted briefly earlier, the lateral gradient of pressure at the im-
pingement surface is considered ﬁo play a key role in boundary layer transition
from laminar to turbulent. Since a strongly negative pressure gradient stabi-
lizes the laminar boundary layer in the stagnation region, an approximation is
that transition occurs where the steep pressure gradient ends. For non-inter-
acting multiple jet systems, i.e. corresponding to flow cells of S/H > 0.7 and
over a range of Rej (5000-43800) and H/w (4-16), it has been established through
Figures 4.31-4.37 that the profiles of static pressure at the impingement sur-
face display similarity when represented as a function of x/H. From these sim-
ilar profiles the stagnation region, defined as the location where static pres-
sure drops to 57 of the stagnation pressure, was found to extend laterally a
distance equal to half the spacing, H. Application of these similarity find-
ings from Chapter 4 would then imply that, for Nux profiles at H/w = 4 (Figures
5.26 through 5,28), the transition point xT/w would be near 2. In fact it may
be seen from these figures that over the Rej range of 5400 t0 29160, the values
of xT/w vary only from 1.8 to 3, thus providing further support for the concept
that transition to a turbulent boundary layer occurs after the stabilizing ef-
fect of a steep lateral pressure gradient is no longer present.

As boundary layer transition from laminar to turbulent is driven by the
interaction between the surface and an impingement flow which (as documented
in Chapter 4) is highly turbulent, the finding that this transition occurs

over a shorter distance (xT) from stagnation as Rej increases is expected.
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Moreover, the data of Chapter 4 document the extent of the increase with Rej
of the lateral normalized static pressure gradient in the impingement region.
Thus as Rej increases it is interesting to note that there is both a larger
relative drop in Nux (over the region 0 < x/w < xT/w) and correspondingly a
larger relative increase in Nux from transition (xT/w) to the secondary maxi-
mum. Hence the sharpness of the maxima énd minima peaks increases with in-
3 Rather curiously, then, higher values of Rej act through a
steeper lateral gradient in pressure, first, to maintain a laminar boundary
layer for some distance from the stagnation point, but when transition does

occur, the increase in Nux is more pronounced with larger Rej

Although the locations of the minima and off-stagnation maxima in Nux
profiles are a function of Rej,‘it.should be pointed out that the length
of the transition region, between lw and 1l.5w in all cases, is independent of
Rej. Thus the magnitude of the effects of Rej on location of transition and
of secondary maxima are evidently about the same. For the case of a turbulent
round impinging jet Obot (1981) found similar effects as to the influence of
Rej on movement of the transition region. He also found that the transition
from laminar to turbulent boundary layer occurs closer to the stagnation point
with than without a confinement surface.

It will be recalled from the preceding section that for values of S/H
sufficiently large for there to be no interaction at the jet centerline of
multiple jets, a condition which applies for Figures 5.26 through 5.28 where
the narrowest flow cell is S/H = 1.5, the Reynolds number dependence of Nuo
was with (Rej)o'57. That this exponent is close to the 0.5 value associated
with a laminar boundary layer is of course consistent with other comnsidera-

tions which indicate, for the conditions of Figures 5.26 through 5.28, that the

boundary layer begins as essentially laminar. Moreover the Reynolds number
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dependence of Nux at the secondary maxima is found to be close to the 0.8 ex-
ponent associated with a turbulent boundary layerf Thus the fact that the
Rej exponent is about 0.57 for Nuo but about 0.8 for Nux at the secondary
maxima provides further confirmation for this interpretation of results.

The second set of figures, 5.29 through 5.31, provides the profiles of
Nux over a range of Rej for the next impingement surface spacing, H/w = 8,
with each of these five graphs prepared for a value of the second geometrical
variable, i.e. £, S/w or S/H. In contrast to the profiles of Figures 5.26
through 5.28 for H/w = 4, the off-stagnation maxima and minima completely dis-
appear at H/w = 8. Two effects both act in the direction of elimination of
these features of profiles at small impingement surface spacings. First, at
twice the distance from the nozzle exit the flow approaching the impingement
surface is very much more turbulent, in the order of twice as turbulent, as
is documented in Figure 4.11. Secondly, at twice the distance from the noz-
zle exit the stagnation pfessure is significantly reduced, as may be seen
from Figure 4.30. Thus for the case of the larger spacing (H/w = 8) there is
a considerable reduction in the lateral gradient in impingement surface pres-
sure, identified earlier as the source of significant stabilizing effect to
maintain a laminar boundary layer until the end of the stagnation region for
H/w = 4. Thus relative to the case for H/w = 4, the much more highly turbu-
lent flow approaching the stagnation region combined with considerable reduced
lateral gradients in pressure appear sufficient to eliminate the phenomena of
laminar to turbulent boundary layer transition for H/w = 8 over the range of
Rej tested.

As the concept of transition at the edge of the stagnation region where
lateral gradients in pressure become small was found to be useful in analysis

of the profiles at H/w = 4, this concept should be applied for H/w = 8 as well.
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As the similarity in pressure profiles developed.in Chapter 4 indicates that
the edge of the stagnation region occurs at about x/H = 0.5, it follows that
for Figures 5.29 through 5.31, the stagnation region ends around x/w = 4.
Examination in the vicinity of x/w = 4 for these 13 profiles establishes that
in no case is’there any indication of a sharp laminar to turbulent transition
at this possible locationm.

It was noted at the outset that some single jet data were taken to pro-
vide a base case for evaluation of multiple jet system results, Thus on Fig-
ures 5.29(a) and 5.30(b) are superimposed two profiles on Nux for a single
slot jet for comparison. It is evident from Figure 5.29(a) that at Rej =
10790 and for S/H = 4 (f = 1.56%), the multiple jet profile is indistinguish-
able from that for the equivalent single jet. From Figure 5.30(b) for the
same Rej but S/H =1 (f = 6.257), the profiles likewise are indistinguishable
except for the last two locations, i.e. at x/w = 7-8. Thus in this case the
indication is for Nux under the exhaust port to be slightly higher than for
the comparative single jet case. As the exit port width is 4w for 1.56 < £ ¢
6.25%, it follows that the exit port is located at 2w from the exit port cen-
terline, i.e. at from x/w = 6 to x/w = 8. For the case f = 8.313%, the exit
port is 1.5w from the exit centerline, i.e. at x/w from 6.5 to 8.

It may be concluded therefore that for wide flow cells, E.e. the cases
for S/H of 4, 3 in Figures 5.29(a) and (b) and 2 in Figure 5.30(b), a multiple
jet system may be viewed simply as an array of single jets, because the multiple
jet interaction is so small as to be imperceptible on Nux at any
location between the jet inlet to exhaust port centerlines. At S/H =1 the
multiple jet system is still effectively an array of single jets with the ex-
ception of evidence for a small increase in heat transfer, perhaps 107, just

for the section directly under the exit port.
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The third set of figures, 5.32 éhrough 5.34, present Nux profiles at
the next larger spacing, H/w = 16. In this case for the standard range in
open area, i.e. 1.56 to 8.337, the corresponding range in flow cell propor-
tions, S/H, is from 2 down to 0.375. As the general features remain as for
H/w = 8, the principal interest rests with comparison with single jet re-
sults. From Figure 5.32(a) it can be seen that, as expected, the multiple
jet system at S/H = 2 may be considered simply as an array of equivalent sin-
gle jets. However, at S/H = 0.5 it would be expected that a significant in-
teraction would be presenf, and this is apparent on Figure 5.33(b). In this
case the Nux profile for the multiple jet case starts at stagnation at a value
significantly less than that for a single jet, as was already seen on Figure
5.19 for Nuo. The reduction in multiple jet Nux profile continues until the
location just under the exit port, i.e. to x/w = 6 after which the multiple
jet Nue is lifted to become, by x/w = 8, again about 107 greater than that
for the comparativé single jet case. |

For the set of profiles at the highest impingement surface spacing,
H/w = 24, the Nux profiles are shown on Figures 5.35 and 5.36, for which S/H
ranges from 1.33 down to the lowest value measured in this study, S/H = 0.33.
Again the prime interest is the single jet/multiple jet comparison. At S/H =
1.33, these two cases again completely superimpose, as would be expected for
this size of flow cell. The profiles of Figure 5.36(b) are all quite flat,
due to the marked reduction in Nuo for S/H as low aé 0.33, as was seen in
Figure 5.19 for Nuo. This large reduction in Nux continues away from the
stagnation point until the section under the exit port is approached. Thus
directly under the exit port wall, i.e. at x/w = 6, the multiple jet profile
has been lifted back to equality with NuX for the single jet at the same lo-

cation. By x/w = 8, i.e. under the exhaust port centerline, the multiple jet
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Nue is about 257 higher than the comparative single jet case. The role of
the local value of convective heat transfer driving force, AT, in this rela-
tive increase in Nux near the exit port region will be examined in Section
5.4.4.

Three Nusselt number profiles (Figures 5.30(b), 5.33(b) and 5.36(b))
have been noted for which Nue for the multiple jet case is greater than Nux
at the same distance from the nozzle centerline for the.equivalent single
jet. Thus for sufficiently narrow flow cells, i.e. S/H < 1.5, the conver-
gence at the exhaust port centerline of a pair of spentflows from adjacent
inlet nozzles is associated with an increase in Nux over that for a single
jet.

This flow field under the exhaust port is characterized by flow separa-
tion as the flow adjacent to the impingement surface deflects sharply near
the exit centerline. Such a flow is analogous to that at the rear of a cyl-
inder in crossflow. The exhaust port flow region and that at the back of a
cylinder differ only in that separation occurs in the former case as the de-
celerating wall jet is comstrained to flow away from a'flat surface, while in
the latter case, separaﬁion occurs by the deceleration of the flow along a
convex surface. However, in spite of the difference in surface curvature,
the dominant feature is the common phenomena of flow separation.

The enhancement of heat and mass transfer at the rear of a cylinder in
crossflow has been well documented, for example in the study by Giedt (1949).
In this study the variation of the rate of heat transfer around a cylinder
normal to an air stream was found to be significantly affected by the sepa-
rated flow field. Downstream of the stagnation region, i.e. in the back half
of the cylinder Giedt (1949) reported a minimum heat transfer at a location

coincident with that with zero shear stress. This condition occurs at the
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position on the back of the cylinder where separation of the boundary layer
from the surface is completed. Downstream from the separation point he re-
ported a consistent increase of heat transfer rate due to increased eddy
motion encountered in the separated flow region. Thus the observation of en-
hancement of heat transfer under the exit ports may be understood by reference
to an analogous and thoroughly studied cylinder in crossflow phenomenon which

is characterized by a similar region of flow separation.

5.4.2 Differentiation of Multiple from Single Jets by the Criterion of Flow

Cell Proportions, S/H

A fundamental objective of the present thesis is to quantify the rela-
tionship between confined multiple and single slot jet systems. In Chapter 4
the significance was established of the dimensionless geometric parameter S/H,
flow cell proportions. In Section 5.3, this parameter was found relevant for
quantifying the geometric limit, (S/H)co,rover which stagnation point heat
transfer, Nuo, of multiple jets remains unchanged relative to the equivalent
single slot jet. In Section 5.4.1 where there was an examination of entire
Nux profiles, i.e. from Nu° at the nozzle centerline to Nue at the exit port
centerline, the same S/H ratio was found to be a relevant geometric parameter.
It was noted from Figures 5.29(a), 5.32(a) and 5.35(a) that at sufficiently
high values of S/H, the Nux profile for a multiple jet over the entire region
from Nuo to Nue was coincident with that for the corresponding single jet.

At an intermediate value of S$/H the multiple jet profile of Nux and the pro-
file for the equivalent single jet were found to be coincident for some dis-
tance out from the nozzle centerline, after which Nux for the multiple jet

becomesgreater than for a single jet, as is seen on Figure 5.30(b). At still

lower values of S/H, as seen on Figures 5.33(b) and 5.36(b), both types of
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deviations were found, i.e. a multiple jet system with Nuo lower but Nue
higher than that for the corresponding single jet, so that such profiles
cross at some point between the nozzle and exit port centerlines.

The behavior noted above is displayed concisely on Figure 5.37 which
summarizes all experimental evidence available for viewing the heat transfer
performance of confined multiple slot jet systems relative to eqﬁivalent sin-
gle jets. Thus for S/H > 1.5, multiple slot jet systems may be simply viewed
as an assembly of single jets, as the value of Nux from nozzle centerline
(Nuo) to exit port centerline (Nue) is coincident with that for the corre-
sponding single jet. When the dimensionless width of flow cell, S/H, becomes
less than 1.5, heat transfer for the multiple jet system is enhanced under
the exit port and for some distance towards the nozzle centerline, while heat
transfer at the nozzle centerline, Nuo, remains the same as for a single jet.
When the dimensionless spacing between nozzles is reduced below S/H = 0.7,
interaction between the closely spaced countercurrent flows of inlet jet and
exhaust streams penetrates to the nozzle centerline where it is reflected in
reduction of Nuo for a multiple jet relative to an equivalent single jet.

Nuo for multiple jets is seen to decrease very sharply as S/H is reduced be-
low the lower critical value of 0.7. As S/H is reduced sufficiently, Nue
also would eventually start to decrease. Although no matched sets of data
for single and multiple jets in the present study were at a sufficiently low
value of S/H to show this effect, this expectation is reflected in Figure
5.37 through indication of an eventual downturn in Nue for some flow cell
width less than the lowest experimental value, S/H = 0.33.

These two critical values of S/H for deviation of Nux for a multiple
jet from that for a single jet are then, (S/I‘I)ce’= 1.5 and (S/H)co = 0.7 for

deviation of Nue and Nuo’ respectively. Thus for S/H < (S/H)ce’ a confined
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multiple slot jet system ceases to be effectively an assembly of single jets,
and use instead must be made of specific multiple jet data as is provided by
the present study.

As the data represented on Figure 5.37 are for a nominal Rej of 11000,
the question may be posed as to whether the critical values, (S/H)co gnd

(S/H)ce’ are functions of Re It will be recalled that in Section 5.3, the

5
evidence of Figures 5.21(a) and (b) indicated that (S/H)co was not perceptibly
affected by Rej over the range 5400 to 21700. As complete Nux profiles for
single jets were taken in the present study only at Rej = 11000, there is no
direct evidence as to an effect of Rej on (S/H)ce' However, as (S/H)co is

not affected by Rej over the range 5400 < Rej & 21700, it seems unlikely that

there would be an appreciable effect of Rej on (S/H)ce over that range.

5.4.3 Effect of Flow Cell Proportion on Nu Profiles at Various Levels of
Reynolds Number and Spacing <

The point was made in Section 4.5 that, as three variables S, H and w
define the geometry, two independent dimensionless ratios should in principle
define geometrically similar multiple slot jet systems. Moreover in the case
of lateral profiles of static pressure at the impingement surface, it was
shown that a single pressure profile normalized to the stagnation point wvalue
could be obtained, Figures 4.31, 4.32 and 4.39, when lateral distance was
normalized with respect to H rather than to the customarily used w. This
finding of a universal pressure profile using x/H as dimensionless lateral
distance suggested checking for a similar simplification for Nux profiles.

It might be expected that because Nu0 is a function of H/w, the dependence of
Nux profiles on H/w might be eliminated by normalizing Nux profiles with re-

spect to Nuo, leaving only dependence on a second dimensionless geometric
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parameter, S/H. Figure 5.38(a) shows three Nux profiles as a function of x/H
for a range of values of H/w but at a single value of S/H and Rej. Figure
5.38(b) shows the corresponding profiles normalized as Nu/Nuo. It is evident
that this method of representing normalized Nux profiles by no means lead to
a single profile. As this test was made with multiple jet data, the concept
was further tested for single jet data. For a set of single jet runs at w =
2.5 mm and at the abovevvalue of Rej, values of Nux/Nuo were for simplicity
determined at a single lateral position, i.e. at the x/H %=0.5 value that
proved of interest in the analysis of pressure profiles in Chapter 4. It is
thereﬁy evident that for neither single nor multiple slot jets does there exist
a single normalized Nux profile as was the case for the simpler phenomena of
static pressure profiles.

As Section 5.4.2 and Figure 5.37 has established the importance of S/H
as a geometric variable for multiple slot jet heat transfer, the Nux profiles
previously presented in the series of Figures 5.26 to 5.36 are now reordered
so as to show more clearly the S/H effect. Thus each of Figures 5.39 to 5.48
displays S/H as a parameter, the data being organized as a set of 4 figures
(Figures 5.39 through 5.42) at Rej’= 11000, 4 figures (Figures 5.43 through

5.46) at Re, = 5500 and 2 figures (Figures 5.47 and 5.48) at Re, = 21000.

3 |

Even at the same wvalues of Rej and H/w, profiles of Nux originate at different
values because of two previously discussed effects, specifically, that Nuo
increases with w but decreases at sufficiently low values of S/H, as is dis-
played most clearly on Figures 5.15 and 5.21(a) and (b). In Figures 5.39,
5.43 and 5.47, it is seen that, for H/w = 4, this difference in the profiles
at stagnation continues to the exhaust port. In addition to the fact that

for a specific value of Re, and H/w the profiles begin at a different value

3

of Nuo, the profiles may subsequently converge, diverge, sometimes crossing,
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sometimes not, according to the relative importance of the above-noted effects
at the stagnation point and of the heat transfer enhancement under the exit
ports as recorded in Section 5.4.2 and Figure 5.37.

The only previous data for a multiple slot jet system which can be com-—
pared to the present results is a run at Rej = 5400, H/w = 16, £ = 6.25%,
S/w=28, w=3.175 mm, S/H = 0.5 by Gardon and Akfirat (1966). Since no di-
mension of the plenum chamber was reported by these authors it is difficult
to assess the extent of the upper confinement surface formed by the structural
extension of the plenum chamber. Moreover, because these authors used a long
nozzle (t/w > 24) their confinement surface was therefore always located at
around 24w above the nozzle exit. This implies that regardless of the extent
of the confinement surface, which may have produced an exit opening of around
8w (for a plenum chamber width, S, equal to 25 mm) the confinement surface
effect would be further reduced by being located so far from the nozzle exit.
With the conjecture that their confinement surface extended 4w from the jet
centerline, their exit port would have extended from x/w = 4 to x/w =8, i.e.
a larger exit port than the comparable x/w = 6 to x/w = 8 port of the present
study. The relationship between the multiple and single jet profiles of
Gardon and Akfirat presented in Figure 5.45 is analogous to that found in the
present study as illustrated on Figures 5.33(b) and 5.36(b) in that the pro-
files cross due to the opposite effects at Nu0 and Nue documented in the pre-
sent study. Considering the difference in location and the uncertainties con-
cerning extent of their confinement surface, the agreement between their mul-
tiple jet profile and that of the present study is reasonably satisfactory.

The only other Nux profile of a previous study which may be used as a
reference for the present study is that of Cadek and Zerkle (1970) for a sin-

gle slot jet exiting parallel to the impingement surface. In their experi-
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mental apparatus the impingement and confinement surfaces extended respec-
tively 12w and 8w from the nozzle centerline. Although the present study did
not include any single jet measurements at the level of Reynolds number used
by Cadek and Zerkle, Rej = 20750, the evidence already presented establishes
that single jet profiles would be indistinguishable from those for multiple
slot nozzles spaced as wide as S/H = 2, for which a profile is shown on Figure
5.48. It may be seen that there is close agreement between the S/H = 2 pro-

file and that of Cadek and Zerkle for a single jet.

5.4.4 Analysis of Confined Multiple Jets as a Closed System

The above analysis follows the pattern of all previous studies of heat
transfer under impinging jets, single or multiple, unconfined or confined, in
that the treatment has been that for an external flow and consequently the AT
driving force used for conversion of heat flux to Nusselt number has been the
temperature difference between the impingement surface and the jet at the
nozzle exit. This pattern became established in impingement heat transfer
because most studies have been of the simpler, unconfined jet case. However,
as important industrial applications concern confined jet systems, the pre-
sent study used an impingement apparatus closed with a confinement hood con-
taining relatively small exhaust ports of width 4w. For closed impingement
systems the AT traditionally used for expression of results as Nusselt number
would be exact only at the stagnation point. Beyond the stagnation point it
may be considered that the appropriate AT driving force for use in converting
local values of heat flux to local values of Nusselt number, Nux, should be
the temperature difference between the impingement surface and the local bulk
temperature of the impingement flow. This alternate analysis would treat the

confined impingement system as a closed heat exchanger wherein AT is a vari-
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able, rather than in the traditional way for impinging jet studies with noz-
zle exit temperature as the basis of AT. Profiles of Nux calculated using
ITS - le as AT are effectively profiles of wall heat flux, not of Nux. If
the flow and geometrical parameters are such that the change in bulk temper-
ature from the nozzle exit to the exhaust port produces a negligible relative
change in AT, then there would be no significant difference between the con-
ventional analysis as an external flow and the alternate procedure correspond-
ing to closed heat exchanger. In this section the alternate closed heat ex-
changer analysis is applied to the results of the present study to determine
quantitatively the importance in this case of the choice of basis for AT and
hence of heat transfer coefficient and Nusselt number.

The change from the conventional impingement heat transfer analysis
with AT based on Tj’ to the alternate analysis with a local ATx based on local
bulk temperature, Tx’ requires an energy balance to obtain TX and hence ATx
as functions of x. As the Nux profiles given previously in Section 5.4.1 are
effectively profiles of local heat flux, the lateral profiles of TX derive
directly from the heat flux profiles through an energy balance on the impinge-
ment flow. The lateral Tx profiles were determined for the same lw intervals
in x as were the experimental values of local heat flux at the wall. Thus
the integration of the impingement flow sensible heat equation was carried

out as:

. . hx(Ax)ATx

o x W/2)oU%C_ ©-2

The Stanton number, hx/pU§Cp, occurs as expected in this relation, and may if
desired be considered as the equivalent ratio Nux/RejPr. As hx decreases

with x from the nozzle to exhaust centerlines, it follows that Tx profiles
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will show decreasing slope from jet inlet to flow outlet.
The local Nusselt number, Nuxb’ as the ratio local heat flux to local

temperature difference ATx may then be obtained as

T -T,
- s i
Nuxb Nux (TS — Tx ) (5.3)

With Ts a constant, as in the present study, ATx decreases continuously from
a maximum at the nozzle centerline to a minimum at the exhaust centerline.

Thus Nux is always an underestimate of Nu . as Nux is calculated for a AT

xb

higher than the actual local ATx, except at the stagnation point where Nuxb==

Nux == Nuo .

Two interesting experiments for.application of this closed heat ex-
changer analysis are the pairs of runs shown on Figures 5.33(b) and 5.36(b)
because in these cases both single and multiple jet profiles were obtained
at the same conditions. Moreover these two pairs of runs are of particular
interest as each pair exhibits both enhancement of heat transfer in the exit
port region and depression in the stagnation region. Consequently, each of
these single/multiple jet pairs of profiles cross at an intermediate point,

From the display of Tx profiles on Figure 5.49 for this single/multiple
jet pair of rums, it is seen that in this case the multiple jet flow exhausts
at a temperature only 1.51°% higher than at the nozzle exit. As for all runs
the surface temperature TS is effectively constant at 60°C, the Tx values of‘
Figure 5.49 correspond to a decrease in ATX from 20° at the nozzle exit to
18.5°C at the exhaust centerline. This 8% decrease in ATx from inlet to out-

let of the confined jet system results in the value of Nu , at the exit being

xb
likewise 87 higher than the Nux values which appeared on Figure 5.33(b) and
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which are reproduced on Figure 5.49 for comparison.
For the other pair of intersecting profiles, shown originally on Figure

5.36(b), the Tx and Nuxb

same for the cases of Figures 5.49 and 5.50 but the impingement surface spac-

profiles are shown on Figure 5.50. As Rej is the

ing is greater in the latter case, i.e. H/w = 24 in place of H/w = 16, the
heat transfer is decreased, giving a smaller temperature rise in the impinge-
ment flow from inlet to exit. Thus there is a 1.09°C rise in this multiple
jet example as compared to 1.5°C for the Figure 5.49 case. Correspondingly,
the decrease in ATx'in this example is only from 20°C at the inlet to 18.91°C
at the exit. This 67 decrease in ATx is reflected in the corresponding 67
increase in Nuxb at the exit, relative to the previously reported Nux value.

From the Nusselt number profiles for the multiple jet cases of Figures
5.49 and 5.50 it is seen that the effect of enhancement of the heat transfer
coefficients associated with flow separation under exhaust ports is more
evident when Nusselt number is determined using the local ATx driving force.
Thus for the multiple jet cases on both Figures 5.49 and 5.50 the Nuxb pro-
files indicate an increase in Nusselt number under the exit ports whereas
the Nux profiles indicated only a leveling out.

For a given value of Re, the temperature rise from nozzle exit to ex-
haust port increases with increasing width of the impingement surface, i.e.
with increasing S/w (or decreasing f). Correspondingly, for a particular
value of S/w (or f), this temperature rise increases with decreasing Rej.
Thus in any experimental system the limiting cases for largest difference
between the two alternate bases of expressing Nusselt number, Nux and Nuxb’
would be for low Rej and high S/w (low f), as these conditions favor a high

temperature rise and hence a large change in ATx from nozzle exit to exhaust

port. Several such cases for the present study are now examined.
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For the limiting case of highest internozzle spacing, S/w = 32 (lowest
open area, £ = 1.567) it is convenient to choose a case for which other ex-
perimental conditions are the same as for one of the two cases already pre-
sented. Thus Figure 5.41(a) presents Tx and Nusselt number profiles for
S/w =32 (f = 1.56%) for the same values of Rej and H/w as the case portrayed
on Figure 5.49, for which S/w =8, f = 6.257. Over the region out to 8w from
the nozzle centerline there is not a large difference between the Nusselt num-
ber profiles of these two runs, hence the Tx profiles are likewise not dis-
similar out to x/w = 8. However, in the case portrayed on Figure 5.51(a) the
x/w = 8 location corresponds to only 257 of S/w. In fact the temperature
rise, inlet to outlet, for the S/w = 32 spacing (f = 1.567Z) is over twice
that for S/w =8 (f = 6.25%). The variation in ATx from the stagnation point
value of 20°C was correspondingly greater, i.e. about 17°C at the exit for
the S/w = 32 case compared to about 18.5°C for the S/w = 8 reference case.
Thus the effect on Nusselt number of the use of ATx is appreciably greater
for the small 7 open area case displayed on Figure 5.51(a) than for the larger
open area run given on Figure 5.49, other conditions being the same.

As the importance on Nusselt number of thé use of local ATX increases
at lower values of Rej, Figure 5.51(b) provides an indication of the magnitude
of the efféct at the lowest Reynolds number of the present study, Rej== 3300,
all other conditions as for Figure 5.51(a). For this low Rej, high S/w spac-
ing (low open area) case the temperature rise, nozzle exit to exhaust port,
is from 40°C to 44.7290, equivalent to a decrease in ATx from 20°C to 15.28°¢
from inlet to outlet. Corresponding to this 307 reduction in ATX over the

extent of the impingement surface the value of Nu . at the exhaust port, Nue,

xb

is around 307 higher than that reported previously as Nux.

The final two cases represented appear as Figures 5.52(a) and (b). The
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run shown in Figure 5.52(a) is at the same Rej and S/w(f) as that of Figure
5.51(a), but a closer impingement surface spacing, i.e. H/w = 8 rather than
1l6w. At the closer spacing the heat transfer coefficients are naturally some-
what higher, hence the temperature rise (Tj to Te) is larger, giving a larger
reduction in AT from inlet to exit. Thus the increase in Nue associated with
use of ATx is greater (24%) for H/w = 8 spacing than for H/w = 16 where the
correction was about 197,

The last case, Figure 5.52(b), corresponds to the largest'effect using
local ATx, in that at H/w = 8 the run portrayed has the lowest Rej (Rej = 3300)
and the lowest open area (f = 1.567%, S/w = 32) of the present study. In this

case the temperature rise is from T = 40°C to Te ==46.2°C, hence a reduction

|
in ATx from 20°C to 14°C between nozzle and exhaust centerlines. At the noz-
zle exit in this extreme case Nuxb ig about 457 higher than Nux.

In conclusion, for a system of confined impinging jets, an analysis has
been made of the effect of determinating Nusselt number using a closed heat
exchanger analysis, i.e. using a ATx varying from inlet (nozzle centerline)
to outlet (exhaust port centerline). This effect was quantified in relation
to the conventional basis of analysis which uses a AT relative to Tj' With
a system in which impingement surface temperature (TS) is constant, local ATx
decreases continuously from its maximum value (TS - Tj) at the nozzle center-
line to the minimum (TS - Te) at the exit centerline. Thus use of the closed
system analysis based on local ATx leads to higher values of Nusselt number
at all locations except at the stagnation point where the difference vanishes.
. The maximum difference occurs naturally at the exit centerline. For the
range of flow and geometric parameters used in the present study the Nusselt

number based on local ATx is higher than that given in the preceding sections

according to the conventional analysis by amounts ranging from insignificant
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x/w at IV/V centerline

o= _1

Nu S/v J' Nuxd(x/w) (5.4)
x/w at I1I1/IV centerline

Calculation details and a complete tabulation of results is given in Appendix
2. In Section 5.4, two alternative bases of presenting heat transfer profiles
were given, i.e. Nux and Nuxb. As Nux is the basis used by all other inves—
tigators of impinging jet heat transfer, Nu is computed from Nux to provide
results on a common basis and to facilitate comparison.

Mean Nusselt number is expected to be a function of the flow parameter,
Rej and of two dimensionless parameters from the three geometric variables,
H, S and w. As for the analysis of stagnation heat transfer and profiles,
the two geometrical parameters chosen are the dimensionless spacing of the
impingement surface from the nozzle exit (H/w) and either the flow cell pro-
portion (S/H) or percent open area in the confinement surface (f){ Mean heat
transfer is then examined in three sets of figures, the first of which, Fig-
ures 5.53 through 5.56 shows for H/w = 8, 16 and 24 the effect of Rej on Nu
with S/H as a‘parameter. The second set, Figures 5.57 through 5.59,
gives'ﬁg as a function of S/H with Rej as a parameter, for H/w =8, 16
and 24, respectively. The third set, Figures 5.60 through 5.64, shows ex-

plicitly the effect of H/w, with S/H shown as a parameter, for Re, = 5500,

3
11000 and 15000. Thus these sets of figures illustrate the dependence of Nu
on Rej, S/H and H/w, thereby providing the basis for the general cor-
relation, Nu = f(Rej, H/w, S/H), presented as Figure 5.65. A comparison of
results expressed as Nu is given in Figure 5.66, Finally thermal effective-
ness of the multiple jet system is shown in Figure 5.67.

Examination of the effect of flow and geometric parameters on Nu is

based closely on the findings already documented in Sectioms 5.3 and 5.4 for
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the effect of these variables on the limiting values of Nu, i.e. Nu0 and Nue,
and on the profiles of Nux between these limiting values at the inlet and
exit of a flow cell of the multiple confined jet system. A key concept is
the existence of two critical values of flow cell proportion, (S/H)ce = 1.5,
(S/H)co=== 0.7, as summarized clearly in Figure 5.37 of Section 5.4.2. It
will be recalled that Figure 5.37 establishes the existence of three flow
regimes: S/H > 1.5, where multiple slot jet systems are indistinguishable
from an array of equivalent single jets; 0.7 < S/H < 1.5, where heat transfer
for multiple confined jets is enhanced over a region beginning at the exhaust
port centerline; and S/H < 0.7, where stagnation point heat transfer is de-
pressed by interaction between the inlet jet and exhaust flows in a multiple
jet system of such a narrow flow cell proportion.

At specific values of H/w and S/H, Figures 5.53 through 5.55 indicate

the dependence of Nu on Re Over the entire experimental region this rela-

j.
tionship is of the type EE/RQ? = constant. The values of the slope n
are displayed on Figure 5.56. As expected from Sections 5.3 and 5.4, Nu de-

pendence on Re, becomes independent of flow cell proportion above the

3
upper critical value, (S/H)ce = 1.5. Although Figure 5.56 adequately con-
firms this expected independence for S/H > 1.5, the value displayed for the
exponent n derives not from the limited data on Figure 5.56 but from a sta-
tistical correlation of all the experimental data for S/H > 1.5, as discussed
subsequently. The value of the Rej exponent in this region, 0.65, is as ex~
pected intermediate between the 0.57 exponent for Nuo and the 0.8 exponent
for fully developed turbulent flow.

As the flow cell proportion, S/H, is decreased below the upper crit-

ical value, (S/H)ce = 1.5, Figure 5.56 shows that the Reynolds number depen-

dence on Nu increases significantly from 0.65 to about 0.76 at the lower
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critical value, (S/H)co== 0.7. The increased sensitivity of Nu to Rej as
flow cell proportion is decreased from 1.5 to 0.7 is a reflection of in-
creased turbulence and mixing under the exit port which causes the increase
of Nue for S/H below 1.5, as discussed in Section 5.4. As the flow qell
width is reduced below the lower critical value, (S/H)co== 0.7, the further
increase in ﬁﬁ'sensitivity to Rej is associated with the interaction of in-
let jet with exhaust flow having reached the nozzle centerline, as documented
in Sections 5.3 and 5.4.

For specific values of Re, (5500, 11000 and 15000) and for H/w = 8, 16

3
and 24, Figures 5.57 through 5.59 indicate the dependence of Nu on S/H, with
Re, and H/w as parameters. The few points in the second set of figures (5.57
through 5.59) which are derived from éxtrapolation of data on the first set
(5.53-5.55) are identified with dashed lines. These graphs clearly indicate
that mean Nusselt number passes through a maximum over this range of flow
cell proportion and that, over the entire range of Rej and H/w, the maximum
value of Nu occurs at the same value, i.e. at about S/H = 0.5. As the flow
cell proportion is increased above S/H = 0.5, Nu decreases because the domi-
nant effect is the corresponding decrease in proportion of area which can be
considered impingement region. In this connection it is pertinent to point
out that in Chapter 4 it was established through Figures 4.31 and 4.32 that
the limits of the impingement region was about S/H = 0.5 and independent of
Rej and H/w. As the flow cell proportion is decreased below S/H = 0.5, Nu
decreases because the advantage of more closely spaced jets is now more than
counterbalanced by the reduction in impingement region heat transfer due to
deleterious interaction between inlet jets and exhaust flows, as documented
on Figure 5.37.

Moreover, Figures 5.57-5.59 reveal that as S/H increases above the
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value for the mean Nusselt maximum, the decrease of ﬁﬁ; expressed logarith-
mically, becomes linear for values of S/H > 0.7, Furthermore the onset of
this region~;£ logarithmic linear dependence occurs at the same value of S/H
over the full range of Rej gnd H/w investigated. It is notable that the
lower limit of this region of linear dependence, S/H = 0.7, is also the value,
(S/H)co’ below which interaction between a closely spaced inlet jet and ex-
haust flow depresses heat transfer at the stagnation point (Nuo). Although
there is some variation in the slope, it will subsequently be demonstrated
by a multiple linear regression correlation of all the data that the depen-
dence of Nu on S/H may be adequately represented by ﬁﬁ/(S/H)a = constant,
with a single value of the exponent, a = ~0.55, for the entire experimental
range of Rej and H/w.

On Figure 5.58 the two experimental points for Nu for single jets have
been added by comparison. For a single jet, S denotes the lateral extent of
the impingement surface over which Nu is calculated. The single jet Nu
values are for S/H =0.5, H/w =16, and S/H = 0.33, H/w = 24. At S/H =0.5
the multiple jet Nu is seen to be only slightly lower than for the equivalent
single jet, a comparison which may be also seen from the complete profile on
Figure 5.33(b). At S/H = 0.33 however, the multiple jet Nu is significantly
below that for the equivalent single jet due to the strong depression of Nuo
for S/H as low as 0.33, which the complete profile on Figure 5.36(b) clearly
illustrated. As the single jet profiles for the flow cell proportions of 4
and 2 are indistinguishable from the equivalent multiple jet profiles of Fig-
ures 5.29(a) and 5.32(a), it is evident that the corresponding points for
Nu on Figure 5.58 would likewise be coincident with the multiple jet data

shown.

Another additional feature of Figure 5.58 is the inclusion of the cor-
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responding three lines of Nuo for comparison with Nu. The values of Nuo for
single jets are essentially independent of S/H, as indicated by the nearly
é;;o slope of these three lines. The slight decrease of Nuo with increasing
S/H is not a result of any S/H dependence but arises because in this series

of experiments anAincrease in S/H is associated with a decrease in slot

width, w. Thus this small dependence is in fact simply the dimensional effect
of nozzle width discussed in Section 5.3. The values of Nuo for multiple jets
begin to deviate from the linear, nearly horizontal relationship when S/H
drops below the critical value, (S/H)co = 0.5, as was discussed extensively

in Section 5.3. However, the representation of Nusselt number with respect

to S/H in Figure 5.58 is a particularly relevant method of illustrating this
(S/H)co critical value. For each value of H/w, the pair of profiles, Nuo and
ﬁ:, on Figure 5.58 demonstrates how as S/H is decreased Nu first increases,
approaches the level of Nuo, then passes through the maximum in Nu which
occurs always at S/H = 0.5, and finally drops for an increasingly narrow

S/H < 0.5. It is interesting to note that for the same Rej and H/w, the max-
imum in Nu is about 70% of Nuo.

The set of figures showing S/H dependence also serves to show a com-
parison with a previous multiple jet study. Thus Figure 5.57 includes data
of Schuh and Pettersson (1966) for an unconfined multiple slot jet system at
Rej== 6300 and H/w = 8, expressed now in terms of S/H, not a variable recog-
nized by them. For their four data points a maximum in Nu appeared at some
value of S/H above 0.6. Although they presented no analysis of the effect,
they noted that ''there are other trends, notably a maximum of the average
heat transfer coefficient at about for instance H/w = 16 and S/w = 14. These
details cannot be explained yet because of the complex flow pattern and lack

of detailed flow investigations". A maximum in Nu at H/w = 16, S/w = 14,
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corresponds to S/H = 0.87, somewhat above the value of S/H = 0.5 which the
present investigation identifies as the flow cell proportion for maximum Nu.
Moreover, the present study documents the complex flow pattern and eliminates
the lack of detailed flow investigations noted by Schuh and Pettersson.

The third part of the graphical analysis of mean heat transfer, Figures
5.60, 5.61 and 5.62, illustrates the influence of H/w on.ﬁz, with Rej and S/H
as parameters over the same range of values. The principle
overall effect is the occurrence of a quite broad maximum in Nu at some spac-
ing between H/w = 4 and H/w = 8. The occurrence of a more sharply defined
maximum in Nuo at H/w = 8 is well-known and is documented again in the pre-
sent study in Figures 5.15-5.21. For ease of comparison of the cases of Nuo
and Nu, a set of stagnation point results has been added to Figure 5.61. It

may be noted that for all Re, and S/H values of these three figures, Nu is

3
in fact slightly higher (up to 107) at H/w = 4 than at H/w = 8. Thus the
value of H/w for the intervening maximum in ﬁﬁ'appears generally to be around
H/w = 5.

It is apparent that for H/w > 8, logarithmic dependence of Nu on H/w
is reasonably linear, i.e. may be represented as EE.=‘C(H/W)m with m inde-
pendent of H/w but possibly dependent on either Rej or S/H. For interacting
multiple jets, i.e. for S/H = 1.5, Figure 5.63 ciearly indicates the tendency
in Figures 5.60 to 5.62 for Nu to become less semsitive to H/w at lower
values of S/H, but that m is independent of Rej. As there are for S/H > 1.5
only a limited number of combinations of data to define lines at constant
Re, and S/H on Figures 5.60-5.62, there are not a sufficient number of such
points to define the value of m for S/H > 1.5 on Figure 5.63. However, as

it has been thoroughly documented in the present study that for flow cell

proportion that wide, multiple jets become simply an array of single jets
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and all parameters such as m become independent of S/H. A multiple linear
regression of all experimental data for S/H > 1.5 confirmed that a single
value (m = -0.8) applied for the relationship Nu = c(H/w)m in the non-inter-
acting region, and is so indicated on Figure 5.63.

When H/w is chosen as one dimensionless geometric parameter it has fre-
quently been noted in the present study that the second independent dimen-
sionless parameter could be S/H, S/w or £. Thus while all lines on Figures
5.60 through 5.62 are at constant S/H, Figure 5.64 has been included to il-
lustrate the equivalent representation of effect of H/w on Nu at constant f
rather than constant S/H. The same general effect prevails, although with

some variation. For example, the Nu maximum for Re, = 10910 on Figure 5.64

3
is sharper than those of Figure 5.61 because on Figure 5.64 reduction of im-
pingement surface spacing from 8 to 4 is also associated with an increase of
S/H from 1 to 2 and the latter effect adds another contribution to the reduc-
tion in Nu at the smallest spacing. As both flow and heat transfer aspects
of the present study have established that S/H is a geometric parameter of
fundamental significance, its use is in general preferable over the alterna-
tives of f or S/w.

Examination of the form of dependence of Nu on Rej, S/H and H/w, as
represented by Figures 5.53 through 5.64, was the first step in formulating
an appropriate comprehensive correlation. This examination may be summarized
‘as:

(1) The effect of Rej on Nu is of the form Nu = c(Rej)n, with n inde-

pendent of Rej and H/w. For non-interacting multiple jets, S/H >
1.5, n is also independent of S/H, but for interacting multiple

jets n is a function of S/H as indicated on Figure 5.56.

(2) The effect of H/w on Nu when represented as Nu = c(H/w)m is rea-
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sonably linear, i.e. m independent of H/w, only for H/w > 8. For
spacings in this linear range of H/w the exponent m is independent
of Rej, while with respect to S/H, m is independent for non-inter-
acting multiple jets (S/H > 1.5), but for interacting jets in nar-
rower flow cells, m varies with S/H as indicated by Figure 5.63.
(3) As the dependence on S/H of Nu at constant Rej and H/w represented
on Figures 5.57 through 5.59 clearly shows a nonlinear logarithmic
dependence below the lower critical flow size, (S/H)co‘= 0.7, and
as the exponents n and m vary with S/H for interacting multiple
jets, it is clear that S/H is the most sensitive of the four di-
mensionless parameters to be correlated, ﬁ:, Rej, S/H and H/w.

The above analysis suggests the appropriate form of correlation to be:

Nu

(Rej>“<n/w)“‘

= c(s/m)? (5.5)

For non-interacting jets, S/H > 1.5, for which all three exponents are con-

stants, a multiple linear regression gave the following form:

Nu 5

0'65(H/w)—

= 0.63(s/8)"0"3 (5.6)

0.8
Re,
(J)
The right-hand side of this equation is the line on Figure 5.65 for S/H > 1.5,
while the data shown in this non-interacting region are the experimental
values of ﬁ;, Rej and H/w expressed as the function on the left of equation
(5.6). Equation (5.6) also represents Nu for confined single slot jets with

S denoting the lateral extent of the impingement surface for which the mean

Nusselt number is obtained.
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For interacting multiple jets, the data shown on Figure 5.65 for S/H <

. N .
1.5 are the experimental values expressed as the function u , with
n m
(Rei) (H/w)

n and m as functions of S/H from Figures 5.56 and 5.63. The line on Figure

5.65 for S/H < 1.5 is the best fit of these data, which is

Nu

(Rej)“(H/w)m

= 0.215(s/H) """ G.7)

The only experimental range not covered by the general correlations
(5.6) and (5.7), and their representation on Figure 5.65, is for spacings 4 <
H/w < 8 where Nu is nonlinear in H/w, i.e. m depends on H/w. However, it was
previously pointed out tﬁat there is a broad maximum in Nu over this range of
H/w and, moreover, that Nu at H/w = 4 was never more than 103 higher than at
H/w = 8. Therefore if a value of Nu for.spacing in the rangé 4 < H/w < 8 is
required, the value for H/w = 8 should be determined from equation (5.6) or
Figure 5.65. If that value of Nu was increased by 5%, the resulting value
would be within 5% of the correct value of Nu over the range 4 < H/w < 8.

Equations (5.6) and (5.7) and Figure 5.65 represent the final step in
interpretation and correlation of data as Nu in the present study. The cor-
relation form derives from the study reported in Chapter 4 of the flow char-
acteristics of a confined multiple impinging slot jet system, from which it
was concluded that a parameter of fundamental significance was flow cell pro-
portion, S/H. As analysis of stagnation point heat transfer and profiles
in Sections 5.3 and 5.4 confirmed the importance of S/H as a key parameter,
the general correlation of ﬁa'incorporated this variable and the limits of
upper and lower critical flow cell proportion, (S/H)ce and (S/H)co. Thus the

final correlation, Figures 5.56, 5.63 and 5.65, illustrates a close integra-
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tion into the generallcorrelation for mean heat transfer of the characteriza-
tion of the flow field as represented by the choice of S/H as a variable. The
success achieved in obtaining a general correlation for ﬁﬁ'through use of re-
sults of flow characterization of multiple impinging jet systems is evident in
the satisfactory agreement shown on Figure 5.65 which covers the entire range
from completely non-interacting to partially interacting to completely inter-
acting multiple jet systems.

While Figure 5.65 shows the spread of data around the general correla-

i Nu o ,
tion lines expressed as L , it is also informative to observe the

n n
(Rey) (/W)™ __
spread of data expressed directly as Nu. Such a comparison is provided by

Figure 5.66. Here, all the experimental data for Nu at Rej = 11000 are shown,
as earlier on Figure 5.61, but on Figure 5.66 the lines shown are from the
general correlations (5.6), (5.7) and associated Figures 5.56, 5.63 and 5.65.
It can be seen that the general correlation adequately fits the data over the
entire range from linear correlation for totally non-interacting multiple
jets (S/H > 1.5), to the slightly nonlinear region of partially interacting
jets (1.5 > S/H > 0.7) to the quite nonlinear region of totally interacting
jets (S/H < 0.7). The lines of the general correlation display the broad
maximum in Nu noted earlier at around S/H = 0.5.

It was noted in Chapter 2 that one of the few previous studies of mul-
tiple slot jets was that of Gardon and Akfirat (1966), whose system was how-
ever one of unconfined jets. As recorded in Table 2.1 these authors obtained
a logarithmic linear correlatiom for Nu as a function of Rej, f and H/w, all
with constant coefficients. However it is now clear from the perspective of
the'flow characterization of the present study that their study likewise
covered the entire range from completely non-interacting to completely inter-

acting multiple jets, i.e. their experimental conditions correspond to a
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range in S/H between 0.2 and 4. Figures 5.56, 5.63, 5.65 and the associated
equations (5.6) and (5.7) of the present study establish that the experimen-
tal data do not fit a single logarithmic linear relation with constant co-

efficients, such as that reported by Gardon and Akfirat,

Na = 0.66 Re?'62f0'38(H/w)-0'31

On Figure 5.66 for example, it is clear that a linear correlation, i.e; with
constant exponents over the entire range from interacting to non-interacting
jets, would provide a significantly poorer fit to the distinctly nonlinear
data. Any linear correlation such as that of Gardon and Akfirat would also
be unable to represent the maximum in_ﬁﬁlwhich occurs at about S/H = 0.5 for
all values of Rej and H/w, an important finding of the present study. More-
over, as multiple jet systems have markedly different flow and heat transfer
characteristics in the interacting and non-interacting regions, the constants
in any correlation which fails to make this differentiation become strong
functions of the proportion of data taken for these distinctly different flow
regimes,

As noted in Chapter 2 the other notable study of transport under
nultiple impinging slot jets was that of Martin and Schliinder (1973).
These authors in fact report the only known previous study in which the
system was closed with a confinement surface, as indicated in Figure 2.2.
Unfortunately, instead of providing for spentflow to leave through exhaust
ports between the nozzles in the confinement surface, they made provision
for the spentflow to exit from the apparatus at the two sides perpendicular
to the length of the slot nozzles. Consequently their apparatué gave trans-
fer rates which were quite n&nuniform in the direction of the slot nozzle

length with maximum transfer rates at each edge. For industrial applica-
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tion such nonuniformity in transfer rates in the nozzle slot direction is
generally highly undesirable.

Aside from this ‘restriction in utility of the results of Martin and
Schliinder's study, they like Gardom and Akfirat obtained a single correla-
tion for all their expe:imental data which, when expressed in terms of the
flow cell proportion parameter of the present study, is seen to cover the
range of‘S/EVbetween 0.12 and 27.5, i.e. from highly interacting to totally
non-interacting multiple jets. A natural consequence of this lack of dif-
ferentiation as to flow is that the numerical parameters of their correlation,
as for that éf Gardon and Akfirat, would be a function of the proportion of
experimental data taken in the interacting and non-interacting flow regimes.

However, as the form of correlation developed by Martin and Schliinder
is much less simple than that of Gardon and Akfirat, they were able to deduce
the conditions for maximum Nu from their correlation. The geometric condi-
tions for maximum Nu as determined by Martin and Schliinder for their correla-
tion and from the present study are listed below, together with the value of
Nu at Rej = llOQO for each set of geometric parameters, the value of Nu be-
ing calculated from the corresponding general correlation. Comparison of
values for maximum'EE for a pair of independent geometric parameters, H/w
and S/H, indicates a significant difference between these two studies, i.e.
H/w of 10 and 5, and S/H of 0.7 and 0.5. More interesting yet is that at the
same value of Rej, the maximum Nu is about 30% higher for the present
study. Although distinct differences in data processing and correlation pro-
cedure between these two studies have been pointed out, it appears that a
some part of the large difference between the respective values of

maximum Nu must be attributed to the difference noted in spentflow patterns.
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Parameter Martin (1977) Present System
S/w 7 2.5
H/w 10 5
S/H 0.7 0.5
£, Z 7 20
Nu 39.2 51.4
at Rej = 11000

The few previous studies of heat transfer under multiple jets have used
H/w and f as the basic geometric parameters while the analysis developed in
the present study has established H/w and S/H as the preferred choice. As
there are simple relationships between these parameters, it might be claimed
that the choice is unimportant in that only the numerical parameters of cor-
relations would change depending on the choice of £ or S/H. This point may
be examined with the aid of a tabulation of corresponding values of f and S/H
ovér the range of H/w spacings of the present study, determined from the rela-
tion £ =-§T§7ﬁ%zﬁ7§7. In particular, as the results of the present study in-
dicate a maximum in Nu at S/H = 0.5, an onset of jet interaction and depres-
sion of Nuo at S/H=0.7 = (S/H)Co, and the onset of jet interaction and en-
hancement of Nue at S/H = 1.5 ==(S/H)ce, it is of interest to calculate the
values for percent open area, f, for these three values of S/H, over this

range of H/w.
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Open Area Ratio , f, for

H/w S/H = 0.5 S/H = 0.7 S/H = 1.5
z z Z
4 25 17.9 8.3
8 12.5 8.9 4.2
16 6.25 4.5 2.1
24 4.17 3.0 1.4

This tabulation indicates for example that according to the spacing, H/w,
multiple jets begin to interact for values of f between 8.37 and 1.47Z, inter-
action begins to depress Nuo at f between 17.97 and 3.07, while the maximum
Nu occurs at f between 257 and 4.17%. Thus where each of these three key
characteristics occurs at a unique value of S/H, the corresponding values of
open area ratlo , f, vary widely. This tabulation provides another indica-
tion of why S/H is a far more meaningful and useful dimensionless geometric
parameter for multiple impinging jet systems than is open area ratio , f.
It is the flow characterization component of the present study which estab-
lished the importance of the previously unrecognized flow parameter, S/H and
the existence of several flow regimes, and which led thereby to a much more
significant analysis of Nuo, Nu profiles and Nu than has previously been
possible.

In view of the relevance of the present data for use in design of im-
pingement dryers such as for the Papridryer process proposed for drying paper
(Burgess et al., 1972a, b), the results expressed as average heat transfer
coefficient, h (W/mZ-K) have been presented on Figures 5.67(a), (b) and (c¢)
as a function of fan energy consumed at the nozzle exit per unit area of heat
transfer, Rj (W/mz). Reduction in h at low values of S/H is evident on these

graphs. In spite of their obvious limitations, such dimensional correlations
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are useful if applied with care. The parameter, blower rating, Rj’ is widely
used in industrial applications as an index of performance of impingement
systems. The values of Rj listed in Table 5.1(b) for the present study, 92 <
Rj < 8048, represent an industrially important range of blower rating. The
value of the nozzle discharge coefficient, shown in Appendix 3, plays a sig=
nificant role in the expression of system performance as Rj = 0.5 pﬁ?flci, as
has been discussed by Obot (1981). A simple correlation, with constant nu-
merical parameters, of all the experimental data of the present study, ex-
pressed in terms of the dimensional variables h and Rj’ gave the following

equation:

fi = 25.52 R‘j"zs(n/w)‘o'oz(S/H)o’21 (5.8)

Such dimensional equations should be used with care, with the nondimensional
correlations given as equations (5.6) and (5.7) and associated Figures 5.56,

5.63 and 5.65 being more meaningful, reliable, and generally much preferred.

5.6 Effect on Heat Transfer of Throughflow at the Impingment Surface

Following presentation of the investigation of heat transfer without
throughflow at the impingement surface, the results of the study of effect
on heat transfer of impingement surface throughflow are now discussed.

As heat transfer without throughflow was documented over a wide range of
geometrical parameters, the effect of throughflow was measured for a single
geometry. Thus an intermediate impingement surface spacing, H/w = 8, was
chosen. As was noted in Section 4.6 concerning flow, the widest nozzle,
w=13.3 mm, waé used to minimize stagnation pressure, thereby minimizing to
an acceptably small level the inherent non-uniformity in local throughflow

velocity.
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For reasons likewise documented in Section 4.6, throughflow measure-
ments were made with the single confined jet system shown as the bottom
configurafion of Figure 5.1, for which S/w =18, f = 2.77% and S/H = 2.25.
However, as the span of the lateral traversing of the impingement surface
under the stationary jet is limited to about 160 mm from the stagnation
point, i.e. to 12 w with the widest nozzle, the effective geometry was
S/w=12, £ = 4.17% and S/H = 1.5.

The variables for the throughflow study were three values of Rej,
10200, 22800 and 29100 and several values of US, throughflow velocity,
from 0.1 to 0.3 m/s. The throughflow velocities used and associated
impingement surface pressures are given in Table 5.4, from which it can be
seen that the maximum pressure drop non-uniformity was only 12.1Z. The
present heat transfer data with throughflow are in the range of parameters
of the industrially important Papridryer (pilot plant and mill trial)

reported by Burgess et al. (1972 a, b) as follows:

Present investigation Papridryer
U, m/s 0-0.3 0.045-0.26
U, /Uy, 7 0-1.11 0.045-0.45
(O, /oU) /£, 0-40.1 2.7 -34

*
The ratio, (pUS/pUj)/f, is the amount of throughflow expressed as a percent
of the nozzle exit flow rate.
The heat convected from the sensor to the jet in the absence of

throughflow was calculated as:

Q.=

s Ps - Qrad. - Qlateral cond. Qback cond. (5.9)
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TABLE 5.4 Flow Parameters of the Confined Single Jet System for Analysis of Effect of Throughflow at the
Impingement Surface

. . o U P, AP AP ap_

Re U, Us U /u; [SREY
(m/s) (m/s) ) (N/mZ) (N/mz) (N/mz) -
10200 13.5 0.0 0.0 135 87 0.0 -
0.10 0.74 1300 6.3
0.15 1.11 3000 2.8
22800 30.2 0.0 0.0 606 412 0.0 -
0.15 0.49 3000 12.1
0.30 0.99 11700 3.4
29100 38.5 0.0 0.0 965 666 0.0 -
0.20 0.52 5200 11.3
0.30 0.78 11700 5.4

AR
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where PS is the heat into the sensor, Qrad the heat loss by radiatiom,

Qlateral cond. the heat loss by conduction to the surrounding plate and

‘Q the conduction loss from the back of the sensor. As detailed

back cond.

in Appendix 5, Qback cond. @S normally evaluated with a marinite insulation
board, hence was a very small correction as documented in Tables A5.1 and
A5.2. As it was necessary to remove the marinite board for throughflow
experiments, a comparative set of runs was made without throughflow, but
without this back insulation. Because the layer of warmed air below
the impingement plate is relatively stagnant, this heat loss term without
the insulating board was evaluated as heat conduction through a 10 mm
layer of air, the temperature at this displacement being measured by five
20 AWG chromel-constantan thermocouples. The two sets of data for zero
throughflow Egree well on each of Figures 5.68 through 5.70 for the above-
noted alternatives.

With throughflow, the heat convected from the sensor to the jet was

calculated as:

Q. =P -Q

s s rad. Q - Q (5.10)

lateral cond. t

where Qt’ the heat taken from the sensor by the throughflow, is expressed as
= T - T
Q, = PUA Cp( b, ) (5.11)
The location of the thermocouples at the impingement surface and back of
the heat flux sensor, TS and Tb , are shown in Figure 3.14. Based on
2

experience for experiments without throughflow, Qrad was neglected for the

case with throughflow as the maximum value was 0.427 relative to Qs'
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The complete data are tabulated in Appendix 7, for which the values without
throughflow are those measured without the insulating board at the back of
the impingement plate.

The effect of throughflow on local heat transfer as a function of
lateral position is expressed alternately as Nugselt number profiles in
Figures 5.68 through 5.70, and as profiles of the ratio of Stanton number
with and without throughflow, Stxt/St, on Figures 5.71 through 5.73.

The choice of Stanton number as dimensionless heat transfer coefficient
derives from a theoretical analysis of the effect of transpiration on
convective heat transfer, discussed subsequently.

The lateral profiles of NuX on Figures 5.68 through 5.70 indicate that,

% .
with increasing Us/Uj’ heat transfer coefficient increases in most but not
*

N

on Figures 5.68 through 5.71 that the absolute magnitude of the increase is

all cases. When an increase in US/U brings an increase in Nuxt’ it is seen
about constant from the stagnation ﬁoint out to x/w = 12. Figures 5.71
through 5.73 in fact indicate that the percentage increase in Stx as a con-
sequence of throughflow increases approximately linearly with lateral
distance from stagnation. Occﬁrrence of the largest relative increase in
local heat transfer in the region of maximum boundary layer thickness can
be attributed to the fact that throughflow reduces the thickness of both
the thermal and the momentum boundary layer, thereby increasing the gradient
of both velocity and temperature profiles at the impingement surface.
Hence, the thicker the boundary layer, the greater the potential for
increased transport rates by throughflow.

It is apparent from Figures 5.69 and 5.70 that, as US/U; is increased

from zero, Nusselt number at first increases rapidly, then less so.
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Moreover, for the increase to the maximum measured value of relative

. %
throughflow velocity, Us/Uj =1.11, it is seen from Figure 5.68 that this
*

3

This same effect may be

effect actually reverses, i.e. at some high value of US/U less than 1.11,
%
j‘

seen again on the set of profiles as Stxt/StX that expresses the through-

Nu_, begins to decrease with increasing US/U

flow enhancement ratio. Thus Figures 5.72 and 5.73 show an increase in
heat transfer rate at low to moderate throughflow, while a reduction in
heat transfer at high throughflow is displayed by Figure 5.71. The re-
mainder of this section is devoted to the analysis of these effects of
throughflow, an analysis which relates primarily to phenomena in the
boundary layer.

Also presented in Figure 5.71 through 5.73 are theoretical lines of
Stxt/Stx calculated from the analytical approach of Mickley et al. (1954)
for laminar flow and compared for the first time by van Heiningen (1981)
with numerical predictions of impingement heat transfer. . In their
approach the actual boundary layer was replaced by a model of Couette flow.
In this model it was assumed that, due to throughflow, the variations in
velocity component parallel to the surface were negligible compared to
those perpendicular to the wall. For zero pressure gradient and the
same Reynolds number evaluated at a distance from the entrance sufficiently
long to allow developed turbulent boundary layer, Kay and Crawford (1980)
found that the Couette flow model satisfactorily represented their experi-
mental measurements. For the effect of transpiration on heat transfer
for a turbulent boundary layer, they expressed the Couette flow solution

as
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Stt/St =4{n (1 - bt)/—bt (5.12)

*
The transpiration parameter, bt = (US/Uj)/Stt, may alternately be represented

pU St
as bt = G—éﬁ%ﬂ—gf-, which indicates more clearly its physical significance

pUJ
as the ratio of the transpired momentum flux to the surface convection heat
flux with throughflow. The negative sign for the bt term in Equation
(5.12) is for the case of throughflow of the present work. Because of
the implicit nature of Equation (5.12), an alternmate transpiration para-
meter is Bt ==(US/U;)/St, i.e. with transpired momentum flux normalized
with respect to surface convection heat flux without throughflow. Thus
Bt = fn(l + bt). . The throughflow enhancement ratio may then be expressed
explicitly as

-B

t
= . I'e
Stt/St Bt/\e

-1 (5.13)
The theoretical lines in Figures 5.71 through 5.73 are therefore calculated
from Equation (5.13).

The fact that Stxt/Stx measured experimentally in the present study
is much less than predicted by this theory can be attributed to the lower
potential increase of heat transfer with throughflow in the case of the
thinner boundary layer in the stagnation ané early wall jet flow regions
for the impinging jet case as compared to the developed turbulent boundary
layer flow for the case of Mickley et al. (1954) and Kays and Crawford
(1980). The difference between these theoretical predictions and experi-

mental measurements is elaborated in connection with the succeeding figures.



323.

In order to better assess the importance of the transpiration momentum

*
3

stagnation point Stot/Sto’ and that averaged over the entire impingement

flux ratio Us/U , values of the throughflqw enhancement ratio both at the
surface (0‘§_x/w < 12) §E¥/§E; are displayed as a function of US/U; and
(pUs/pU;)/f in Figures 5.74 and 5.75. While in Figure 5.74 the experimental
values from the present study for Stot/Sto show no dependence on Rej,
Figure 5.75 indicates that, for the highest value of Rej (29100), there is
a reduction in enhancement of average heat transfer due to throughflow.
For average heat transfer there is at about US‘/U;ﬁ= 0.008 a clear maximum
in the enhancement of heat transfer, while for stagnation point heat
transfer the enhancement in heat transfer may pass through a somewhat
lower maximum in Stot/Sto at around Ué/U;’= 0.01. For the values of
Reynolds number and geometrical parameters investigated, the maximum en-
hancement in convective heat transfer is about 207 at the stagnation point
while the maximum increase in mean heat transfer is by about 30Z at the

lower Rej range and about 227 at the highest Re, investigated.

]
Also shown in these two figures are the theoretical lines from
Equation (5.13) for both stagnation and average heat transfer. Although
both the theoretical laminar approach by Mickley et al. (1954) and the
experimental data for turbulent boundary layer of Kays and Crawford (1980)
show a continuous linear dependence of Stot/Sto and §E;/§E-with US/U;, the
quite non-linear dependence measured in the present study indicates that

the impingement jet flow field cannot satisfactorily be modelled by

Couette flow.



1.6

(557)

324,

pUs

X

f

%Us /Uj

THEORY orot, _—Bt
Sto eBt.y
’—0
© /0 ° -
(o) S/H=LS
wzI3.3mm
H/w=8
SYMBOL Rq
o 10,200
e 22,800
(o) 29,100 W
o 0.I0 0.20 0.30 040
o) 0.25 0.50 075 .00
FIGURE 5.74 Effect of Throughflow at the Impingement Surface on

Stot/Sto for Rej = 10200, 22800 and 291000: Theory

and Experiment



325.

M St -Bt
19} THEORY 5 ° &Br.
S/H'=353
w =13.3mm .
1.8} H/w =8
7l SYMBOL| Rej .
o 10,200
o |22,800 |
1.6 | o |29,100
1.5 -
N
N 14}
s |
I 3 i ./o~.\° J
1.2t
L} d
| g
or L 1y
0 0.10 0.20 0.30 040 1=
: . . ~ —~ %Ug /U;
0.25 0.50 0.75 100

FIGURE 5.75 Effect of Throughflow at the Impingement Surface on
Stt/St for Rej== 10200, 22800 and 29100: Theory and

Experiment



326.

The mechanisms affecting rate of heat transfer with throughflow at the
impingement surface may now be examined by considering the simplified en-
thalpy equation of the boundary layer
aT

+e) — | , (5.14)

T é_.l(a
dx 3y H® 9y

where €4 is the eddy diffusivity defined as

€

g~ - T'v'/(3T/5y) (5.15)

From these equations it can be seen that the heat flux at the wall is
related to lateral mean velocity, eddy diffusivity and température gradient
at the wall. All three variables are highly affected by throughflow.

With increasing throughflow it was documented by both Baines and Keffer
(1977) and Obot (1980) for slot and round turbulent impinging jets
respectively that the mean lateral velocity V at the impingement surface

*

3

decreases with increasing US/U

Regarding effect of throughflow on turbulence characteristics, it was
shown in Figure 4.41 that u'/U in the flow approaching the impingement
surface and at 2w from it decreases with increasing US/U;. In the flow
parallel to the impingement surface for a turbulent round impinging jet,
Obot (1981) found that, for values of US/U; up to about 0.4Z, throughflow
decreased the intensity of turbulence in the streamwise direction adjacent
to the impingement surface, although the corresponding turbulence velocity
was unaffected by throughflow. Obot also found that throughflow greatly

increased the velocity gradient adjacent to the impingement surface.



327.

By analogy, it may be assumed that the temperature gradient, 3T/dy, adjacent
to the surface would be correspondingly increased.

For a turbulent boundary layer subjected to throughflow, Fulachier
et al. (1977) found that the turbulent shear stress and turbulent kinetic
energy are significantly reduced by throughflow. Thus the various evidence
noted above suggests a reduction in the value of eddy viscosity, € with
increasing throughflow. As there appears to be a small reduction in €y
in Equation (5.14) as a result of increased throughflow, the increase in
heat transfer in Figure 5.74 and 5.75 is evidently due to the increase in
the slope of velocity and hence of temperature adjacent to the impingement
surface.

A final presentation of the effect of throughflow at the impingement
surface is shown in Figure 5.76 where the experimental data, expressed as
Stot/StO and §E¥/§E-are displayed as a function of the transpiration
parameter bt’ the ratio of transpired momentum flux to surface convection
heat flux with throughflow. Thus this parameter has a similarity to
Prandtl number, the ratio of momentum diffusivity to thermal diffusivity.
Furthermore, the equivalent presentation of this parameter as bt ==oUst/ht
identifies bt alternately reciprocal of Stanton number based on US, i.e.
as the ratio of heat flow at the surface by throughflow to heat convection
at the surface. For the geometry of the impingement system used, it may
be seen from Figure 5.76 that the highest enhancement of average convective
heat transfer by throughflow, §E}/§E-(for Rej = 10200 and 22800) occurs at
about bt =1.5. Thus the maximum enhancement ratio occurs for conditions
at which the heat flow to the surface by throughflow is approximately 1.5

times the convective heat at the surface or, expressed alternately, when
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the transpired momentum flux is around 1.5 times the convection heat flux.
For a throughflow greater than that corresponding to about bt = 1.5, the
reduction in throughflow enhancement ratio indicated on Figure 5.76 may be
associated with reduction in lateral mean velocity and corresponding
reduction in gradients of lateral velocity and temperature at the impingement
surface.

Also presented in Figure 5.76 are the theoretical lines from the
Couette flow model, presented in the alternative forms expressed in
Equation (5.12) and (5.13) for the transpiration parameter as either bt
or Bt' For Bt = 1 the value of 1.58 for throughflow enhancement ratio
(§Etf§E) from the theoretical Couette flow solution is seen to be consi-
derably greater than the value obtained for the present experiment.

For the case of blowing through the boundary layer, Kays and Crawford
(1980) reported experimental results which indicate Stb/St to be < 1.
They found that the boundary layer is literally blown off the sﬁrface at
bb > 16.

5.7 Summary and Conclusions

The central objective of the present chapter was to quantify the
effect of interaction on impingement surface transport characteristics for
the industrially important multiple confined slot jet system in which the
spent flow (the jet flow after impingement) is discharged through ex-
haust ports located symmetrically between the inlet jet nozzles at the
confinement surface. To achieve this objective, local rates of convective

heat transfer were measured by traversing an isothermal heated impingement
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surface under a system of 3 confined slot jets with symmetric exit ports.
The wide selection of geometrical and flow parameters used, (0.33 < S/H < 6,
4 < H/w < 24 and 3330 iRej < 29166), were chosen to include the range
relevant to two important industrial applications, the drying of paper

and cooliﬁg of turbine vanes. From local and average rates of heat trans-
fer the central objective of the study was satisfied by determining funda-
mental criteria for distinguishing between interacting and non-interacting
types of multiple jet systems. This approach led to establishing

general correlations for the design and optimization of systems of

multiple confined slot impinging jets. The effect of throughflow on
impingement heat transfer was also measured.

An extensive set of impingement surface heat transfer profiles
established that heat transfer coefficients within each inlet nozzle-
exhaust port flow cell were symmetrical over the central two-thirds of
the 3-jet test unit, i.e. from the centerline of one of the outer jets,
through the central jet, to the centerline of the other outer jet.

Thus it was proven that the present 3-jet system accurately represents
heat transfer conditions of a multiple jet system with a large number of
jets.

For a 3-slot jet system the present study quantifies the extent of
higher heat transfer with symmetric outflow relative to operation with
cumulative spent flow associated with one-sided exit flow. When
compared with the symmetric outflow system in the range of 5000-20000
Reynolds number and typical geometric parameters, the percentage decrease
in average and stagnation point heat transfer caused by cumulative spent

flow was found to be in the range 157 to 457 and 157 to 60% respectively.
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The reduction was attributed to the two fundamental mechanisms; degradation
of the AT driving force for heat transfer resulting from dilution of

inlet jet fluid with spent flow, and modification of the impingement flow
field by the crossflow which over half of the impingement surface reverses
the lateral velocity. The thermal mechanism operates over the impinge-
ment and wall jet regions alike while the flow mechanism has its greatest
effect in the stagnation region where it acts to destroy the unique flow
field around the stagnation point. There is, consequently, a higher
reduction in Nuo than in Nu. For a single slot jet at constant Reynolds
number, Rej, and constant impingement surface spacing, H/w, there re-
mained an effect of nozzle width on impingement surface heat transfer,
just as was the case in the flow study of Chapter 4. As w was increased
from 3.3 to 13.3 mm at constant Rej and H/w, there were two opposing
effects on stagnation point heat transfer, Nuo, an effect on mean velocity
acting to decrease Nuo and an effect on turbulence intensity acting to
increase Nuo. For closer impingement surface spacings, 4 < H/w < 8, the
effect of w in increasing turbulence intensity contributed to an increase
of 257 in Nu0 and that in decreasing mean velocity contributed to a de-
crease of 37 in Nuo, i.e. a predicted net increase of about 207 as
compared to a measured increase of about 17%. For larger impingement
surface spacing, H/w > 8, the combination of these opposing effects was
found to produce increasingly smaller effects on Nuo. Although this
effect of nozzle width was greatest on Nuo, it persisted to the exhaust

port.
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For multiple slot jets, a central question relates to the degree of
interaction between inlet jet flows and intervening exhaust port flows,
as evidenced by the corresponding effects on impingement surface heat
transfer. To define the relationships between multiple jet systems and
single jets, lateral profiles of local heat transfer of both were
obtained for comparable flow and geometric parameters. When the
single jet Nux profiles were used to provide the base case for evaluation
of multiple jet system results, it was noted that at values of S/H above
an upper critical limit, (S/H)Ce =1.5, Nux profiles for a multiple jet
over the entire region from Nu0 to Nue were coincident with those for
the corresponding single jet. At an intermediate value of S/H slightly
below this critical value, the multiple jet profiles of NuX and the
profile for the equivalent single jet were found to be coincident for
some distance out from the nozzle centerline, after which NuX for the
multiple jet is greater than for a single jet. At values of S/H below
a lower critical limit, (S/H)Co = 0.7, two types of deviations were found,
-i.e. a multiple jet system has a lower NuO but a higher Nue than for the
corresponding single jet. This enhancement of heat transfer around the
exit port is due to increased eddy motion encountered invthe separated
flow region where the flow deflects sharply from the impingement surface
near the exhaust centerline. Such flow is analogous to that at the rear
of a cylinder in crossflow which likewise is characterized by a region
of flow separation.

When S/H is reduced below a lower critical limit (S/H)CO =0.7,
interaction between the closely spaced countercurrent flows of inlet jet

and exhaust streams penetrates to the nozzle centerline where it is
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reflected in reduction of Nuo for multiple jets relative to the equivalent
single jet. For Reynolds numbers of 5500, 11000 and 22000, Nu0 for
multiple jets decreases very sharply as S/H is reduced below the lower-
critical value of 0.7 which does not vary with Rej. There is no qontra—
diction between this conclusion and that from analysis of flow results
which indicated 1 3_(S/H)c > 0.75. The finding that the critical value
at which stagnation point conditions become affected is slightly lower
using Nuo as the criterion reflects the fact that the effects of inter-
action on the flow field (decreasing axial mean velocity but increasing

turbulence) act in the opposite directions with respect to heat transfer.

" At S/H < 0.7, the reduction of Nuo associated with the lower mean

ﬁelocity predominates increasingly over the tendency of heat transfer to
increase with the associated increasing turbulence.

As for the effect of impingement surface spacing on Nuo for single
slot jets, over the range 4 < H/w < 24, Nuo passes through a maximum at
around H/w = 8, as found also by Korger and Krizek (1966), Gardon and
Akfirat (1966), Kumada and Mabuchi (1970), Schllinder et al. (1970) and
Cadek and Zerkle (1970). This characteristic indicates that for
impingement surface spacings of up to H/w = 8, the effect on Nuo of
rapidly increasing turbulence intensity is more important than the
opposing effect of decreasing jet centerline mean velocity. For spacings
beyond H/w = 8, the relative importance of these two effects is reversed.
For multiple impinging slot jet systems over the range of flow cell
proportion S/H varying from 6 down to 0.33 and jet Reynolds number Rej
between 3330 and 29160, the Nuo maximum also occurs at about H/w = 8 as a

consequence of these opposing effects of spacing on the flow field
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variables along the jet centerline. While for non-interacting multiple
jets Nuo depends on Re?'57, this dependence increases as S/H is decreased
below the lower critical value, 0.7, with this exponent eventually reaching
0.72 for S/H = 0.375. The increase in sensitivity to Reynolds number as
multiple jets become more highly interacting reflects the effect of this
interaction on the boundary layer which thereby becomes more turbulent.
Over a range of Rej 3330 to 29160 and for the closest impingement
surface spacing, H/w = 4, an off stagnation maximum and intervening
minimum occurs in Nux profiles. Previous studies have associated such
minima with transition from a laminar to turbulent boundary layer.
From the finding of similarity in impingement surface static pressure
profiles where the static pressure drops to about 57 of the stagnétion
pressure at a lateral distance equal to half the impingement surface
spacing H, the transition point xT/w would be near 2. The fact that all
values of xT/w were found to occur in the range 1.8 to 3 provides further
support for the concept that transition to a turbulent boundary layer
occurs when the stabilizing effect of a steep lateral pressure gradient
is no longer present. The increase in Nux over the transition region
corresponds to the enhanced tfansport characteristics of a boundary
layer which is becoming turbulent. The locations of the off-stagnation
maxima and minima shift toward the stagnation point with increasing Rej.
Also, the sharpness of these maxima and minima increases with increasing
Rej. Therefore, higher values of Rej act through a steeper lateral
gradient in pressure, first, to maintain a laminar boundary layer for
some distance from the stagnation point, but when transition does occur,

the increase of Nux is more pronounced at larger Rej'
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In the presence of a negative pressure gradient such as on the
foward part of a cylinder in a crossflow, Kestin et al. (1961, a,b)
reported that up to the end of this region the boundary layer is
laminar and that the presence of this negative pressure gradient
stabilizes the boundary layer, thus delaying the transition to turbulence.
For the larger impingement surface spacings, i.e. 8w, 16w and 24w, the
off-stagnation maxima completely disappear due to the considerable
reduction in lateral gradient of impingement surface pressure from that
sufficient to maintain the laminar boundary layer in the stagnation
region for H/w = 4.

The fact that near similarity in profiles of impingement surface
static pressure was found to exist when lateral distance was normalized
with respect to impingement surface spacing, H, led to a check for
similarity in NuX profiles as well. However, neither single nor multiple
jet profiles showed similarity when NuX was expressed as a function of
x/H. Thus impingement heat transfer is a more coﬁplex phenomena than
static pressure.

In previous studies of single or multiple jets, confined or uncon-
fined, heat transfer coefficients have been gxpressed in the form
conventional for external flows, i.e. using as AT the temperature
difference between the jet at the nozzle exit and the impingement surface,
the latter usually being isothermal. For reasons of ease of comparison
with results of other studies, the above convention has been continued in
the present study. However, an additional analysis has been made of the

effect of determining Nusselt number for this .system of confined
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impinging jets using a closed heat exchanger type of analysis, i.e.
replacing a fixed ATrwith a ATx varying from inlet (nozzle centerline)

to outlet (exhaust port centerline). This procedure leads to higher
values of Nusselt number at all locations except of course at the
stagnation point where the difference must wvanish. The maximum difference
occurs at the exit centerline. For the range of flow and geometric

parameters used in the present study, Nux at the exhaust port centerline

B

based on local ATx is higher than that based on AT by amounts ranging

from insignificant up to a maximum of about 457. Although this pers-

pective has been ignored in previous studies, the use of local values

of ATx and Nux is extremely important in industrial applications such as

estimating the life of impinging jet cooled turbine airfoils.
Examination of the forms of dependence of ﬁa'oniRej, S/H and H/w

was the first step in formulating an appropriate comprehensive correlation.

This examination may be summarized as:

(1) The effect of Rej on Nu is of the form Nu = c(Rej)n, with n
independent of Rej and H/w. For non-interacting multiple
jets, S/H > 1.5, n is also independent of S/H, but for
interacting multiple jets n is a function of S/H as

indicated on Figure 5.56.

(2) The effect of H/w on Nu when represented as EE-==C(H/W)m is
reasonably linear, i.e. m independent of H/w, only for H/w > 8.
For spacings in this linear range of H/w the exponent m is
independent of Rej, while with respect to S/H, m is independent
for non-interacting multiple jets (S/H > 1.5), but for inter-
acting jets in narrower flow cells, m varies with S/H as

indicated by Figure 5.63.
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(3) As the dependence on S/H of Nu at constant Rej and H/w
represented on Figures 5.57 through 5.59 clearly shows a
nonlinear logarithmic dependence below the lower critical
flow size, (S/H)co = 0.7, and as the exponents n and m vary
with S/H for interacting multiple jets, it is clear that S/H
is the most sensitive of the four dimensionless parameters

to be correlated, Nu, Rej, S/H and H/w.

The above -analysis suggests the appropriate form of correlation to be:

M = o (s/m)>
(Rej) (H/w)
For non-interacting jets, S/H > 1.5, for which all three exponents are
@ constants, a multiple linear regression gave the following form:
e = 0.63(s/0) ">
TT@#H/w) T

(Rej)

The right-hand side of this equation is the line on Figure 5.65 for S/H > 1.5,
while the data shown in this non-interacting region are the experimental
values of —l\ﬂx—, Rej and H/w expressed as the function on the left of the

above equation. This equation also represents Nu for confined single

slot jets with S denoting the lateral extent of the impingement surface

for which the mean Nusselt number is obtained.
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For interacting multiple jets, the data shown on Figure 5.65 for
S/H < 1.5 are the experimental values expressed as the function
Nu , with n and m as functions of S/H from Figures 5.56 and
5.63. The line on Figure 5.65 for S/H < 1.5 is the best fit of these

data, which is

Nu
<Rej)“<H/w>m

1.
= g.215(s/my1+7

A simple correlation, with constant numerical parameters, of all
the experimental data of the present study, expressed in terms of the
dimensional variables heat transfer coefficient h and fan energy consumed
at the nozzle exit per unit area of heat transfer, Rj’ gave the following

equation:

R = 25.52 R?'zs(H/w)’o’oz(s/ﬂ)o'21

Such a dimensional equation should be used with care, with the non-
dimensional correlations given ear;ier being generally much preferred.

For 10200 Rej < 29100 and S/H = 1.5, application of uniform through-
flow at the impingement surface produced values of relative throughflow
velocity, US/U§, to a maximum of 1.117. At low to moderate values of
throughflow the effect was to enhance rate of heat transfer at the
impingement surface. However, after an initial increase the throughflow
enhancement ratio, Stxt/StX passed through a maximum at about Us/Ug = (.87,

becoming significantly less at the maximum value, US/Ug =1.117.
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The maximum enhancement by throughflow is about 207 at the stagnation
point for all values of Rej, while for average heat transfer the maximum
enhancement is about 30Z for Reynolds number 10200 to 22800 and about 227
at Re, = 29100. The increase in velocity and temperature gradient at
the impingement surface under conditions of throughflow provides a mecha-
nism for the observed enhancement in convective transport. The value of
the enhancement ratio, Stxt/Stx, based on the theoretical model of Mickley
et al. (1954) is much larger than that measured experimentally. The
lower exﬁerimental enhancement is attributed to the lower potential for
increase in heat transfer with throughflow in the case of flow in the
stagnation and early wall jet region for the impinging jet case relative
to the Couette flow model of Mickley et al.

When the throughflow is expressed as a function of the trénspiration

U _/u*

S s s .
parameter bt ==_§E_l it is observed that the maximum enhancement ratio,
t

Stt/St, occurs for conditions at which the heat flow to the surface by
throughflow is approximately 1.5 times the convective heat transfer at
the surface. For values of throughflow higher than those which corres-
pond to bt = 1.5, the deleterious effect on convective heat transfer
associated with the severe reduction in lateral mean velocity at the
impingement surface evidently predominates over the advantageous
reduction in boundary layer thickness, so that in this range the net
effect of increased throughflow is for a reduction in convective heat

transfer.
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CHAPTER 6

CONTRIBUTIONS TO KNOWLEDGE

Mean velocity and turbulence characteristics were documented for
single and multiple slow jet systems for nozzles of ASME standard
elliptical contoured entry. This flow field characterization
study indicated that, in addition to the expected dimensionless
variables, the effect of dimensional variables may also be present.
In the present study, nozzle width over the range 2.5 < w < 13.3 mm
was found to be a significant dimensional variable with respect to

both flow. field and impingement surface heat transfer.

The significance of the dimensionless geometrical (flow cell)
proportion concept has been established to quantify the relationship
between the confined multiple and single slot jet systems. In this
concept the present multiple slot jet system can be viewed as an
assembly of repeated "flow cells", the boundaries of a flow cell
being the impingement surface, the confinement surface, and the
centerlines of adjacent inlet nozzles and exhaust ports. A key
dimensionless geometric parameter is therefore S/H, the flow cell

proportion.

For a multiple confined slot jet system with exhaust ports located
symmetrically between jets, critical sizes of flow cell, (S/H)c,
have been defined as flow cells where the flow field and heat
transfer characteristics at the impingement surface begin to differ

from those for the corresponding single jet. The critical values



341.

of this dimensionless geometric parameter then delimit non-interacting
from interacting jet systems. The extent of this interaction in
multiple jet systems is the degree of departure of flow field and
heat transfer characteristics at the impingement surface from those
for a single jet.‘ The upper critical limit of (S/H)c has been
established to be (S/H)ce = 1.5, above which the multiple jet system
may be viewed as an assembly of single non-interactive jets, i.e. the
flow and heat transfer characteristics coincide with those for
corresponding single impinging jets. The lower critical limit ;}
(S/H)C has been found to be (S/H)co'= 0.7, below which the multiple
jet system is totally interacting, i.e. the flow field and heat
transfer at the impingement surface diverge at all locations from
those for a corresponding single impinging jet. The intermediate
region 0.7 < S/H < 1.5 is characterised by enhancement of local

Nusselt number over a region beginning at the exhaust port centerline

and extending part way to the stagnation point.

It has been demonstrated that for non-interacting jet systems over
the wide range of parameters 5000 < Rej < 43800, 4 < H/w < 16 and
0.75 < 8/H < 6, the normalised profiles of static pressure at the
impingement surface collapse when plotted with lateral distance is
non-dimensionalized with respect to the impingement surface spacing,
H. This then is a more rational basis of normalization than is the
conventionally-used nozzle width. For the more complicated heat
transfer phenomena, however, normalized Nusselt number profiles do

not collapse for either multiple or single impinging jets.
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The effects on local Nusselt number profiles of determinating
Nusselt number using a closed heat exchanger analysis has been
established. This procedure leads to higher heat transfer coeffi-
cients except at the stagnation point where the two methods converge.
The greatest difference in Nusselt number between these two proce-
dures occurs at the exit flow centerline where, for the lowest Rej
tested, NuxB based on local Bulk temperature difference reached a

maximum of 457 higher than Nux based on AT ==TS—Tj

General correlations between the average Nusselt number and the

- flow and geometrical parameters have been developed. For non-

interacting multiple jet systems with flow cells wider than the upper

critical value, i.e. with S/H > 1.5, the correlation is

Nu 5

0.65

5 =0.63 (s/m) 93

(Re,) /w0

and for interacting multiple jets, i.e. with flow cells of proportions

S/H < 1.5, the correlation is

Nu

1.5
= 0.215 (S/H)
(Rej)“ H/wD"

where n and m are functions of S/H as shown in Figures 5.56 and 5.63
respectively. Average Nusselt number was found to display a

maximum at S/H = 0.5, H/w = 5 for all values of jet Reynolds number.
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The effects on axial flow field of throughflow at the impingement
surface have been established for values of relative throughflow
velocity, Us/Ug up to 2% for 11400 _<__Rej < 30200 and S/H = 1.5.

At 0.25H from the impingement surface the centerline mean velocity
increases by up to 127 while the mean axial velocity at 0.5H from
the jet centerline increases by up to 267. In contrast, axial
fluctuating velocity at 0.25H from the impingement surface was found
to be unaffected by throughflow, hence turbulence intensity de-
creased corresponding to these effects on mean and fluctuating axial

velocity.

The effect of throughflow at the impingement surface on impingement
heat transfer has been determined at 10200 j_Rej < 29100 and S/H =
1.5 for relative throughflow velocities, Us/Uﬁ’ up to 1.11Z. At
the stagnation point the enhancement in heat transfer for all Rej
is about 207%. Enhancement of average heat transfer is about 307
for Rej== 10200 and 22800 and about 227 at Rej = 29100. The
maximum enhancement ratio was found to occur when the heat flow to

the surface by throughflow is around 1.5 times the convective heat

transfer at the surface.
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CHAPTER 7

RECOMMENDATIONS FOR FUTURE WORK

A fundamental study of the flow field at the impingement surface
with and without throughflow is highly desirable., A combination
of flow visualization and hot wire (X-wire) measﬁrements should be
made to obtain valuable insights into the complex flow field and
to generate turbulence data for use in numerical modelling of the

multiple jet system.

An effort should be made to predict the flow and heat transfer
characteristics using numerical techniques to solve the governing
equations of momentum and energy for multiple turbulent impinging
jets. Application of such a numerical prediction method to a
system of multiple turbulent impinging jets with crossflow is

recommended as the next step.

Additional experimental work should be undertaken to investigate the
effect of curved impingement surfaces on heat transfer, i.e., concave
surfaces and convex surfaces. Also, the effect of impingement

surface motion on heat transfer should be investigated.

The effect of artificial roughness for augmenting heat transfer in
the wall jet region and attenuation in the impingement region should
be investigated for applications where more uniform lateral profiles

are desirable.
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The effect of multiple turbulent impinging jets on simultaneous
heat and mass transfer (evaporation) should be investigated

numerically and experimentally.

In various applications of impingement cooling of turbine components

the channel formed between the confinement and impingement surfaces

is either converging or diverging. The effect of a non-parallel
channel in one-sided accelerated and/or decelerated outflow on

impingement heat transfer characteristics should be investigated.

The effect of high temperature difference between the jet and the
impingement surface on heat transfer characteristics should be

investigated.

The combined effects of confinement and variations in impingement

angle should be studied.

Further investigation is needed of the effect of throughflow for

systems of multiple interacting impinging jets.
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APPENDIX 1

VALUES OF FLUCTUATING VELOCITY FOR Re, = 11000
J

TABLE Al.1l.

Fluctuating Velocity at the Jet Centerline for

w=2,5 mm
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Fluctuating Velocity at the Jet Centerline for

w=3.3 mm

N
-
£

u' (m/s)

. ) .
.

oW O
e & @ .
oONMNUL OO OO
LB~ PN =

O ORWKWWO
o o o o s
AENNMNOOONWO

=

MO UVWRO

] L) ] .
WOBUVONEF W
NEFONNON®

.




A2.

Fluctuating Velocity at the Jet Centerline for

TABLE Al.3.

5.0 mm
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Fluctuating Velocity at the Jet Centerline for
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Fluctuating Velocity at the Jet Centerline for

w=13.3 mm

TABLE Al.5.

~~
2]
~ NFTANANOTO VO WOWO I~
=) A FTOONNOONO N NN
hd . ¢ o ) * o e o & e o o »
OCOOmMrHANrHNr =
=
~~
m 0698215000514
¢ s e e
hadd 0691991598569
IO~ OMNMITONHNAN
N AN NN
OMNowTFANNAAARAANOO
K « ® & » o & e+ & e e e o »
~ OHNFTOONO N O™~
N L B B B N B |




APPENDIX 2

VALUES OF AVERAGE HEAT TRANSFER COEFFICIENTS OVER THE

ENTIRE RANGE OF GEOMETRICAL AND FLOW PARAMETERS

TABLE A2.1. Average Heat Transfer Coefficient for f = 1.56%
v (um) N ol s s R
(s w) H/w | S/H Rej 2 Nu St/f 9
(W/m™) (W/m™-K)
2.5 8 4 3330 148 11.38 | 0.306 123.73
(32) 5230 576 13.03 | 0.223 141.58
10790 4751 24.00 | 0.201 260.00
16 2 3330 148 8.69 | 0.233 94.40
5230 576 11.86 | 0.203 128.92
10790 4751 19.20 | 0.161 208.00
24 1.33 3330 148 7.04 | 0.189 76.47
5230 576 9.65 | 0.165 104.92
10790 4751 14.20 | 0.119 154.00
TABLE A2.2. Average Heat Transfer Coefficient for f = 2.067
w (mm) Rj — _— h
(s ju) H/w | S/H Rej 2 Nu St/f 2
(W/m™) (W/m"-K)
3.3 8 3 3410 92 13.56 | 0.269 111.63
(24) 5400 364 16.75 | 0.210 137.94
10270 2353 26.05 | 0.172 214.45
16 1.5 3410 92 10.50 | 0.211 86.23
5400 364 15.10 | 0.191 124.00
10270 2353 22.22 | 0.146 182.93
24 1 3410 92 | 8.00 | 0.160 65.70
5400 364 12.04 | 0.151 99.14
10270 2353 19.15 | 0.126 157.71
4 6 3410 92 13.2 0.264 108.68
5400 364 17.5 0.221 144.08
10270 2353 27.1 0.180 223.12
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TABLE A2.3. Average Heat Transfer Coefficient for f = 3.1257
(s/w) H/w /H Rej 2 u st/ 9

W/m") (W/m~=K)

5.0 8 2 5700 185 22.40 | 0.187 121.40

(16 7500 416 25.50 | 0.134 138.20

10740 1171 33.00 | 0.138 178.90

20740 8048 51.90 | 0.110 282.10

16 1 5700 185 18.10 | 0.151 98.10

7500 416 21.40 | 0.121 116.00

10740 1171 29,00 | 0.122 157.20

24 0.67 5700 185 15.43 | 0.129 83.30

7500 416 19.00 | 0.121 103.25

10740 1171 25.20 | 0.106 136.60

TABLE A2.4. Average Heat Transfer Coefficient for f = 6.257

w (mm) R, —_— i h
(/%) H/w | S/H Re, 32 Nu St/f )

W/m™) (W/m"-K)

10.0 4 2 5400 39.7 23.74 0.098 64.50

(8) 10910 307 32.80 0.068 88.90

21720 2306 63.19 0.066 171.24

8 1 5400 39.7 | 22.28 | 0.092 60.53

10910 307 40.86 | 0.084 110.70

21720 | 2306 65.17 | 0.068 176.61

16 0.5 5400 39.7 18.73 0.077 50.88

10910 307 36.07 | 0.075 97.75

21720 | 2306 58.50 | 0.058 158.53

24 0.33 5400 39.7 | 14.34 | 0.059 38.97

10910 307 27.03 | 0.056 73.25

21720 | 2306 44,95 | 0.047 121.81
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TABLE A2.5.

Average Heat Transfer Coefficient for f = 8.3137

R

w (mm) | | s/m Re 3 Nu St/f h
(8/w) J (W/mz) (W/mz-K)
13.3 4 | 1.5 10770 165 | 43.08 | 0.068 87.78
(6) 21760 | 1314 | 66.79 | 0.052 | 136.09
29160 | 3112 | 85.49 | 0.049 | 174.20
8 | 0.75 | 10770 165 | 44.08 | 0.069 89.82
21760 | 1314 | 72.15 | 0.056 | 147.02
29160 | 3112 | 92.35 | 0.054 | 188.18
16 | 0.375 | 10770 165 | 32.07 | 0.050 65. 35
21760 | 1314 | 57.55 | 0.045 | 117.27
29160 | 3112 71.37 | 0.041 | 145.43
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APPENDIX 3

CALCULATION OF REYNOLDS NUMBER

For an incompressible flow through an elliptical ASME nozzle installed

at the outlet of a plenum chamber, the discharge may be expressed in the form

20P.p | 0.5
m = C wiY (A3.1)
d 1 - 64
where C, = nozzle discharge coefficient

w = nozzle width
2 = nozzle transverse length
APj = pressure drop across the nozzle

0 = density at plenum chamber pressure and temperature

B = ratio of nozzle width to plenum chamber width

Y = expansion factor
The results presented in Figure A3.1 were determined from equation (A3.1).
The expansion factor was determined from fluid meter applications (1971).
For Uj* < 40 m/s, the pressure drop across the nozzle was measured using a
micromanometer while for U;‘ > 40 m/s, a U~tube manometer was used.

For each one of the five ASME nozzles, w = 2.5, 3.3, 5.0, 10.0 and

13.3 mm, the discharge coefficient C, is plotted versus Rej. Cc refers to

d

the nozzle/plenum chamber width ratio. The agreement between the present re-

sults and those of Metzger (1962) is satisfactory.
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For flow and heat transfer runs, the pressure drop across the nozzle,
APj, was measured through two pressure taps installed flush; the first (5 mm
inside diameter) on the inside wall of the plenum chamber and the second (1
mm inside diameter) on the midspan 1 mm above the nozzle exit. For the higher
pressure range, 1200 < APj < 8000 N/mz, the uncertainties in APj (measured
with a U-tube manometer) were *40 N/mz. For the mid-pressure range 200 < APj <
1200 N/m2 and the lower pressure range 100 < APj < 200 N/m2 (measured with a
micromanometer) the uncertainties were *10 N/m2 and 2 N/mz, respectively.
The jet Reynolds number was calculated from the pressure drop across the noz-

zle, APj, and the nozzle discharge coefficient as follows:

de AP,

-

Re, = (A3.2)

i v 0.5p

The uncertainties expressed in terms of jet Reynolds number are shown for the

flow runs and heat transfer runs in Tables A3.1 and A3.2, respectively.
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TABLE A3.1. Uncertainties in Re:; for the Study of Flow
at the Impingement Surface

Y * AP, +AP,
i ] J Re, tARe,
(mm) 2 2 j j
(m/s) (N/m™) (N/m™)
3.3 26.7 528 10 5000 47
51 1804 10 9500 26
110 8010 40 20700 52
13.3 27.4 510 10 20700 202
39.7 1026 10 30000 146
60 2296 40 43800 380

TABLE A3.2.

Uncertainties in Re; for the Study of Heat Transfer

at the Impingement gu

rface

. u* AP, +AP,
i J ] Re, +ARe,
(mm) 2 2 h| h|
(m/s) (N/m™) (N/m™)
2.5 23.4 406 10 3330 40
36.8 1003 10 5230 26
76.0 4007 40 10790 53
3.3 18.2 245 10 3410 69
28.8 614 10 5400 b4
54.8 2083 40 10270 98
5.0 20.0 296 10 5700 95
26.4 504 10 7500 74
37.8 991 10 10740 54
73.0 3528 40 20740 117
10.0 9.5 66.8 2 5400 80
19.2 256 10 10910 211
38.2 966 10 21720 112
13.3 14.2 140 2 10770 77
28.8 549 10 21760 197
38.6 970 10 29160 150
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APPENDIX 4

DESIGN CRITERIA FOR THE HEAT FLUX SENSOR

The heat flux sensor used in this study was designed to measure the
local convective heat flux from an isothermal surface. The fundamental de-
sign criteria were the following:

(i) the preservation of a (nearly) isothermal surface
(ii) the provision of high resolution in local heat transfer measure-
ments

(iii) the assurance of minimum and measurable heat loss over a wide

range of convective heat transfer
(iv) the allowance of measuring convective heat transfer with through-
flow.

To allow the measurement of convective with throughflow the sensor was
made of porous bromze like the rest of the heat transfer surface as described
in Section 3.4. The thermo-phyéical properties of this material are: p =
520.4 kgm/m3,Cp = 377 J/kg-K,k = 6.923 W/m-K. To heat the sensor a 26 AWG
insulated Inconel heating wire was embedded in a groove on its lower surface
as shown ianigures 5.13 and 5.14. The sensor was thermally insulated from
the surrounding plate and instrumented with thermocouples as shown in Figure
3.15 so that the sensor heat loss could be obtained experimentally as dis-
cussed in Appendix 5.

The transverse length of the sensor was made long enough to allow suf-
ficient throQghflow from its open area. In addition this length was to be
shorter than 250 mm (the overall transverse length of the impingement surface)

to avoid wall effects (due to presence of side walls). Hence the transverse
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length of the heat flux sensor was set at 78.5 mm, a region over which the
static pressure measurements showed a uniform profile even for the largest
impingement spacing H/w = 24.

The lateral length of the sensor had to satisfy two conflicting crite-
ria; first it has to be quite narrow to provide essentially local measurements
of heat transfer and second it has to be large enough to permit the through-
flow to pass through the open area not blocked by the heating wire. On the
other hand the finite lateral length of the sensor when subjected to a large
gradient of heat transfer as in the stagnation region should show a
small temperature variation at the surface.

The sensor (and hence the impingement plate thickness) was selected to
be large enough to permit development of a (nearly) uniform temperature pro-
file at the surface.

To select the sensor dimensions on a quantitative basis the classical
problem of two-dimensional steady heat conduction was solved numerically for
sensors of varioﬁs thickness and lateral dimensions. Figure A4.1 shows the
physical model and the appropriate boundary conditions for simulation of the
’heat conduction process. The governing elliptic partial differential equa-
tion was solved using DSS (Distributed System Stimulator) which is a package
program developed by Zellner (1970) to solve sets of partial differential
equations.

For the purpose of simulation it was assumed that the back and side
surfaces of the sensor were well-insulated and that the power from the heat-
ing wire was dissipated totally through convection from the top surface where
a linear distribution of convective heat transfer was imposed as a boundary
condition. Because of symmetry at the heating wire centerline, only a half

of the sensor was simulated.



Al4,

For a surface heat flux condition (equivalent to a convective heat
transfer coefficient h = 300 W/mZ-K) and for a sensor thickness of 10 mm, the
maximum temperature variation at the surface of the sensor over a lateral
length of 3.7 mm was found to be less than 0.1°C. At the insulation side the
temperature distribution across the thickness of the sensor is shown in Fig-
ure A4.2. Thus the dimension chosen for the heat flux sensor shown in Figure

3.13 were found to meet all the requirements of the optimal sensor.
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APPENDIX 5

HEAT TRANSFER ERROR ANALYSIS —

A5.1 Analysis of Uncertainties Based on Single-Sample Experiments

At steady state condition, the heat transfer coefficient (hx) is obtained

from the following heat balance equation for the heat flux sensor:

- A5.1
Ps Qs + Qcond. (45.1)
Rate of heat Rate of heat dissipated Rate of I'xeat loss by
. conduction through
into the sensor out the free surface X .
insulation
Each term is expressed as follows:
P =V (V/R) - (V./R)?R
s h*'p''p PP Aw
= = - + A
Qs Qconv. + Qrad. ths(Ts Tj) 9rad.”s
= m - T + -—
Qcond. B(Ts Tw) C(TbZ Tbl)
where PS = heat into the sensor, W
Vh = voltage across the heating wire, volts
Vp = voltage across the precision shunt
Rp = resistance of the precision shunt, ohms
. = resistance of the lead wire, ohms
Q = heat transfer by convection, W
conv,
Qrad. = heat transfer by radiation, W
Qcond. = heat transfer by conduction, W
Tj = jet temperature at the nozzle exit, °c
Ts = temperature of the sensor free surface at steady state, °c
TW = temperature of the impingement surface at 1 mm from the sensor

and at steady state, °C
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‘ . . o
= temperature at the back of the insulation, C

Th1

sz = temperature at the back of the sensor, °c

Tb3 = temperatgre at the back of the impingement plate 1 mm from the
sensor, °C

As = free surface area of the sensor, mm2

B,C = conductance of marinite, W/K

1:3 = 0.5(T, + T,,)

TW = O.S(TW + Tb3)

The radiation network for two surfaces that see each other and nothing

else is (Holman, 1976):

E

bl —A, A, \ b2
1-e 1 )
1% AF10 )
/l - € ' 1 -¢e_
1 L )L 2 |
q = (E E. ) \ + b+ ‘ (A5.2)
rad bl = b2 \_\ A ) AlFlZ/ \ Ay )
1-c¢ /l - €
4 4 1 1 2 \
q =g(T -T)) + + | (A5.3)
rad s j elAl AlFl2 k €2A2 J
where Ebl = energy of a black body at the temperature of the porous
bronze plate
Eb2 = energy of a black body at the temperature of the aluminum
plate
- - -8 2 _4
o = Stefan-Boltzmann constant = 5.669x10 = W/m -K
€1 = emissivity of the porous bronze assumed to be equal to that
of copper = 0.025 (Perry (1972))
€, = emissivity of aluminum = 0.04 (Perry (1972))
FlZ = shape factor = 1 (assuming that surfaces 1 and 2 only see
each other)
) Al = A2 = A = surface of the impingement and confinement surface
ZR==l-0.025+ 1 +l—0.040=64 -2

0.025(A) (A) (1) 7 0.040(a) A"
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Let T, =40% |, Tp=60°C

h|
(5.669x10_8)—g—4' ((60 +27)% - (40 + 273)4)K4
m K 1
Hence q = — X 7
rad. 64/A)m~> Am?

30 W

9rad. = 2.39 2

m

This value is 0.0195% and 0.397% respectively of the maximum (12500 W/mz) and
the minimum power (600 W/m2) supplied to the sensor. The radiation loss,
'Qrad.’ is considered to be negligible and equation (A5.1) becomes
h = |V (V./R) - (V/R)?R, -B(I -T) -C(T, -T )] (A5.4)
x AS(TS—Tj) ht'p''p p p’ Tw s W b2 bl
While the thermal conductance, B, accounts for the lateral conduction between
the sensor and the impingement plate, the other value of thermal conductance,
C, accounts for the conduction through the back insulation; their values are
kAL/Ax and kAS/Ay respectively where the thermal conductivity of marinite is
k = 0.108 W/m-K.

The thermal conductance for lateral conduction between the heat flux

sensor and the impingement plate is:

B = kA.L/Ax (A5.5)
i.e. B = [0.108]{[(3.7)(10.0)(2) + (78.5)(10.0)(2)]10_6}[103/0.37]
B = 0.48 W/K

The thermal conductance for conduction between the heat flux sensor and the

back insulation is:
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C ==kAs/Ay (A5.6)

i.e. c = [0.108][(3.7)(78.5)10-6] [10°/10]

C = 0.00314 W/K
Hence equation (A5.4) becomes

-1 - - T -T) - -
b, AT _Tj)[vh(vp/kp) (V/R )R, - 0.48(T - T)) - 0.00314(T,, Tbl)]

(A5.7)

This equation represents the functional relation between the heat transfer co-
efficient and the measured variables. The uncertainties in the variables V, AS,
R and T are all independent and the above equation is continuous and has deriv-
atives. Therefore the uncertainty in heat transfer coefficient associated with
each measured X, is (ahx/Bxi)Gxi.

To illustrate the uncertainty two examples are given; the first is the
upper limit of the present measurements representing stagnation point heat
transfer for f = 1.567 (w = 2.5 mm), H/w = 8 and Rej== 10790, and the second is
the lower limit of the present measurements representing heat transfer at x/w =
8 for £f = 6.25%7 (w = 10.0 mm), H/w = 24 and Rej = 5400. The values of X, un-
certainties and percentage uncertainty are presented in Tables A5.1 and A5.2
for the upper and lower bounds onlga respectively. Also the uncertainties in
heat transfer coefficient associated with each measurement X, in a derivative
form from equation (A5.7) are listed below:

1

N N EED)
s''s 3

(Vp / Rp)
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1 { 2V
9h_/3V =+————=|V. /R - —=ER }
x P AS(TS Tj) h''p R§ Lw
1 [ thR 2v? ]
dh /3R = - + =2 R
x T p AS(Ts Tj) Rﬁ Rs w

=1 2
ahx/ale A (T - Tj)[ (VP/RP) ]

th 1 2
= - V(V/R)=-(V/R)R, =-0.48(T -T
o, A_,_(T 3 T.)[ h( p/ P) ( p/ p) o ( s W)
s s 3
- 0.00314(Tb2 - Tbl)}
ahx 1 2
= - VMV /R)~-(V/R)R -0.48(T -T
aTs A (T - T.)Z[ h( p/ p) ( p/ p) oW ( s W)
s s i
- 0.00314(Tbz - Tbl)]
th 1 2
= V,(V/R)=-(V/R)R -0.48(T -T
aTj A (T - T,)Z[ h( p/ p) ( p/ p) 2w ( s w)
s'’s i
- 0.00314(1:bz - Tbl)]
by 0.48 By -0.48
= A (T ~-T, > = A(T -T
BTW s( s J) BTS s( s j)
oh, _0.00314

9(Ty, = T, ) A_(T_ - T,
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- 1 - 2 - - - -
b A - Tj)[vh(VP/RP) (V, /R )Ry = 0.48(T = T) - 0.00314(T,, Tbl)]

(A5.8)
The total rms error is then
n oh. 2
h = | 5-5-_axi (A5.9)
X Ju=1] \*%

The maximum and minimum values of convective heat transfer coefficients calcu-
lated from equations (A5.7), (A5.8) and (A5.9) are hx== 622 (x14) W/mZ-K and
hx==31'6 (+9.4) W/mz—K, respectively. An examination of Tables A5.1 and A5.2
reveals that the primary source of error in heat transfer measurements is Es'
Since the error reported in these tables are based on the maximum error that
the instrumentations can produce, the expected total error might in general be
lower than this maximum. In order to assess the uncertainties due to real
experimental measurements a statistical analysis of uncertainties based on re-

peated tests is shown in the subsequent sectiom.

A5.2 Statistical Analysis of Uncertainties Based on Repeated Experiments

Five sets of replicate experiments were performed to generate the data
for statistical analysis. These experiments, consisting of measurement of the
local heat transfer distributions, were performed over a period of 3 months.
Two sets of flow and geometrical conditions were tested that cover the upper
and lower bounds of the entire range of parameters. The upper limit is pre-
sented by w = 2.5 mm (f = 1.56%), H/w =8 (S/H = 4) and Rej = 10790 and the

limit by w = 10.0 mm (f = 6.25%), H/w = 24 (S/H = 0.33) and Rej = 5400.



TABLE A5.1. Error Analysis for High Heat Transfer Testing
Conditions :
3h L 9
Value of —X 6% E
X, 6x, 9X. i h 9x
i X, i i i
+ 2
(W/m™-K) (%)
V, (volt) 1.512 0.004 1.738 0.278
vp (volt) 0.249 0.002 4.937 0.792
R, (ohm) 0.102 0.001 -6.026 -0.966
R, (ohm) 0.020° 0.004 -4.243 -0.680
A (mm?) 290. 45 1.50 -3.225 -0.517
T, o 61.70 0.08 -2.571 -0.413
T, °c) 42.33 0.08 2.575 -0.413
T (o 70.24 0.08 -6.826 -1.096
{a]
T, = T; O 9.8 0.16 0.089 0.014
T (°c) 70.32 0.08 6.826 1.096

h_ = 622.59 (+14.08) W/mZ—K
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TABLE A5.2. Error Analysis for Low Heat Transfer Testing
Conditions ‘

5h L oh
Value of —=X sx =X

X, 8x, 3x i h 9x,.

i xi i i i

2

(W/m"-K) (%)
v, (volt) 0.363 0.004 0.419 1.327
vp (volt) 0.062 0.001 0.572 1.812
Rp (ohm) 0.102 0.001 -0.348 -1.10
R, (obm) 0.020 0.004 -0.254 -0.807
A (mm?) 290. 45 1.50 ~0.163 -0.516
T, °c) 60.08 0.08 -0.127 -0.40
T, °c) 40.12 0.08 0.127 0.401
Ew °c) 60.56 0.08 -6.621 -20.96

o)

T, = Ty, €O 0.4 0.16 0.087 0.274
i's o) 60.62 0.08 6.621 20.96

hx = 31.6 (9.4) W/mz—K

A25.



A26.

The objectives of the statistical analysis were to test the homogeneity
of variance and to find the 957 confidence interval for hx'
The following tests were used to perform the analysis:
(a) Bartlett's test as described in Himmelblau (1970), which is a commonly
used test to detect differences among two or more variances; their homo-
geneity is determined by comparing tﬁe logarithm of the average variance

with the sum of the logarithms of the separate variances. The formulas

necessary for the use of this test are based on the hypothesis, Ho: oi =
og = ... oi ==02 and the presumption that the variances measured are nor-
mally distributed. If the test hypothesis is correct a pooled s2
K
LI v.s
11 / n
2 _i=1 - 1 2
s X 3 .El(Pi l)si (A5.10)
z vy z Pl -n
i=1 =1
where n = number of samples
Pi = number of replicates in a sample
v = degrees of freedom
has an xz distribution with a mean of 02 and v degree of freedom.
Bartlett showed that
2
R 51
A=-= 1% P.zn(—z-) (A5.11)
c ., i
i=1 s
where
n
1 1 1
=1+ 1 _
c=1 3(n - 1) iil Pi K
z Pi
i=1

has an approximate x2 distribution with (n - 1) degrees of freedom.
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(b) The 957 confidence interval is obtained as:

h ~t s-<h gh +¢t s~ (A5.12)
X 1_2 X n X _g_ X
2

n
= 1 l - l = 1 E - _1.._ ==
c=l+3m - .2 % " n 1+3 13[5 14x5] 1.071
i=1 i
X Pi
i=1l
n n
2 1 _ 2 _ 1 2 _
s - E (Pi l)si Taws = 14 .Z 4 x 84 10.70
i=1 i=1
z Pi - n
i=1

For ¢« = 0.05 with (n - 1) = 13

> = 22.36

Since A < 23.68, the hypothesis of equal variance for different x/w is

acceptable. Hence, the variation from the mean is the same.

The maximum standard error is used to calculate the confidence interval.
From Table A5.3 this is observed at x/w = 2 and sz = 1.991 using 957 confidence

interval.

t = 2.132

NI

Hence, hx is subject to a variation of

= 22.132 x 1.991

= +4.245 W/m*K



From Table A5.4

n
1 1 1 1 o 1
- 3+ 1. - 2 013,073
c=l+sm -l kB "4 1+3x9?5 10:5] 1.0
i=1 i
I P,
i=1
2 1 n 2 1
s° =4 .Z (Pi - 1)81 = 10%5 - 10 ¥ 4 x 23.988 = 2.3988
i=1 ,
I Pi -n
i=1
1 n si 5 10 si
A==-3  Pyn\ 5 == 1073 5 ™3 3088  11-261
i=1 s i=1

For ¢« = 0.05 with (n - 1) =9

xz = 16.92

Since A < 16.92, the hypothesis of equal variance for different x/w is accepted.

The confidence interval is calculated for the value of x/w corresponding
to the maximum standard error. This is observed at x/w = 1 with a value sz =
1.249 using 957 confidence interval from Table AS5.4.

tl_g = 2,132
2

Thus variation in hX of 2,132 x 1.249 = 12,66 W/m2-K is found.

In conclusion, the above statistical analysis indicates that for each of
the 2 sets of data the variance is homogeneous. The variation in hX from 957
confidence interval (based on maximum standard error in hx) was found to be
+4.25 and *2.66 W/mz—K for the first (625 ¢ hx £ 160 W/mz—K) and second (44 <

hx s 29 W/mz—K) set of data, respectively.



TABLE A5

.3. Repeated Experiments for f = 1.567, H/w = 8

and Rej = 10790

Expt. #1 | Expt. #2 | Expt. #3 | Expt. #4 | Expt. #5
i x/w Y1 (hx) Y2 (hx) Y3 (hx) Y4 (hx) Y5 (hx)
1 0 622.6 624.8 628.1 620.3 624.1
2 1 614.0 605.3 609.3 609.4 616.3
3 2 505.4 504.2 500.2 503.5 512.3
4 3 429.3 432.1 433.3 435.2 437.1
5 4 380.4 381.0 378.2 383.4 383.9
6 6 336.9 329.9 335.8 336.1 339.8
7 8 298.9 297.1 296.2 295.1 301.9
8 | 10 255.4 256.3 252.4 252.1 260.2
9 | 12 239.1 232.4 235.2 231.2 239.2
10 16 206.5 201.5 202.1 204.1 209.1
11 | 20 195.6 192.3 190.1 191.3 197.3
12 | 24 179.3 173.4 170.1 171.3 176.2
13 | 28 168.5 166.3 163.5 164.3 169.5
14 | 32 163.0 162.0 159.3 160.0 164.2
2 Standard Error, s-
i ¥ ey, -2 | 2 -0 x
i 5, =95 -1 (32/P )0.5
i i'"4
1 623.98 33.11 8.277 1.286
2 510.90 74.94 18.73 1.936
3 ) 505.12 79.308 19.83 1.991
4 433.40 35.44 8.86 1.331
5 381.38 21.65 5.41 1.040
6 335.70 55.06 13.02 1.613
7 297.84 28.35 7.09 1.190
8 | 255.28 43.67 10.92 1.478
9 | 235.42 54.81 13.70 1.655
10 | 204.66 39.95 9.99 1.413
11 193.32 36.53 9.13 1.351
12 | 174.06 55.77 13.94 1.670
13 | 166.42 26.85 6.71 1.159
14 | 161.70 16.68 4.17 0.913

A29.
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TABLE A5.4. Repeated Experiments for £ = 6.257, H/w = 24

and Re, = 5400
J

Expt. #1 | Expt. #2 | Expt. #3 | Expt. #4 | Expt. #5
x/w Yi (hx) Y2 (hx) Y3 (hx) Y4 (hx) Y5 (hx)
110 44.3 42.4 40.7 40.4 41.2
2 | 0.5 44.0 41.3 41.5 40.7 40.9
3 1 44.0 44.1 38.3 39.2 40.5
4 | 2 42.5 42.2 38.2 38.9 40.5
513 42.2 42.5 37.9 38.7 39.2
6 | 4 42.3 40.2 37.0 38.2 38.5
715 37.5 38.0 36.0 35.8 36.2
8 | 6 36.2 34.9 35.0 34.2 34.9
9 7 31.4 31.5 30.9 29.3 33.9
10 | 8 31.6 31.0 30.2 28.9 33.4
- _ 2 $(Y. - §)2 Standard Error, s;
Yo -t 21 2. 0.5
i Pi -1 (Si/Pi)
1| 41.6 9.3 2.325 0.682
2 | 41.68 7.13 1.782 0.597
3 41.22 31.22 7.805 1.249
4 40. 46 14.73 3.683 0.858
5 40.10 17.78 4.445 0.943
6 39.24 16.93 4.233 0.920
7 | 36.70 3.88 0.970 0.440
8 | 35.04 2.09 0.523 0.323
9. 31.4 10.92 2.73 0.739
10 31.02 11.17 2.79 0.747
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APPENDIX 6

UNCERTAINTIES IN STATIC PRESSURE AT THE IMPINGEMENT SURFACE

v s/ £,-%2 | H/ S/H o / %o
w s w Re, AP /AP,

() Il am® | 3| amd
3.3 24 2.06 4 6 5000 427 0.8 5
9500 1560 0.86 34
20700 7260 0.9 34
8 3 5000 340 0.64 5
9500 1248 0.69 34
20700 5808 0.72 34
16 1.5 5000 200 0.38 5
9500 750 0.41 5
20700 2880 0.36 34
13.3 6 8.313 4 1.5 20700 432 0.84 5
30000 917 0.89 5
43800 2095 2 0.91 34
8 0.75 20700 334 0.65 5
30000 709 0.69 5
43800 1620 0.70 34
16 0.375 20700 102 0.2 5
30000 205 0.2 5
43800 459 0.19 5
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APPENDIX 7

VALUES OF SURFACE HEAT FLUX WITH AND WITHOUT THROUGHFLOW

TABLE A7.1.

Local Heat Flux at the Impingement Surface for

H/w = 8, Re, = 10200 and U =0, 0.1 and 0.15 m/s
5 —S

U_ =0.0 m/s U =0.10 m/s U =0.15 m/s
s s s
x/w 910ss by 110ss by Q10ss by
Yconvection conduction | Yconvection throughflow Qconvection throughflow

(W/n’) (/m?) W/n’) (W/n®) (W/a®) W /n®)
0 2769 33.4 3333 510 3333 765
0.50 2456 33.2 2883 441 2850 654
0.75 2184 31.1 2602 398 2566 589
1.25 1957 30.2 2415 370 2334 536
1.50 1920 30.0 2334 357 2233 512
2,25 1725 29.3 2152 329 2111 484
3.0 1592 28.8 - 1997 306 1928 442
3.75 1482 28.3 1790 274 1875 430
4.50 1299 27.6 1725 264 1640 376
5.25 1259 27.4 1583 242 1462 335
6.0 -1137 26.9 1482 227 1429 328
8.0 1015 26.5 1360 208 1319 303
10.0 853 25.8 1218 186 1165 267
12.0 710 25.2 1031 157.8 1031 237
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TABLE A7.2.

Local Heat Flux at the Impingement Surface for

H/w = 8, Rej = 22800 and4§D== 0, 0.15 and 0.3 m/s
U = 0.0 m/s U =0.15 m/s U =0.30 m/s
s s s
x/w 90ss by Y0ss by Y 0ss by
9convection conduction | %convection throughflow Qconvection throughflow

W/n’) W/m?) W/u) w/m®) /%) )

0 4330 36.9 4949 1135 5120 2350
0.5 4068 35.8 4758 1092 4884 2242
0.75 3788 34.7 4442 1019 4113 1886
1.0 3448 33.4 4121 946 4275 1962
1.5 3262 32.6 3938 904 4100 1882
2.0 3049 31.8 3719 853 3857 1770
2.5 2966 31.5 3621 831 3755 1723
3.0 2866 31.0 3504 804 3646 1673
3.5 2700 30.4 3390 778 3536 1623
4.5 2548 29.8 3211 737 3350 1537
5.25 L2412 29.2 3025 694 3146 1444
6.0 2314 28.8 2927 672 3057 1403
8.0 2152 28.2 2805 644 2939 1349
10.0 2071 27.9 2692 618 2822 1295
12.0 1970 27.5 2574 590 2741 1258
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TABLE A7.3. Local Heat Flux at the Impingement Surface for
H/w =8, Re, = 29100 and U =0, 0.2 and 0.3 m/s
i) —8—
US 0.0 g/s US 0.2 m/s US 0.3 m/s
x/w 90ss by 910ss by 910ss by
9convection conduction | Yconvection throughflow Qconvection throughflow

W/a’) W/m’) (W/n%) ®/n?) W/n’) W/n®)
0 4750 35.8 5473 1675 5603 2572
0.5 4669 35.5 5278 1615 5501 2525
0.75 4547 35.0 5075 1553 5258 2413
1.25 4263 33.8 4913 1503 5055 2320

1.5 4141 33.4 - - - -
2.25 -3898 32.4 4227 1385 4669 2143
3.0 3735 31.7 4263 1304 4425 2031
3.75 3451 30.6 4060 1242 4222 1938
4.5 3248 29.8 3857 1181 4060 1863
5.25 3086 29.1 3654 1118 3836 1761
6.0 3004 28.8 3552 1087 3735 1714
8.0 2923 28.5 3451 1056 3573 1640
10.0 2842 28.2 3443 1054 3552 1630
12.0 2680 27.5 3268 1000 3431 1575
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