Experimental Investigation of Heat Transfer
Characteristics from Arrays of Free Impinging
Circular Jets and Hole Channels

Dissertation

zur Erlangung des akademischen Grades

Doktoringenieur

(Dr. —=Ing.)

vorgelegt von
M. Sc. Eng. Mohamed Attia Mahmoud Attalla

geb. am 28.12.1968 in Kena, Agypten

genehmigt durch die

Fakultat fur Verfahrens- und Systemtechnik
der Otto-von-Guericke-Universitat Magdeburg, Deutschland

Gutachter

Prof. Dr.-Ing. Eckehard Specht
Prof. Dr.-Ing. Ibrahim M. M. ElI-Moghazy

Promotionskolloquium am 21.12.2005



DEDICATION

This work is dedicated to my father, my mother and my
wife, my children, who supported me with their love,
care and prayers

M. Attalla



Abstract

An experimental investigation of the convective heat transfer on a flat surface
in a multiple-jet system and hole channel is described. The system consists of
free jets with an undisturbed flow of the air. Principle arrays were considered
as in-line as well as staggered with different spacing distance in X- and Y-

directions.

For measuring the heat transfer, a metal sheet made of nickel alloy of size
200 mm x 170 mm was heated electrically with direct current supply up to 400
A and 7 V. The top side was cooled with air from the nozzle array. The
temperature distribution on the black coated bottom side was recorded with an
infrared thermo camera. Because of the sheet thickness was only 0.1 mm, the
temperature on both sides can be assumed as equal. The resolution of the
temperature difference is 0.15 mm/pixel, thus it is possible to determine the
local heat transfer with a high accuracy. Varied parameters were the jet inner
diameter with d, of 5.8 mm and 8 mm, the jet Reynolds number in the range
from 1400 to 41400, the normalised distance nozzle to sheet H/d from 1.0 to
10.0, and the normalised nozzle spacing S/d from 2.0 to 10.0. The geometrical

arrangement of nine jets arrays (3x3) was tested.

The profile of the local and average heat transfer coefficient for multiple free
jets system were discussed and compared to those of a single free jet. The
results have shown that the multiple jet system enhances the heat transfer over
the entire range than those for the hole channel and a single nozzle. A
maximum of the heat transfer was found for the normalised spacing S/d = 6.0
for multiple jets system. This is because the interference between adjacent jets
is reduced. But for the hole channel the normalised spacing S/d = 4 provides
the maximum heat transfer. The normalised distance H/d had nearly no effect
on heat transfer in the range 2 < H/d < 5 for both multiple jets system and hole
channel arrays. The Reynolds number exponent m for the multiple free jets

arrays at optimum spacing distance of is found approximately 0.7. While for



the hole channel array the exponent of Reynolds number for maximum average
Nusselt number is found 0.66. Because of the difference between exponents of
Reynolds number for these two cases, the crossflow is limited for the multiple

free jets system in comparison to the hole channel array.

In addition, the uniformity of the heat transfer is examined in this work. The
experimental results show that the uniformity depends strongly on the type of
the jet array. Therefore the heat transfer is more uniform over the impinging
area for the staggered array than the other arrays.



Kurzfassung

Der konvektive Wérmeibergang der Prallstromung von Dusensystemen und
Lochkandlen wurde experimentell untersucht. Die Systeme bestanden aus
freien Dusen mit einer unbeeinflussten Luftstrdmung. Prinzipielle
Anordnungen wurden betrachtet wie fluchtend und versetzt mit verschiedenen

Teilungen in X- und Y-Richtung.

Zur Messung des Warmelbergangs wurde ein Metallblech aus einer
Nickellegierung der Abmessung 200 mm x 170 mm elektrisch beheizt, mit
einem Gleichstrom bis zu 400 A und 7 V. Die Oberseite des waagerechten
Bleches wurde mit der Luftstromung gekuhlt. Die Temperaturverteilung der
mit Lack geschwarzten Unterseite wurde mit einer Infrarot-Thermokamera
aufgenommen. Da die Blechdicke nur 0,1 mm betrug, kann die Temperatur auf
beiden Seiten als gleich angenommen werden. Die Auflésung der
Temperaturdifferenz war 0,15 mm/Pixel, wodurch der Ortliche
Warmedibergang mit einer hohen Genauigkeit ermittelt werden kann. Als
Parameter wurden variiert, der innere Dusendurchmesser mit 5,8 mm und 8
mm, die Reynoldszahl der Duse im Bereich von 1400 bis 41400, der bezogene
Dusenabstand zum Blech H/d von 1 bis 10 und die Dusenteilung S/d von 2 bis
10. Die geometrische Anordnung bestand aus 3 x3 Dusen, so dass die mittlere

Duse jeweils reprasentativ fir ein grofl3es Feld war.

Die Profile des ortlichen und mittleren Warmeiibergangskoeffizienten flr die
Dusensysteme werden diskutiert und mit denen der Einzeldiise verglichen. Die
Ergebnisse haben gezeigt, dass die Disensysteme den Warmelbergang im
ganzen Bereich verstarken im Vergleich zur Einzelduse. Ein Maximum fur den
Warmedibergang wurde fir die Dusenteilung S/d = 6,0 beim Dusensystem
gefunden. Dagegen wurde fur die Lochkandle ein Maximum bei der Teilung
von S/d = 4,0 gefunden, dass allerdings nur geringfligig hoher war als der
Warmelibergang bei der Teilung S/d = 6. Der Diisenabstand zum Blech bt
keinen Einfluss im Bereich 2 < H/d < 5 aus sowohl fur die Einzeldisen als

auch fir die Lochkandle. Der Exponent der Reynoldszahl des Dusensystems



kann fir den maximalen Warmedibergang bei der optimalen Teilung mit 0,7
angenéhert werden. Bei dem Lochkanal passt dagegen der Exponent 0,66

besser zur Beschreibung des Einflusses der Reynoldszahl.

Schliellich wurde noch die GleichméRigkeit des Wéarmelbergangs in
Querrichtung eines unter dem Diisensystem transportierten Bleches untersucht.
Hierbei ist der mittlere Warmeibergang entlang von Léangslinien von
Bedeutung. Bei einer fluchtenden Anordnung der Disen ist der
Warmeubergang entlang der Linien unter den Disen erheblich héher als der
zwischen den Disen. Dagegen ist der Warmeubergang in Querrichtung nahezu

ausgeglichen bei einer versetzten Anordnung der Disen.
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Introduction and Review of Previous Work

Introduction and Review of Previous Work

1-1-Introduction:

The jet impingement heat transfer has become well established as a high
performance technique for heating, cooling and drying a surface. Applications
of the impinging jets include drying of textiles and film; annealing of the
glass; processing of some steel and glass industry; cooling of gas turbine
components and the outer wall of combustors; cooling of electronic
equipment; and freezing of tissue in cryosurgery. Interest in the topic from the
standpoint of both empirical and theoretical applications continues unabated
and may have even accelerated in recent years. The high heat transfer rates
associated with impinging gaseous jet has been well recognized and
documented for many years [1-7]. Besides the above applications, impinging
jets are also adopted in paper industry to enhance drying of paper processes,
and cooling of moving metal strip, [8, 9]. The majority of this chapter have
been related to single jets and multiple impinging jets which considered for

cooling or heating larger surface.

Direct impingement of turbulent jets onto a surface leads to high heat
transfer rates. This method is often employed to achieve rapid heating or
cooling and has been applied in the glass industry [10]. A major disadvantage
of impinging isothermal jets is that the local heat flux can be highly non-
uniform. Because of the importance of materials processing and other
applications, the jet impingement heat transfer has been extensively studied to
determine both the peak and the spatial heat transfer distribution for various
configuration of jets and surfaces [11]. The impingement of unconfined
axisymmetric (circular) jets on flat surface has received most of the research
attention [12-15]. However, a wide variety of other unconfined and confined
configuration-single round and slot, rows and arrays, obliquely inclined, and

others have been studied [3].
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1-2 Heat Transfer Between Jets and Surfaces:
1-2-1 Single Jets:

In the following it is focused on the single impinging jets. There are many
different factors affect heat transfer between an isothermal jet and solid
surface. The factors include turbulence, entrainment, exit jet velocity profile,

nozzle geometry, separation distance (H/d), surface form and external factors.

There is limited literature concerned with laminar jets. Sparrow and Lee [16]
used a solution for the inviscid flow field as a boundary condition to determine
the viscous flow along the impingement surface. They showed that with this
method the Nusselt number is proportional to the Reynolds number to the 0.5
power. Saad et al. [17] solved the full Navier-Stokes equations using a finite
difference approximation. They concluded that the Nusselt number was
proportional to Re®*® for a parabolic velocity profile and to Re®® for a flat
velocity profile in the range of the Reynolds number from 900 to 1950. The
numerical computations of Saad et al. show the importance of the velocity
profile in the stagnation region and also in the wall jet region. The heat transfer
from a parabolic impinging jet is higher than that from a uniform impinging jet

in both stagnation and wall jet regions.

The Nusselt and Reynolds numbers for air at the stagnation point are usually
expressed as Nug = c.Re". The Reynolds number exponent n from laminar
boundary layer theory for a uniform exit velocity profile is 0.5. Polat et al. [ 18]
compared the values of the exponent n that were determined by various
numerical and experimental studies and found that there is considerable scatter.
The value of n ranges from as low as 0.23 to as high as 0.67 and depends on
whether the inlet velocity profile is flat or parabolic. The differences in the exit
velocity profiles make a direct comparison of experimental and numerical
results. The stagnation point heat transfer within the plate to jet (separation
distance H/d < 5.0) is in good agreement with laminar boundary layer for

Reynolds number of 1050 and 1860 [19]. In the developed region H/d > 8§,
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strong free jet turbulence effects were observed that augmented the convective

heat transfer [20, 21].

The fact that a turbulent impinging jet yields a higher heat transfer than a
laminar jet has been recognized for some time [22-28]. Donaldson et al. [28]
examined free jet impingement and compared their measured heat transfer

results to those predicted by laminar theory. At the stagnation point, they
obtained the following relation for the Nusselt number Nu_ =(0.5¢ Pr)"’.Re"”.

In this relation, both the Nusselt and Reynolds numbers are based on the local
free jet half-radius and the value of ¢ is 1.13 for fully developed free jets. A
comparison between the predicted laminar heat transfer and the measured heat
transfer revealed that the measured turbulent heat transfer rate is 1.4 - 2.2 times

as high as the laminar rate.

In many aspects of materials processing and other applications of impinging
jets, the gaseous jet is at a temperature other than of the surrounding air. When
a temperature difference is present, the entrainment of the surrounding fluid
affects the performance of the jet. The experimental work on heated single jets
to study entrainment effects has been extensive [29-32]. Obot et al. [33] found
that the effect of entrainment on the heat transfer to a turbulent jet is strongly
dependent on nozzle configuration. Most of the published literature pertains to
jets generated with well characterized nozzles. However, in many applications,
the square nozzle configuration is preferred primarily because of ease of

fabrication and installation, especially for multiple jet systems.

The experimental data of Hoogendoorn [25] clearly demonstrated that not
only the stagnation point but also the local Nusselt number depend on the

nozzle design and on the nozzle-to-plate ratio H/d.

The effects of nozzle-to-impingement surface spacing are now being
understood [34, 35]. The local heat transfer coefficient depends on several

factors, and the variation is complex [35]. For H/d > 4 the maximum heat
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transfer coefficient occurs at the stagnation point of the jet [11]. This optimum
separation distance, H/d, apparently coincides with the length of the potential
core. Beyond the potential core, the jet velocity decays and the heat transfer

coefficient falls.

Depending on the jet Reynolds number and separation distance two radial
peaks have been observed for circular air jets [34, 35]. The inner peak is
located at approximately X/d = 0.5. For H/d < 0.25, global mass continuity
requires that the fluid accelerate between the nozzle and the impingement
surface. The resulting acceleration produces local thinning of the boundary
layer, explaining the peak seen at r/d = 0.5 [36]. The experimental
results of Adler [34] given in Fig. 1.2 shows that this peak occur at radial
distance X/d equal to 2. But the result of Lytle and Webb [35] provided in Fig.
1.3 this peak becomes more pronounced at radial distance is 1.75 especially for
high Reynolds number. The discussion of prior work by these authors suggests
that the local maximum in the Nusselt number at X/d is strongly dependent on

separation distance and Reynolds number.

The strong effect of the nozzle-to-impingement surface ratio, H/d, on the
local heat transfer coefficient is illustrated in Fig. 1.4 for a wide range of
separation distance. At a separation distance of 6 the maximum Nusselt
number occurs at the stagnation point and then decreases monotonically. The
variation of the Nusselt number is similar for the separation distance of 0.5
except for the appearance of a slight secondary local maximum at X/d = 1.75.
However, as the separation distance is decreased below 0.5, the Nusselt
number shows a significant increase at all radial locations, and two local

maximum occur at X/d = 0.5 and X/d = 1.3-1.75 [35, 36].
1-2-2 Multiple Impingement Jet:

The heating or cooling of large areas with impinging jets requires arrays;

however, the flow and geometrical parameters have to be carefully selected to
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provide both a sufficiently high average heat transfer coefficient and
uniformity of the heat transfer over the impingement surface [37]. The need for
uniformity is important in applications such as drying of textile and paper,
annealing and tempering of glass, cooling of turbojet engine structure to avoid
local hot spots, and spot cooling of electrical apparatus. These and other
applications motivated the research. Because of this there are numerous studies

dealing with isothermal multiple jets impingement systems, and some selected

papers are summarized in [Table 1.

The flow from arrays of impinging nozzle has the same three flow region-
free jet, stagnation, and wall jet- as the single impinging jet [3, 5, 10, 44 and
57-59]. However, there are some basic differences in the fluid mechanics of
single and multiple jets that complicate the use of single jet heat transfer results
for the design of multiple jet systems. The individual jets that make up a
multiple jet system may be influenced by two types of interactions that do not
occur for single jets. First, there is possible interference between adjacent jets
prior to their impingement on the surface. The likelihood of such interference
effects is enhanced when the jets are closely spaced and when the separation
distance between the jet orifice and the impingement surface is relatively large.
Second, there is an interaction due to collision of surface flows associated with
the adjacent impinged jets. These collisions are expected to be of increased
importance when the jets are closely spaced, the jet orifice impingement plate

separation is small, and the jet velocity is large [60, 61].

The multiple jets systems can be subdivided into three different kinds of
arrays. (I) Round jets from free tube (e.g. In-line and staggered), (II) round or
slot jets from perforated plate with or without spent air holes, and (III) rows
from hole channels which can be considered as mixture of perforated plate and
free jet. Many additional factors influence the heat transfer in multiple jets
impingement systems. These factors include separation distance, jet-to-jet
spacing distance, kind of array, geometry of jet, diameter of jet and

impingement surface form [2, 3. and 60, 61].
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For arrays perforated plate impingement jets, a cross flow is formed by the
spent air from the impinging jets in a confined space, and the amount of cross
flow increases as the flow moves downstream. Turbulent intensity of
impinging jets is increased because the cross flow disturbs impinging jets at
downstream region. Therefore, the local heat transfer rate around the
stagnation region is enhanced [42, 47, and 62-63]. However, at the mid-way
region, the heat/mass transfer is decreased because the spent fluid upstream jets
in an array can sweep away the downstream jets and delay impingement. Also
the thermal boundary layer is developed in the cross flow at this region.
Therefore, the heat/mass transfer coefficient is non-uniform over the overall
impingement surface [64]. Experiments on the influence of cross flow on
impinging heat transfer have used both single row [15, 40, 58, 65] and multiple
jet arrays [39, 42, 46, 66-70] both cases were used perforated plate. Most

investigators found that crossflow reduced impingement heat transfer.

Convective heat transfer from a flat surface to a row of impinging,
submerged air jets formed by square edged orifices having a length/diameter
ratio of unity have been measured [63]. The local Nusselt numbers were
averaged over the spanwise direction, and average Nusselt numbers were

calculated and then correlated by the equation [63],

2.9exp[— 0.09.(%)‘4}
28+ )H )" |

Nu = Re"’. (1-1)

Where X is streamwise coordinate. This correlation is appropriate for the range

of parameters studies (2 <H/d < 6,4 <S/d <8, and 10000 < Re <40000).

The heat transfer coefficient from a flat plate to a multiple jets system with
perforated was examined by more investigators. For example, Dagan and

Hollworth et al. [58, 66] found that, for arrays with staggered spent air exit
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holes in the perforated plate, the heat transfer convection was 20-30% larger
than for arrays with cross flow spent air exit geometry. Huber and Viskanta
[49-50], studied the effect of spent air exit in the orifice plate on the local and
average heat transfer for 3*3 square array jet with 2*2 square spent air exit
using the liquid crystal technique. In addition, they examined the effects of the
separation distances H/d = 0.25, 1.0, and 6.0 and Reynolds number Re = 3500,
and 20400. They found that the interaction of adjacent impinged jets is reduced
by spent air and the heat transfer on target plate is more enhanced. Several
investigators [13, 37, 39, and 62] have determined the average Nusselt
numbers (Nu,,) in the presence of crossflow. The results show that for Re <
5500, the average Nusselt number pass through a maximum about H/d = 4.0.
For large value of Reynolds number, the average value of Nusselt number

decreases with increasing spacing for any particular flow scheme. It can be

established that Nu oc (%)n , where n depends on the exhaust scheme [3, 62].

Metzger et al. [71] investigated experimentally another importance
difference between the heat from a single jet and an array of jets. They found
that for a jet-to-jet spacing distance (S) of 1.67-6.67 nozzle diameters, a
maximum in the average heat transfer coefficient was observed for a separation
distance (H/d) of about one. A value of S/d = 4 was recommended by
Freidman and Mueller [72] to reduce adjacent jet interference and maximum
heat transfer over the surface for large separation distance H/d > 8, while
Martin [1] recommended an optimum value of roughly 7 diameter for H/d =

5.4.

Hrycak [13] also comments that a small separation distance appears to be
characteristic for maximum heat transfer from multiple jets system. Ichimiya
and Okuyama [73] studied a square array of four circular jets with a confining
wall as the separation distance was varied from 0.5 to 8.0. They found that, the
maximum average Nusselt number occurred between a separation distance H/d
of 1.5 and 2.0 as the Reynolds number was varied from 3000 to 40000.

Ichimiya and Okuyama [73] concluded that the effective dimensionless
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distance between the nozzles and impingement surface (separation distance
H/d) does exist for a constant jet Reynolds number. For turbulent flow when
three slot jet nozzle are located a small separation distance from the
impingement surface (0.5 < H/d,, < 1), two strong peaks in the local Nusselt
number were observed behind the second nozzle [74]. This is attributed to a
pair of vortices at the stagnation region. From their experiments in confined
crossflow with a single slot jet, Chong et al. [68] concluded that jet-to-
crossflow momentum flux ratio is a kinematic parameter of the flow that
influences the ratio of the maximum Nusselt number to its crossflow

counterpart.

The following paragraphs have been deceased the heat transfer coefficient
from arrays of free jet (based on the first kind of arrays). Only a few
investigators studied the heat/mass transfer coefficient from this array [2, 38,
51, 75]. Xiaojun Yan and Nader Saniei [48] investigated the effect of jet-to-jet
spacing (S/d) and jet-to-plate distance (H/d) on local heat transfer for a
constant Reynolds number (Re = 23000) by using a pair of circular air jet
impinged on a flat plate. The spacing and separation distances were in the
range (1.75 to 7.0) and (2 to 10) respectively. The results of the investigation
showed that the local Nusselt number at the center point between the two jets
exceeds that one at the jet stagnation point when S/d < 3.5, and is less than one
that at the stagnation point when S/d > 3.5. Also, in larger jet-to-jet spacing
(S/d > 5.25), the local heat transfer distribution in the region between the jets
shows two maximum value, first one at r/d = 0.3 and the other one at r/d = 1.3,
for a closer jet-to-plate distance (H/d = 2.0). But a pair of nozzles is not

representative for the average heat transfer of an area for a whole array.

Slayzak et al. [75] investigated the local heat transfer coefficient on a surface
with a constant heat flux. They used two jets also but water as fluid. The
experiments were carried out for a slot nozzle and only for one nozzle-to-plate
distance. They showed that there is a oscillating interaction zone midway

between the impingement points. Within the stable interaction zone, there is a
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local maximum in the heat transfer coefficient. Hilgeroth [38] defined the heat
transfer coefficient on the basis of the logarithmic mean temperature difference
between the wall and the air. So it is difficult to compare their results with
other investigators. Gromoll [2] investigated the heat transfer on the target
plate for arrays of impingement jets with different types of arrays (in-line and
staggered array). He found that the local heat transfer of a staggered array is
enhanced than of an in-line array. The results were summarized by the

following correlation,

Nu=0863 (8] (3, Re" P (1-2)

where n = 0.6 at S/H > 1 and n = 0.53 at S/H < 1. This is the only relation for

Nusslet number in case of free tube jets, based on may knowledge.

1-3 Problem Considered:

Based on the above, the exponent n of the jet Reynolds number in
correlations for perforated plates had been reported [8, 11, and 44] to be 0.7
and 0.727, which is a much higher number than the 0.6. Adler [34] had
reported for heat transfer for the single jet that the exponent depends on the
radial distance from the center of jet. In a distance larger of two d, which is
general the case for arrays, the exponent was greater than 0.6. The Nusselt
number function in equation (1-2) gives no maximum value in the spacing
distance (S) as reported the other authors. A comparison of average Nusselt
number calculated from the correlations proposed in five publications as shown
in Fig. 1.5 reveals significant differences in the values as well as in the slope of

the Reynolds number. One of the reasons the correlation of Hollworth and

Berry [37] yields lower Nu than the others is that it is for a spacing distance
S/d = 10 and not like the others. Their correlation is based on data for spacing
distance S/d > 10.0. The correlation of Martin [1] is based on the data of
several investigators and is appropriate for a wide range of parameters. The

major difference in the average Nusselt number predicated by the correlation
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of Gromoll [2] and those of others investigators is attributed to the others
investigators used orifices made from perforated plates to produce their
impinging air jets. While Gromoll’s correlation is based on data obtained with
free tube jets. Because the orifices and nozzles produce different exit velocity
profiles and turbulent levels, which influence the boundary layer developed
along the impingement surface and hence local and average heat transfer rates

differently.

Many authors measured the convective heat transfer from impingement
surface by using liquid crystals technique (LCT) [35, 74, 76] and laser induced
fluorescence (LIV) [77]. Thereby the surface that has to be measured is
lubricated with certain substances. These substances change their color
according to different temperature (LC) or they fluorescence in various
wavelength areas of visible light. With the application of a CCD-camera the
color distribution over the surface can be recorded and converted into
temperature distributions. A disadvantage of these methods is that the location
of energy output and temperature difference is significant, and the temperature
which, measured in a close region is imprecise [34]. The temperature
distribution over the impingement surface is measured in the present study
with a relatively new method using non-contact measurement system (infrared
thermography) [34]. By applying this method, the distribution of the surface
temperature can be measured in an almost arbitrarily large interval without

tangency.

1-4 The Main Objective of this Work:

From the previous studying, there are so much contrary results. Therefore,
the convective heat transfer coefficient was measured in this work for a
multiple free tube jets system which impinging on the flat plate. These free
tube jets allow a better comparison with the heat transfer for a single nozzle,

which were researched very often.

10
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The major objective of the study was to investigate the effect of the
following experimental parameters on the local and average heat transfer
coefficient:

1) Spacing distance between jets (2 < S/d < 10),
i) Separation distance between jets and impingement plate (1 < H/d < 10),
i) Exit jet velocity U, (3.5 m/sec to 108 m/sec), and

iv) Inner jet diameter d, (5.8 mm and 8 mm).

The comparison of the local and average heat transfer between two
differences kinds of arrays (in-line and staggered) were presented in this work.
The heat transfer coefficient for a single jet was measured at the different
experimental parameters (separation distance, jet exit velocity and inner jet
diameter). These results from a single jet were compared with the result from
multiple jets system. This work examined also the heat transfer coefficient for
the hole channels (based on the third type of arrays — sec. 1-2-2). The width of

the channel was selected two times of the inner jet diameter.

The average heat transfer coefficient over the lines on the impingement area
was calculated for the many types of jets arrays (in-line and staggered arrays,
hole channel and in-line array with different spacing distance Sy # S,). In this
case, it can be calculated at the degree of the heat transfer uniformity over the

moving impingement plate (industrial application).

11
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Table 1 Some Investigations for Multiple Round Impinging Jet Systems

Author Kind of Jet Reynolds |Separation Jet-Jet Notes
Arrays Diameter| number distance | Spacing S/d
d mm (Rey) H/d
Hilgeroth E. [38] Cell & 15-50 1.5%10" — 2-6 2.2-30.6 |- Data cared out by thermocouple.
Equilateral 5*10" - Jet from perforated pate.
Triangle
Kercher D. M. & | Square Array | 0.5-2.0 |3*10?-3*10°| 1.0-4.8 | 3.1-12.5 |- Datacared out by thermocouple.
Tabakoff W. [39] - Jet from perforated plate.
- Including effect of spent air.
- Nu = k Re™Pr®#(H/d;)* %%
- m=1f(S/d,Re) (0.5t0 0.9)
- k =f(S/d, Re) (2*10 to 1*10™)
Koopman R. N. & | Single Row 6.35 2570 -10000 | 2,4,7,10 4,6.67 - Data cared out by naphtha lens technique.
Sparrow E. m. [40] - Jet from perforated plate
Gromoll B. [2] | Square Array | 4,5, 6, 4*10° - 2-375 | 25,37.5,50, |- Jet from free tube.
75 2.4*%10" 75,150 |- Nu=0.77 Re®° Pr®® (S/d)*® (S/H)"
-n=0.06 at S/H>1.0and
-n=0.53 atS/IH< 1.0
Florschuetz L. W. In-line & 7.62, From 5*10° | 1,2, &3 4-15 - Data cared out by thermocouple.
& etal., [41]. Staggered | 3.81, & to 5*10* - Jet from perforated plate.
arrays 2.54
Dyban E. P. & et Staggered 1-5 1.1*10° - 1,2.6,36, | 2, 3,4,4.25, |- Data cared out by thermocouple.
al. [42] Arrays 17*10° 10, 16 4.75, 8 - Jet from perforated plate.
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Florschuetz L. W. In-line & .6, 2.54, 2.5%10° - 1-3 4-15 -Data cared out by thermocouple.
& et at. [43] Staggered | 5.08, 7.6, 7*10* -Jet from perforated plate.
arrays &7.6 -Nu = 0/363 Re®"?" Pr®3 (H/d)*0%®
(SX/d)'O'554 (Sy/d)'0'442
-Effect of cross flow.
Hrycak P. [13] Single Row 3.18, 25000 - 2,5,8 2,4,8 -Flow to curved surface, d. = 127mm
6.35, 9.52 66000 -Jet from perforated plate.
-Data cared out by thermocouple.
-Nu = 1.04 Re®" Pro3 (H/d)**
(S /d)-O.lG(d /dc)0‘4°2
GolsteinR. J. & | 3jetsinone 10 Constant = 2,4 Constant = 4 |-Jet from perforated plate.
Timmers J. F. [44] row 40000 -Data cared out by Liquid-Crystal technique
& 7 jets
Staggered
Pan Y. & Webb B. In-line & 1.,2,3 | 5000 - 20000 2,5 2,4,6,8 |-Used water.
W. [45] Staggered -Jet from perforated plate.
arrays -Data cared out by Infrared Radiometer.
Florschuetz L.W. Staggered 3.2 2.5%10° - 1,2,3 4-8 -Effect of Velocity and pressure.
& Lsoda Y. [46] Arrays 5%10° -Jet from perforated plate
Florschuetz L. W. In-line & 25 & 2.5%10° - 1-3 4 -15 -Effect of initial cross flow.
& et at. [47] Staggered 1.25 7*10" -Flow Distributions
Arrays -Jet from perforated plate.
-Data cared out by thermocouple.
R.J. Goldsten & | Single Row 6.35 10000 - 2,4,6 4,8 -Jet from perforated plate.
W. S. Seol, [15] 40000 -Data cared out by Liquid-Crystal technique
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Huber A. M. & 3*3 square 6.35 3500 - 20400 | 0.25, 10, 4,6,8 -Data cared out by Liquid-Crystal
Viskanta R. [48] arrays 6.0 technique
-Effect of Center Jet.
-Jet from perforated plate.
-Nu = 0.285 Re®" Pr®3** (H/d) %
(S/d)'0‘725
Huber A. M. & 3*3 square 6.35 10200 - 0.25, 10, | Constant =6 |-Data cared out by Liquid-Crystal
Viskanta R. [49] arrays 17000 6.0 technique.
-Effect of perimeter jets.
-Jet from perforated plate.
Huber A. M. & 3*3 square 6.35 3500 - 20400 | 0.25, 1.0, | Constant= |-Data cared out by Liquid-Crystal
Viskanta R. [50] arrays 6.0 6.0 technique
-Jet from perforated plate.
-Effect of spent air.
Xiaojun'Y. & Two jets 20.5 Constant= | 2,4,6, 8, 1.75, 3.5, |-Jet from free tube.
Saine N., [51] 230000 10 5.25,7 -Data cared out by Liquid-Crystal
technique
Jung-yan S. & 5 jet 3.0 10000 - 2,3,4,5 4,6, 8,12, |-Data cared out by thermocouple.
Mae.De L. [52] Staggered 30000 16, 24 -Jet from perforated plate.
arrays
Brevet P. & etat. | 3 jets In-line 6.35 3000 - 20000 | 1,2,310 2,4,6,10 |-Jet from perforated plate.
[53] & -Data cared out by Infrared Camera.
3*3 arrays
May Su L. & Shyy | In line arrays | 3.0,5.0 | 1000 - 4000 01-8 Constant = 4 |-Jet from perforated plate.
W. C. [54] -Effect of grooved surface.
Dong L.L. &etal. | 3jets In-line 5.0 900.0 2-8 2.6-7.0 |-Jetfrom free tube.
[55] ( Laminar -Butane / Air flow.
flow)
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Dong-Ho R. & et
al. [56]

Square arrays

10

5000 - 10000

0.5-10

-Jet from perforated plate.
-Effect of spent air.
-Data cared out by thermocouple.
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Fig. 1.1 Instantaneous Velocity Field in the Stagnation and Wall
Jet Region by PIV for H/d = 2, Re = 1000, [36]
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Fig. 1.2 Local Nusselt Number Distribution with Radial Distance
for Re = 90000, [34]
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Characteristics of Impinging Jet

2-1 Introduction:

This chapter includes two sections. The first section describes the
aerodynamic of submerged jets, and explains the effect of geometrical
parameters on the different zones of the impingement jet. The potential core
length 1s described with more detail in this section. The parameters those
measure the heat transfer of the impingement jet are explained in the next

section.

2-2 Description of Flow Regions:

Detailed discussions of the aerodynamics of submerged jets can be found in
textbooks [78-80], and reviews of impinging jets are also available in [3, 5].
Here, I introduce only some of the fundamental concepts and terminology for
future reference. As a starting point of this section, we consider a single round
jet shown schematically in [Fig. 2.1] The geometric arrangement is
characterized by the nozzle diameter, d, and the separation distance, H/d. Its
assumed that, the jet fluid exit has a nearly uniform velocity, U, and
temperature, T. The flow structures of impinging axismmetric and slot jets
have been characterized and can be subdivided into three characteristic regions
[81, 82]: a) the free jet region, b) the impingement (stagnation) flow region
and c¢) the wall jet region In the free jet region, the shear-driven
interaction of the exiting jet and the ambient produces entrainment of mass,
momentum, and energy. The net effects include the development of a
nonuniform radial velocity profile within the jet, expansion of the jet, an
increase of the total mass flow rate, and modification of the jet temperature
before it impinges upon the surface. The impingement zone is characterized by
a stagnation region and the turning of the jet in the radial direction, which
affects a transition for a wall jet further downstream. The thickness of the
impingement zone boundary layer is approximately constant [1, 3]. The wall

jet region is characterized by a bulk flow in the outward radial direction. The
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velocity maximum occurs at approximately one jet diameter from the
impingement zone for the range of the separation distance (0 < H/d < 12) [78,
83, 84]. The level of the jet velocity, which is eventually advected into the
near-wall region, has a strong effect on the heat transfer rate. The strong
aerodynamic and thermal interaction that exists between the submerged
gaseous jet and the impingement surface greatly affects the local heat transfer
in the stagnation and wall jet regions as well as the average heat transfer over

the surface.

The free jet region can be subdivided into three zones: the potential core
zone, the developing zone, and the fully developed zone. These three zones are
shown in Fig. 2.2. In the potential core the velocity remains constant and equal
to the nozzle exit velocity [3, 6]. The length of the potential core is dependent
on the turbulence intensity in the nozzle exit and the initial velocity profile.
Livigood and Hrycak [11] found that the potential core length extends 6-7
diameters from the nozzle exit for round jets and 4.7 to 7.7 slot widths for slot

jets.

The developing zone is characterized by the decay of the axial velocity
profile caused by large shear stresses at the jet boundary. These large shear
stresses generate turbulence and promote the entrainment of additional fluid.
After the developing zone the velocity profile is fully developed. Reichardt
[85] found that a Gaussian velocity distribution best fit his experimental
measurements in this zone, and others have shown that in the fully developed
zone the jet broadens linearly and the decay of the axial velocity is reciprocal

linear [86].

An 1mpinging jet is considered to be laminar up to a single jet Reynolds
number of approximately 2500 [18]. This value is used although there is no
direct evidence confirming a transition Reynolds number for impinging jets.
More specifically, there are four characteristic regions for circular free jets:

1- The dissipated laminar jet, Re <300
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2- A fully laminar jet, 300 < Re < 1000
3- A transition jet, 1000 <Re <3000
4- A fully turbulent jet, Re > 3000.

Polat et al. [18] state that whether a laminar free jet is still laminar before
impingement depends on many factors such as Reynolds number, Re, original
velocity profile, U, and separation distance, H/d. These factors all affect the

mixing at the outer jet boundaries that transforms a laminar into a turbulent jet.

The radial pressure distribution on the impingement surfaces for around
impinging jet has been measured by many researchers [1, 2, 3, 4 and 87]. This
is because one general form of correlations for the Nusselt number involves
the radial velocity gradient B. The gradient can be determined from the
pressure distribution by using Bernoulli’s equation if viscous effects are

negligible and the velocity just outside the boundary layer is assumed to be

equal B(r) [3],

B(iﬁ} -

Thus, although many investigators have measured the pressure distribution,
most heat transfer reports result for B and not P, [88]. At small separation
distance (H/d = 1.2), the velocity of the jet has not had sufficient distance to
develop and is essentially uniform. Thus, impingement occurs within the
potential core of the jet and the pressure distribution agrees well with the
inviscid solution. As the separation distance increases, the velocity profile of
the jet becomes more non-uniform.

2-3 Heat Transfer Definitions:

The heat transfer from the impingement surface is defined in this section.

The local convective heat transfer is defined by
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where q, 1s the convective heat flux, T,q 1s the local adiabatic temperature and

T, is the wall temperature. The heat transfer coefficient, a, and wall

temperature, T, results are presented in terms of the Nusselt number

a.d
Nu = k_a (2-3)
A effectiveness as dimensionless temperature
0= i _‘TT; (2:4)
or recovery factor

Lo, (2-5)

= 7
2cp

For low jet velocities the adiabatic wall temperature is equal to the jet
temperature. The local Nusselt number distribution can be averaged to obtain

the mean Nusselt number,

Nu =

— od d Ja (T, -T,)dA (29)
k, k,n  AAT

where the average temperature difference AT is defined as,

wT=(r, )= [ (LTl (210

These definitions are appropriate for both axismmetric and slot jets. Note

that the mean values of both Nu and AT are expected to depend on the area,

A, over which the quantities have been averaged. If the temperature different
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(T —Tad) is constant over the impingement surface and if the jet is

o

axisymmetric, equation (2-9) for the mean Nusselt number reduces to

Nu = %_fNu(r).r.dr (2-11)
r 0

If the heat flux, q_, is constant over the impingement surface m.r’, the mean

Nusselt number becomes

(2-12)

r

AT=(T,-T,)= %}(TO ~ T, )r.dr (2-13)
0

The emphasis in the discussion that follows is on the phenomena,
understanding of effects, and gaps in data and understanding and not on the
comparison for design purposes. To a large extent this has already been

accomplished by previous reviews [1, 3, 11, 89].

The aim of the investigation is to determine the convective heat transfer

from the metal sheet due to the multiple jets system.

The Nusselt number in the flow direction (y = 0) can be expressed as a

function of parameters variables as follows:
Nu =f(Re,Pr) (2-15)

The jet Reynolds number is defined as,
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Re=Ud/, (2-16)

where U is the mean exit jet velocity, and d is the inner jet diameter. The
thermal conductivity k,, and the kinematic viscosity v of the air were taken for

the temperature of the jet exit.
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3-1 Experimental Set-Up:

The experimental set-up sketched in was constructed to determine
the heat transfer from a flat plate sheet with multiple jets arrays. This includes
the air supply section, heating section, distribution box, multiple jets system,

impingement sheet and Infrared thermo camera.

The metal sheet was made up of the nickel basis alloy Inconel 600 of size
200 mm x 170 mm. It is being cooled on one side (top side) by the air multiple
jets system, while on the other side (bottom side) the surface temperature was
measured by an infrared thermo camera. Because of the small thickness of 0.1
mm, the temperature difference between both sides was always lower than
0.065 K, therefore the temperature of both sides could be assumed to be equal,

as will be explained later.

The metal sheet was clamped lengthwise between two copper blocks. These
copper blocks conduce to the fixation of the plate and in addition to the
consistent conduction of electricity. To generate a constant electric transition, a
conductive paste of copper basis was used between the copper blocks and the
metal sheet. Bar electrodes were embedded in the copper blocks which run
from the flexible copper cable to the power source. The power supply was
made up of DC transformer (400 A, 7 V) which was controlled by a PC. The
amperage was to be assumed and the voltage was adjusted according to the

total drag of the current path.

If the metal sheet is flowed through by the electrical current, it warms up due
to its ohmic resistance, and thus expands. Therefore one electrode was
arranged flexibly and connected by a spring. Hence, the metal sheet was

permanently stretched lengthwise. To facilitate a certain expansion a slopping
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is provided for the clamping. The metal sheet was provided with uniform

plackets which loom into the material for about 15 mm

The air supply is produced from a reciprocating air compressor at a pressure
of approximately 6 bar in the experiment hall. This air was filtered, dried and
has the same temperature as the ambience and was controlled with values. For
the realization of variable air volume flows, two parallel connected rotameters
are used. A pressure reducer is also connected to set overlapping measurement
ranges for different flow rate. Each flow control unit has an adjustment range
of about 1:10. The parallel connection permits a total control range of 1:1000.
Depending on the diameter and the shape of the nozzle, an amount of only

1:500 is reached, which is mainly due to the limited capacity of compressed air

supply.

To determine the actual value of volume flow rate, the respective temperature
and pressure were recorded. The temperature was measured with the help of
sensing devices of type PT100 and passed on a PC. The pressure is recorded
via a pressure transducer (forwarding of the signal to a PC) and a conventional
manometer with analog display. The temperature of the surrounding area and
of the flow at jet exit was recorded using calibrated Hot Wire anemometer

(Dantec 54N60).

The air flow then entered into the distribution box, passed through the
perforated cylindrical and two perforated plates, as illustrated in So,

the amount of air entering into each nozzle was equally distributed.

An in-line and a staggered array of single nozzles were used as shown in .
3.4. Each nozzle was formed by a free tube with a developing flow length
exceeding fifty hydraulic diameters. The inner diameters for the nozzles were
selected of 5.8 and 8 mm. The nozzle field could be moving in X-direction to
obtain the different distances between the centres of neighbouring jets (spacing

distance S), which varied from 2d to 10 d. The level of the nozzle field could
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be regulated to adjust different spacing between it and impingement sheet
(separation distance H). This distance varied between 1d to 10d. The nozzles
field were conducted in an aluminium frame. The infrared thermo camera was
arranged vertically at a distance of 800 mm under the metal sheet to measure

the bottom surface temperature.
3-2 Location of Surface Temperature Measurement:

In the experimental test, a thin metal sheet heated was cooled on one side by
a multiple jet system. The surface temperature was measured on the other side
with the help of IR-measurement equipment. For the analysis of the heat
transfer was assumed that the temperature is equal on both sides of the metal

sheet. This is demonstrated in the following.

The Fourier’s differential equation can be written for a plate at steady

state conditions with an internal heat source as following:

: o°T
ql = _ka ayz ‘ (3_1)
Where q; is heat transfer flux due to the electrical power
1
IZ pel' 2

A R G (Ij

= = = = = . 3_2
& vV owtl  wlt w.t Pe -2)

The thermal conductivity k, can be considered as a constant for the observed

temperature. The following equation can be obtained from the above

equations:
q, 1
Tz—k—:.zy2+Cly+C2 (3-3)

Both constant (C; and C,) will be determined through two local boundary
conditions. One surface temperature is directly known from the infrared

thermograph. This boundary condition is;
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T y:% = TW2

(3-4)

Furthermore, no heat was emitted at the same point. Consequently the

temperature gradient takes the value zero. That is boundary condition 2:

aT o (3-5)

By applying the two boundary conditions into equation (3-3), the integration
constants C; and C, can be known and the temperature different AT can be
described by the following function:

=T “Lap (3-6)

AT=T =T =7 e

%

At an amperage up to 400 A and thickness, t, of the foil is 0.1 mm in the
presented experiments, the temperature difference between both sheet sides
amounts to 0.065 K. This value is less than the resolution of IR-thermography.

Therefore, the temperature on both sides can be assumed to be equal.
3-3 The Infrared Thermography System:

The temperature field on the bottom side of the sample are recorded by
means of infrared thermography thermoCAM® SC 3000 of the company
FLIR. The hardware of the infrared system consists basically of two

components, infrared camera and the calculation unit (PC).

An main part of the camera is CCD chip. The chip face has a matrix
structure. The elements of the matrix are light sensitive sensors which transfer
electromagnetic radiation of a certain wave length in the infrared spectrum into

electric current.
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The intensity of the approaching infrared radiation serves as quantum of the
height of the temperature. To determine the actual surface temperature of the
examined sample from this intensity, the emissivity ¢ of this area (sample) is
required. The intensity is directly proportional to the emissivity. Thus, the
emissivity of the surface must be known in advance in order to determine the
temperature with IR-thermography. The emissivity depends on a variety of
factors (e.g. roughness, shape, homogenous, corrosion, etc.) and therefore has

to be measured experimentally.

In the present study the sheet is made of nickel basis alloy Iconel 600, which
possess of a low emissivity about 0.2 to 0.3. Therefore, the bottom surface was
coated with graphite layer. In this case the emissivity will be increased to (0.7 -
0.8). The surface emissivity was determined in a separate experiment. This

experiment will explained in the next section.

Other important characteristics of the camera will be explained in this
section. The objective necessary to carry out the experiment has a fixed focal
length with acceptance angle of 20°. An excellent image quality can be taken
within the long wave range (8 um-9 um). This camera can measure in the
following four temperature ranges; -20°C to 80°C, 10°C to 150°C, 100°C to
500°C and 350°C to 1500°C. The resolution is 136*272 measurement values
per pixel. The size of the measuring point depends on the objective and the
distance, approximately 0.65 mm/pixel in the present study. The measured
pictures can be evaluated with following analysis tools; Isotherm, Spot Tool,
Surface and Line. The detailed analysis of the picture was taken place with the
evaluation software ThermoCAM® Reseacher. That is a software packing for

the admission and analysis of digital real time data.

3-4 Determination of Emissivity:

To determine the surface temperature by means of infrared thermography

requires a uniform and high surface emissivity. The observed metal sheet side
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was coated with a special paint (graphite colour). The metal sheet was annealed
in an furnace at a temperature approximately 350°C. The measurement set-up
used to determine the temperature dependent emissivity of the coated surface

(€,) 1s illustrated in It contents of two equal metal sheets of the same

material as used for the heat transfer test. Both outer sides of the metal sheets
were coated to ensure a symmetric heat loss. Between the sheets a
thermocouple was arranged. Because of the enclosure of all sides it measured
exactly the surface temperature. The metal sheets were connected by welding
spots on their upper and lower edges. For the power supply, the sheets were
clamped between two pairs of copper jaws. An electric current was conducted
through the metal sheet. Because of the symmetric assembly of the test section,
the same amperage flow through both sides of the metal sheet. By changing the
electric current different temperature could be adjusted. These temperatures
were measured using a calibrated thermocouple. The emissivity at the scanner
of the camera was regulated until the shown temperature matched with that of
the thermocouple. This emissivity is shown in The emissivity depend

on the surface temperature can be approximated with the following equation;
g, =1.08*T " (3-7)

The values are slightly lower than the value of 0.95, which is often given for
graphite colours [34]. This is caused by the extreme thin layer to avoid a
resistance for the heat conduction through it. In the same way, the emissivity of
the bright metal side, &,, was determined. It was found to be approximately

0.3.
3-5 Determination of the Heat Transfer Coefficient:

The metal sheet was heated electrically by a direct current up 400 A and 7 V
to determine the heat transfer coefficient for a position regarded on the metal
sheet at steady state condition. Due to Ohm’s low the generated electrical

power can be calculated by the following equation;
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Q,=R.I’ (3-8)

The mean current density is used for calculating the electrical power equation
(3-8). To this end, the ratio of current flow and area flow is calculated. The
temperature of the metal sheet is not equal at every position and the specific
electric resistance increases with increasing temperature. Consequently the
distribution of electric power over the metal sheet is not uniform.
depicts the distribution of the specific electric resistance based on a radial
temperature distribution with a minimum temperature at centre of the metal
sheet and a maximum temperature at its border. The specific electric resistance
is lowest at the centre of the metal sheet and greater at its border. The
difference in specific electric resistance is about 4% for this extreme

temperature difference [34, 90-92].

By applying the energy balance over the metal sheet at steady state condition

as shown in the electrical power Q, is transferred by the three known

heat transfer mechanisms and can be written in the following form;
QI :Qa+Qs+Qk (3_9)

Where Q, is the heat transfer by convection, Q, is the radiation heat transfer
from both metal sheet sides and Q, is the conduction heat transfer through the

metal sheet thickness, t. Because the heat source is uniformly distributed over
the metal sheet as explained before, therefore the electrical power in equation

(3-9) can calculated by

Q =q.AV= KL) .pel}.w.t.AX (3-10)
w.t
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With I as amperage, w and t as the width and thickness of the test metal sheet,
respectively, p. as specific electrical resistance of the metal sheet, its
dependency on the metal temperature can be corrected by the following

equation [92]
P, =(1,0208+2%107 *T, —6,38 %10 *T?)*10° (3-11)

Radiation and conduction were considered as heat losses. The radiation heat
from both sides of the metal sheet is given by
Q. =Q,+Q,
= (e, +82).AA.G(T3 —T:) (3-12)
= (g, +¢,). wAX.o(T! - T?)

where € and € are the emissivites of the coated and bright surfaces,

respectively, 6 is the Stefan-Boltzmann constant, T, 1s the ambient air

temperature. Both emissivities were known from the measurement explained

before.

Because of the radial temperature distribution with the minimum temperature
in the center of the jet, as shown in heat is conducted in the metal
foil plane from outer regions of the jet to its center. This conduction heat Q,
can be calculate with Fourier’s differential equation for cylinder coordinates,

because the temperature gradient is known from the measurements,

ka:qkm.AV
:-t.km.lﬁ(r.aToj.Av (3-13)
r or or
=-t.k,_, 1 . g (r. T, j.w.t.AX
r or or

For all experimental conditions, this conduction heat flux was estimated

lower than 2% of the total input heat.

33



Experimental Work

The total heat losses (radiation and conduction heat transfer) amount up to
10% of the electrical heat flux for laminar flow. For turbulent flows, the heat

losses were reduced to value down to 2%.

The heat by forced convection was caused by the flow impinging against

metal sheet and was defined by;

Q, =a.AA.(T,-T,)

o

(3-14)
Q, = a.w.AX(T, -T,)

where 4 1is the convective heat transfer coefficient. The temperature different
(T0 — Tad) consists of the bottom side sheet temperature T, was recorded by IR-

thermography and the reference temperature which can be defined as the

adiabatic wall temperatureT . This temperature can be measured from the

local temperature distribution over the metal sheet area. In the present study
the exit jet velocity lower than 108 m/sec, the difference between the adiabatic
wall temperature and the exit air jet temperature is less than 2 K. Thus, the
adiabatic wall temperature in the last equations can be replaced by the exit air

jet temperature T;.

The heat transfer by convection can be differentiated between free and forced
convective heat transfer. Free convective results at the sheet surface from the
density variation in the surrounding air. This leads to air movements, which
cause again a convective heat transfer. The forced heat transfers by convective
caused by the impingement between the airflow come out of the multiple jets
system with metal sheet area. In this work the heat transfer by this forced

convective heat transfer is to be examined.

As known, if the exit jet velocity is very small and the temperature difference
between the surrounding air and metal sheet is large, then the heat transfer by

free convective is significant. In case of vertical plate, the adiabatic wall
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temperature is not constant over the surface of the metal sheet. Therefore, the
free convection is difficult to be determined. Horizontal plate is usually applied
in the most of industrial applications. In addition, the heat transfer by free
convection was measured in case of zero velocity of jet to be about 5 W/m”>.K
[34]. Thus, the metal sheet was arranged horizontally to ensure a low and a
nearly equal adiabatic wall temperature. Considering that the minimum jet
velocity was 3.5 m/sec in the present study, the heat transfer by free convection

was negligible.

Applying the equations from (3-10) to (3-14) in equation (3-9) and
eliminating the factor (w, AX), which is contained in each term, then
computing the energy balance of a regarded pixel in the metal sheet area, this

equation can be written as follows:

(3-15)

Firstly, the emissivity of the surface was assumed to be used in the software
of camera. From this emissivity, the surface temperature recorded by the
camera can be determined. As it is known, the radiation intensity depends on
the emissivity and on the fourth power of the surface temperature. The surface
temperature which be computed with this assumed emissivity is not accrued.
Then the correct emissivity can be determined. In this way the correct surface

temperature was calculated T,,. By using the following equation,
e, AT ~T!)=¢_cA(T! - T) (3-16)

and by the emissivity given by the equation (3-7), the correct surface

temperature becomes as follows;
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SC
TC() = i/w.(’r: _T:)‘l‘ Ta4 _273-15 (3_17)

Then correct surface temperature T, is used to determine the convection heat

transfer in equation (3-15).

3-6 Distribution of Surface Temperature:

The convection heat transfer caused by the multiple jets system is based on
the surface temperature measured with infrared thermography. and
show photos of the temperature field for an in-line and a staggered
array respectively for difference velocity. A relative symmetric temperature
distribution is obvious. This symmetry will be shown in more detail in .
3.13. This figure illustrates the sheet temperature distribution for the two lines
X and Y. The X axis is through the stagnation points in spanwies direction and
the other axis Y is perpendicularly to it. The right ordinate corresponds to the
temperature distribution for the high (Re = 41400) and the left ordinate for the
low (Re = 1400) Reynolds number. In this example the spacing of jets is S/d =
6 for in-line array and separation distance is H/d = 2. In both cases, the
distribution of the temperature is approximately the same in X and Y
directions. For the case of the high Reynolds number (Re = 41400), the
temperature distribution has two minimum values, the first at the stagnation
point, and the second at the radial distance X/d = 1.8. This second minimum
temperature is caused by the flow transition from laminar to turbulent. This
effect is well known from the heat transfer of a single jet [1, 3, 34, 93-97]. For
the case of the low Reynolds number (Re =1400), the temperature has only one
minimum value. The second minimum value does not exist, because the flow is

completely laminar.

This paragraph demonstrates the surface temperature distribution which was
computed in section 3-5. The uncertainty of the temperature measurements is

about 5%, mainly influenced by the uncertainty in determining the emissivity
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of the surface. The metal sheet was heat by constant direct current up to 400 A
and 7 V is led through it. After the metal sheet temperature reached to a steady
state condition, the multiple jets systems is cooled from the top side. The local

surface temperature is recorded by an infrared scanner from the bottom side.

IFigures 3.14 to 3.18| illustrate the temperature distribution on impingement

plate for in-line array (S/d = 2, 4, 6, 8, and 10) and the separation distance (1 <
H/d < 10) are parameters. They are based on two Reynolds numbers (Re =
41400, 19000) for example. The working conditions of the electrical power do
not change for all tests (400 A, and 7 V). From these figures, it can be seen that
the range of temperature is from 40 to 120 °C for high Reynolds number of
41400 while this range increases for low Reynolds number of 19000 to be from
100 to 270 °C. This is because the turbulent intensity is high with increase of
the Reynolds number and the energy remove from the metal sheet is high. The
temperature is low value at stagnation point for each nozzles and it is high at
the middle point between adjacent jets. This temperature is increased at the
border of the sheet without limit. Therefore the temperature distribution is
waving form over the metal sheet surface in the distance between jets for both

high and low Reynolds numbers.

The temperature distribution for in-line array (S/d = 2, 4, 6, 8, and 10) in the
large range of the Reynolds number (30700 < Re < 1400) is show in appendix
A-1. The temperature distribution for staggered array is shown in appendix A-2
at the same conditions that for the in-line array. They have the same trend for

the in-line array as explained before under the same conditions.

3-7 Computation of Average Heat Transfer:

The temperature field in two dimensions was measured by the IR-
thermography. The geometrical of this field is a rectangle form as shown in
The temperature value was measured at the centre of rectangular

measuring surface (pixel). This temperature is assumed as constant over the
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surface of pixel. The size of pixel is depended on some factors, these factors
include the array of element on the chip of the IR scanner, the type of the
optics, and the distances from the chip to the optics, as well as from the optics

to the measuring surface.

The form of the chip matrix with the assigned technology rectangular gives
the pixel size. The edge lengths of this pixel represent the local dissolution of
the system in the respective attempt. The basic parameters in the present work
are not change. Therefore, the length of pixel, AX|, i1s constant and equal to

approximately 0.65 mm.

The average Nusselt number over unit cell was calculated in the present work
as shown in Fig. 3.19. Each unit cell has a particular number of pixels depend
on the spacing distance between jets S/d. Therefore, the average Nusselt

number over the each unit cell can be calculated by the following equation,

Nu = 2LNU, (3-18)

where Nu, is the local Nusselt number in each pixel and which can be
calculate with equation (2-3) and n,, is the number of pixels over each unit cell.
By the same way, the average Nusselt number over line can be calculated. This
Nusselt number will be used to explain the uniformity of the heat transfer over

impinging surface in chapter six.
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Heat Transfer for Multiple Free Jets System

4-1 Introduction

In-line and staggered arrays are the baseline cases to study the multiple jets
impingement heat transfer. For this study, nine isothermal jets (3x3 in-line and
staggered arrays) were used with difference of the spacing distance (S/d)
varying from 2 to 10. Nine jets were chosen because the centre jet is
completely surrounded by adjacent jets, similar to an individual jet in a large
array which is not located on the perimeter. Also, the use of only nine jets
resulted in a smaller required impingement area and larger Reynolds number
range. A value of S/d = 4 was recommended by Freidman and Mueller [72] to
reduce adjacent jet interference and maximum heat transfer over the surface for
large separation distance H/d > 8, while Martin [1] recommended an optimum
value of roughly 7 diameter for H/d = 5.4. Thus, spacing distance values of 2 to
10 were chosen to provide understanding of the Nusselt number trends. The
separation distance (H/d) varying from 1 to 10 was chosen. The effect of jet
Reynolds number (1400, 6000, 16000, 19000, 23000, 30700, and 41400) is
studied for all configurations. This study provides detailes (stagnation, local,
and average) of the heat transfer distribution for effect of spacing and
separation distances, and array of configurations. The characteristic of the heat
transfer carried out for two inner jet diameters (5.8 mm, and 8 mm). The
average Nusselt number which was calculated from in-line array is compared
with that from a single nozzle. In the following section, the local and average
Nusselt number distribution over the impingement plate in spanwise direction

was provided for single nozzle.

4-2 Local Heat Transfer Distribution:
4-2-1 Single Nozzle:
The experimental results will focus firstly on the local heat transfer of a single

nozzle. These results were measured with one jet of inner diameter of 5.8 mm

and in the range of Reynolds number from 1400 to 41400. In addition, the
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separation distance H/d was chosen in the range from 1 to 8. depicts the

radial distributions of the local Nusselt number for two Reynolds numbers (Re

= 23000 and 11100) for example. The parameter is the separation distance (1 <
H/d < 8). For the high Reynolds number (Re = 23000) and the low separation
distance (H/d < 2), the impingement plate is within the potential core length of
the free jet region. Thus, the heat transfer characteristics are very complicated
due to the complex interaction between the impinging jet and the impingement
plate [2, 3, 94, 97-98]. As shown in this figure, the local Nusselt number
decreases rapidly from the stagnation point to a minimum value at X/d = 1.2
and then increases, giving the peak value at X/d = 2. Moving outward from the
peak value, the heat transfer rate decreases monotonically. Similar profiles with
the positions X/d = 1.2 and X/d = 2 for the minimum and maximum peak,
respectively, were reported by other authors [94, 98-100], as already mentioned
in chapter 1. For the case of the separation distances (H/d = 4) a minimum and
maximum does not occur any more. At the two positions of peak only the

gradient changes.

At high separation distances (H/d > 6) the local Nusselt number decreases
monotonically upon going outward along the impingement plate and do not
show the peak value. For jet at plate separation distance larger than H/d = 6, the
turbulence intensity of the impinging free jet zone has a maximum heat transfer

at the stagnation point.

The average Nusselt number, Nu,, distribution depend on the radial distance
X/d is plotted for the two different Reynolds numbers of 23000 and 11100 in
The separation distance is varied from H/d = 1 to H/d = 8. This figure
shows that the average Nusselt number decreases with the increase of the radial
distance, X/d. For high Reynolds number (Re = 23000) there are to peaks at X/d
= 0.5 and 2.5 for small values of values of separation distance. These peaks
disappeared with increase of H/d and for low Reynolds number (11100). These
results are similar to those reported by many other authors, e.g. [25, 54, 101-

102].
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4-2-2 Multiple Free jets System:

The radial distribution of local Nusselt number for the in-line array is

presented in [Figs. 4.3a-d to Figs. 4.7a-d for four Reynolds numbers (41400,
23000. 16000 and 6000). The separation distance H/d was chosen in the range
from 1 to 10. The distributions of the heat transfer for S/d = 10 and 8 are

shown in Figs. 4.3a-d and, Figs. 4.4a-d. Examination of the Nusselt number
values of Figs. 4.3a-d clearly shows the presence of secondary region or peak.
This is because the spacing distance between adjacent jets is large and can
consider each jet as single nozzle. In this case, the maximum Nusselt number
occurs at the stagnation point as observed with larger separation distances. The
secondary peak is ring around the stagnation point. This ring occurs at X/d =
0.5 and X/d = 1.8. The peaks which occurred at X/d = 1.8, is attributed to both
the fluid accelerating out of the stagnation region which thins the local
boundary layer and the influence of the shear layer generated turbulence
around the circumference of the jet. This peak also caused by the transition to
turbulent flow in the boundary layer [48-49, 102]. Thus, as Reynolds number
increases, the peak in the local Nusselt number becomes more pronounced.
This peak becomes less pronounced as the Reynolds number is reduced and the
separation distance is increased. A decrease in Reynolds number and an
increase or the separation distance appears to promote an earlier boundary
layer transition from laminar to turbulent flow, because the location of this
peak moves toward the stagnation point when either of these two parameters

are varied appropriately [48].

Figures 4.5a-d illustrate the local Nusselt number distribution for spacing
distance, S/d = 6. In this case, the spacing distance between jets is decreased.
Therefore, the effect of the other jets is increased and the interference between
jets has a more effect on heat transfer rate. So it can be seen the secondary
peak at high Reynolds number. The local Nusselt number distributions for S/d
= 4 are present in Figs. 4.6a-d with different separation distances. From these

figures it can’t be observed clearly the secondary peak for high Reynolds
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number in the distance between jet as like the other spacing distance, S/d = 6,
8, and 10. This is due to the interference between jets before the flow hit

impinging plate.

The local Nusselt number distribution for in-line array at S/d = 2 is shown in
Figs. 4.7a-d. They illustrate that the Nusselt number decreases monotonically
from the stagnation point to midway between adjacent jets. The transition
region in this case is not appeared and the maximum heat transfer rate occurs at
the stagnation region, regardless of the jet Reynolds number. At the spacing
distance S/d =2, (smaller value of spacing distance), the interactions between
jets occur before impingement. These interactions increase the decay of the
exit jet velocity, increase entertainment of surrounding air and influence the
ring vortices located around the jet circumference that affect the turbulent

mixing associated with the shear layer [1, 3].

The radial distribution of the local Nusselt number for staggered array at the
spacing distance (2 < S/d < 10), Reynolds number (1400 < Re < 41400), and
separation distance (1 < H/d < 4) have the same trend for in-line array. These
distributions can be shown in The heat transfer at stagnation point
for in-line and staggered arrays will be plotted versus thus spacing distance.
The next section explain with more details the effect of spacing and separation
distances on the heat transfer at stagnation point for in-line and staggered

arrays
4-2-3 Effect of Spacing Distance at Stagnation Point:

In this section, the stagnation Nusselt numbers Nug are plotted in
dependence on the spacing distance S/d for multiple jets system (in-line and
staggered arrays) with separation distance H/d as parameters.
exhibit the effect spacing distance on the stagnation Nusselt number for in-line
array. From these figures, it can be seen that, the stagnation Nusselt number
distribution for spacing distance equal to 6 is higher than the other spacing

distance for all Reynolds numbers. In addition, the spacing distance equal to 2
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has lowest values of the stagnation Nusselt number distribution for all values

of the Reynolds number.

The stagnation Nusselt numbers for staggered arrays are presented in the
In these figures, the stagnation Nusselt number is depended on the
spacing distance S/d for different Reynolds numbers. The separation distances
(1 £ H/d £ 10) are parameters. In these figures, there exists a maximum Nug
for every curve. To the left of the maximum, the jets interference is strong.
Thus, as expected as the spacing distance, S/d, increases, the interference effect
rapidly diminishes. This results in an increase of the stagnation Nusselt number
with the spacing distance increases. To the right of the maximum point, due to
an increase of the heated area under the jet array, the stagnation Nusselt
number Nug begins to decrease with increasing of spacing distance. These
figures indicate that the optimum spacing distance S/d, corresponding to the
maximum stagnation Nusselt number is 6 for all considered cases. This implies
that the Reynolds number has no effect on the optimum spacing distance S/d.

This trend is a similar as the in-line array.

The effect of the separation distance on the stagnation Nusselt number for in-

line and staggered arrays, is presented in . In both cases, it could be

noted that the stagnation Nusselt number in the range of the separation distance

of (1 £H/d <£5) 1s nearly constant.

The influence of the jet Reynolds number Re on the stagnation Nusselt
number Nug is presented in for three cases, the single nozzle, and
nozzle array with spacing distance 6 and 4. All measured values are indicated
for the range 2 < H/d < 6. For all cases, the stagnation Nusselt number is
proportional to Reynolds number exponent of 0.5 (Nuy o« Re””), which agrees
closely with the laminar boundary layer flow case, [1]. It can be noted that the

heat transfer is enhanced in the array of nozzles at spacing distance S/d = 6.
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4-3 Average Heat Transfer of Multiple Free jets:

In the following section, the average Nusselt number will be considered. The
average heat transfer coefficient is greatly dependent on the integration area as
explained before in chapter three. The local Nusselt numbers were averaged
over the square unit cell area The average Nusselt number for this
unit cell is representative for the whole array. illustrates the
average Nusselt number for various spacing distances, S/d at different
separation distance H/d. Every figure is presented for one Reynolds number.
Form these figures it can be seen that the average Nusselt number is nearly
constant in the range of spacing distance 2 < S/d < 4 for all Reynolds numbers.
The total impingement area in the spacing distance equal to 6 is sufficient to
remain the interference between adjacent jet in the wall region is minimized.
Therefore, the average Nusselt number has a maximum value again at S/d = 6
for all values of separation distance (1 < H/d < 10). With increase of spacing
distance S/d > 6 the average Nusselt number is decreased and the values are

nearly equivalent, specially with low Reynolds number.

For a constant Reynolds number, the average Nusselt number has nearly the
same value in the range of separation distance 1 < H/d < 5. For increasing H/d
> 6, the average Nusselt number is decrease. At the low Reynolds number of
6000 and 1400 and optimum spacing distance (S/d = 6) in Fig. 4.12¢g and Fig.
4.12h the difference between the average Nusselt number for the H/d = 10 and
constant value in the range of 1 < H/d < 5 is approximately 35%. This due to
the peak are virtually nonexistent at this value (H/d = 10). But, as the Reynolds
number is increased, the peak appear and become more pronounced. Thus, the

average Nusselt number Nu,, becomes significantly highest value.

The average Nusselt number is plotting in dependence on the spacing
distance S/d in Figs. 4.13a-d. The inner jet diameter is parameter of 5,8mm and
8mm. Every figure is presented for one separation distance and two different

Reynolds number. It can be seen that the inner jet diameter has no effect on the
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average Nusselt number for both Reynolds numbers. The average Nusselt
number is maximum value again at spacing distance equal to 6 for all values of

the separation distance.

Now comparisons are made for the average heat transfer of the in-line with
the staggered array. The representative unit cell of the staggered array is also
shown in The average Nusselt number for these arrays is depicted in
Figs. 4.14a-h in dependence on the separation distance H/d for the Reynolds
numbers (1400 < Re < 41400) and the spacing distance (4 < S/d < 10). No
effect of the array pattern can be seen for all parameters. For a constant
Reynolds number, the average Nusselt number has nearly the same value in the
range of separation distance 1 < H/d < 5. For increasing H/d > 6, the average

Nusselt number is decrease again.

The average Nusselt number is examined over the impingement surface for
in in-line array with un-equal spacing distances S, # S,. In this case, the nine
jets was arranged in in-line array with fixed spacing distance in Y-direction is
Sy/d = 6, and the another spacing distance in X-direction is varied, S,/d = 3, 4,
and 4.5. The average Nusselt number in this case are plotted with the
separation distance, H/d, in Figs. 4.15a-h. The parameter is the ratio between
the spacing distance in X and Y direction S,/S,. Every figure is based on one
jet exit Reynolds number. They show that, the value of average Nusselt
number is nearly constant for all three difference spacing distances in the range
of separation distance is 2 < H/d < 4. Figs. 4.15a-h also shows the value of
average Nusselt number at optimum spacing distance, S/d = 6 or S,/S, = 1.0.
We can be seen that the values of average Nusselt number at S,/S, = 1.0 is
highest value and the spacing distance S,/S; = 0.5 1s showed to the lowest
value for all Reynolds number. In addition, for low Reynolds number as in
Figs. 4.15f-h the values of the average Nusselt conveyed as the separation

distance, H/d, increases
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At last, the influence of the Reynolds number will be discussed. Fig. 4.16
shows the maximum value of the average Nusselt number at spacing distance
S/d = 6 in dependence on the Reynolds number. Parameter is the separation
distance H/d. As mentioned before the separation distance has no influence in
the range 2 > H/d > 6. The measured point can be well approximated with a

line. The least-square curve fitting has the following correlation:

Nu,  =0.104Re". (4-1)

For a constant Prandtl number Pr, (air), the average Nusselt number in

equation (4-1) can be represented by the following equation,

Nu,, =0.117Re"’Pr"*. (4-2)

This equation is valid in the range of parameters for the experimental data,

which are: 1400 < Re <41400, S/d=6,and 2 < H/d < 6.

Fig. 4.16 also shows the presented measurements for a single nozzle. The
area for averaged of the heat transfer in the square area around the single
nozzle with radial length of three diameter. The average Nusselt number for
the both cases, nozzle array at S/d = 6 and single nozzle had the same gradient
approximately 0.7. This average Nusselt number for the nozzle array is 75%

higher than for the single nozzle.

The values of average Nusselt number based on the present correlation at
optimum spacing distance (S/d = 6.0) are compared with the other previous
correlations presented by Martin [1] and Huber [48] in Because the
present experimental data was obtained with free tube impinging jet and the
interference between adjacent jet is minimized. The present results are
enhanced than Martin [1] and Huber [48], which the correlating exponent n on
Reynolds number reported for the perforated plate. The Martin correlation has
a Reynolds number exponent of 0.667, while the present experimental data has

an exponent of about 0.7.
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Heat Transfer for Hole Channels

5-1 Introduction

The hole channel impinging jets are used in a wide variety of applications
such as cooling of combustion chamber and turbine blades. This chapter
discussed the heat transfer characteristics for the hole channel impinging jet.
The experimental measurements were made of the local heat transfer
coefficients associated with a three rows of channels normal to a plan. Each
channel has three holes with inner diameter is 5.8 mm, the spacing distance,
S/d = {4, 6,and 8}. The three channels was arranged in-line array. These
channel produced by perforated plates which are fixed in free tube as shown in
The width of these perforated plates is two hole diameter. The local
heat transfer coefficients were integrated to obtain the average heat transfer
coefficients which are reported here. In this chapter, the comparison are made
for the average heat transfer of the hole channel impinging jet with the multiple

jets system.

5-2 Local Nusselt Number Distribution:

Figs. 5.2a-e, 5.3a-e, and 5.4a-d show detailed local Nusselt number

distribution for the hole channel as the function of non-dimensional location
X/d on the impingement surface for three spacing distances of S/d =4, 6, and 8
respectively. These figures based on the five Reynolds numbers for separation
distance that is H/d = 2, 4, 6, 8, and 10. From these figures it can be seen that,
the major differences between the profiles are in the magnitudes and locations
of the secondary peaks. As mentioned before, the secondary peaks exhibit a
strong dependence on the Reynolds number, separation distance, and spacing
distance. At the low Reynolds number Re = 1400 and higher separation
distance H/d > 6, there is no evidence of the secondary peaks, and the profiles
1s very similar to those obtained at H/d = 8, and 10 for all examined spacing

distances. As the Reynolds number is increased to Re = 11100, the Nusselt
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number profile shapes have not changed significantly but there is a faint
indication of a secondary peak. At higher Reynolds number (Re = 19000) the
secondary peaks are clearly discernible but still not pronounced. But, when the
Reynolds number is increased to Re = 23000 these peaks are now clearly
evident. As the Reynolds number is further increased of (Re = 41400) and the
spacing distance increases, the secondary peaks become more pronounced.
These results are due to the increase of turbulent intensity with higher
Reynolds number, where the turbulent boundary layer is more pronounced. In
addition the increase of spacing distance, S/d, causes a redaction in the

interference between adjacent jets.

The secondary peaks occur in the range of 1.35 < X/d < 2.2 for all spacing
distances tested in the case of hole channel array. With increasing of Reynolds
number and decreasing of separation distance, the location of these peaks
moves outward in the radial direction and the local Nusselt number at these
peaks is increased. This because the boundary layer transition occurs earlier at
the lower separation distance. Martin [1] suggested that the secondary peaks
could exceed the stagnation point Nusselt number for higher Reynolds
numbers. But in the present study the stagnation point heat transfer rates are
always larger than the secondary peaks approximately 15-20 % for all

parameters tested in this work.

5-3 Influence of Spacing and Separation Distances:

5-3-1 Stagnation Nusselt Number Nug:

The stagnation Nusselt number Nuy variations with the spacing distance S/d
for different separation distance H/d is shown in Figs. 5.5a-h. All these results
of stagnation Nusselt number are dependent of the Reynolds number 1400 <
Re < 41400. As a consequence, the maximum stagnation Nusselt number is
obtained for spacing distance of S/d = 6 within the range of distances tested for

all Reynolds numbers. The effect of the separation distance H/d on the
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stagnation Nusselt number is presented in Figs. 5.6a-h. From these figures, it
can be seen that, the stagnation Nusselt number is nearly constant in the
separation potential range of 2 < H/d < 4. In the separation distance range of 4
< H/d < 6, the stagnation Nusselt number is reduce rapidly for all three spacing
distances. Then the stagnation Nusselt number is decreases monotonically with
increase the separation distance, H/d > 6. For low Reynolds number 1400 < Re
< 6000, the values of stagnation Nusselt number for separation distance 8 <

H/d < 10 are nearly constant for the three spacing distance.

The influence of the jet Reynolds number on the stagnation Nusselt number
for the hole channel array will be discussed in the following figure. Fig 5.7
shows the optimum value of the stagnation Nusselt number at spacing distance
S/d = 6 in dependence on the Reynolds number. The parameter is the
separation distance in the range of 2 < H/d < 4. From this figure it can be seen
that the stagnation Nusselt number varies according to Nug ~ Re’’. Fig. 5.7
also shows the values of stagnation Nusselt number for the jet array. This
values obtained at optimum spacing distance S/d = 6. The separation distance
H/d is ranged for 2 < H/d < 6. This stagnation Nusselt number for jet array is

25% higher than for the hole channel.

5-3-2 Average Nusselt Number Nu,,:

The average Nusselt Number Nu,, deserves more concern in many practical

applications. The surface averaged heat fluxes were obtained by integrating the local

values of the Nusselt number as explained before in chapter three. The main purpose

1s to compute the heating capabilities of the centre jets under different spacing and

separation distances, S/d, and H/d, respectively. The integrating areas were both

square with a side length of S as shown in Fig. 4.11, which was the same to that

selected by Dong et al. [55] in his study of a row of three butane/air flame

impinging jets.
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The average Nusselt number as a function of the spacing distance S/d has been
interpolated from the measurements for different separation distances, H/d, in Figs.
5.8a-h. Every figure is based on one exit jet Reynolds number. From these figures, it
can be seen that at the all values of separation distances, the average Nusselt number
at the spacing distances of S/d = 4 is the maximum value for all Reynolds numbers.
But the average Nusselt number at spacing distance S/d of 6 is extremely closed to
that at spacing distance S/d of 4. In case of higher spacing distance (S/d = 8), the
interference between adjacent jets is very weak and the impinging area is increased.

Therefore the average Nusselt number in this case is lower value.

The average Nusselt number in dependence on the separation distance H/d was
plotted in Figs. 5.9a-h. The spacing distance S/d is a parameter in all figures. Every
figure 1s based on one exit jet Reynolds number. One can seen that the separation
distance in the range of 2 < H/d < 4 has no effect on the average Nusselt number for
all spacing distances and Reynolds numbers. As the separation distance increase

(H/d > 4), the value of average Nusselt number decreases gradually.

The following Figs. 5.10a-b describe the effect of the spacing distance S/d on the
average Nusselt number with differences Reynolds numbers 41400 < Re < 6000.
Each figure is based on the one separation distance (H/d = 4 or 6). Form these
figures it can noted that the exit jet Reynolds number has no effect on the maximum
average Nusselt number position (S/d = 6) for the two separation distances, H/d. In
addition the value of the average Nusselt number is nearly constant in the range of

spacing distance of 4 < S/d < 6.

Fig. 5.11 shows the average Nusselt number against the Reynolds number at the
optimum spacing distance of S/d = 4 for the separation distances of 2 < H/d < 4. For
Reynolds number ranged from 1400 to 41400, the least square curve fitting gives

the following correlation;
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1400 < Re < 41400
Nu,, = 0.0864.Re%% 2<H/d<4 (5-1)
4<S/d<6

Equation (5-1) represents the average Nusselt data for hole channel impinging jet
with a standard deviation of 2.6%. For air the Prandtl number can be included in the
above equation similar to References 34 and 48. Thus this equation can be rewritten

as the following,

Nu,, = 0.0998 Re?%¢ pr¥42 (5-2)

The average Nusselt numbers for the hole channel impinging jet reported in this
chapter are compared to the average Nusselt numbers for free tube impinging jet
which reported in chapter four also in Fig. 5.11. It was observed from this figure
that the average Nusselt number for free tube impinging jet is greater than that of the
hole channel impinging jet. In addition, the hole channel correlation has a Reynolds
number exponent of 0.66, while the free tube impinging jet has an exponent of about
0.7. The hole channels arranged can be considered as mixture of perforated plate

and free tube jet, therefore the exponent is decreased of 0.66.
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Uniformity of Heat Transfer for Multiple Free Jets

6-1 Introduction:

The need for a uniformity heat transfer over impingement plate is very
important in many industrial processes such as drying of textile and paper
industry, the tempering of glass sheets and the cooling of moving metal strips
[8]. The last application has been illustrated through the paper presented at the
QIRT2000 conference in which experimental study of array of slot nozzles are
discussed [9]. The aim of this chapter is to compute the heat transfer
uniformity over the impingement surface for in-line and staggered arrays and

hole channels. The uniformity degree, Un, is given from the following relation;

_ (Nuavl )min
i . -

To estimate the uniformity over the impingement plate, the average heat
transfer over the minimum and maximum lines must to be computed as

explained in chapter three.
6-2 Uniformity of Heat Transfer:
6-2-1 Uniformity of Heat Transfer for In-line Array:
This section explains the uniformity of heat transfer for in-line array. The

maximum heat transfer line is placed through the stagnation points, while the

minimum heat transfer line is located in the midway between adjacent jets for

in-line array as shown in Fig. 6.1a-b. Figs. 6.2a-d illustrate the effect of the

separation distance H/d on the maximum and minimum average heat transfer
of in-line arrays for the following spacing distances, S/d = 2, 4, 6, 8, and 10.
They are based on two Reynolds numbers of 41400 and 19000. It was found

that at small spacing distance of S/d = 2 and with the increase of separation
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distance H/d > 6, the uniformity is pronounced. For spacing distances S/d < 8,
the difference between the maximum and minimum heat transfer are large
approximately 67-73%. In addition, the separation distance has no effect on the
average heat transfer in the range of 1 < H/d < 5 for two Reynolds numbers.
Fig. 6.3 shows the influence of spacing distance S/d on the maximum and
minimum average line Nusselt number. This figure is based on the same two
Reynolds numbers and separation distance of H/d = 4. From this figure it can
be seen that the maximum value for both maximum and minimum average line
Nusselt number is corresponding to the spacing distance of S/d = 6. For high
Reynolds number (Re = 41400) the maximum value is more obviously than
that at the low Reynolds numbers. In addition the values of maximum and
minimum average heat transfer are nearly constant in the range of spacing
distance of 2 < S/d < 4. The ratio between the maximum and minimum average
heat transfer are plotted with spacing distance S/d for two Reynolds number in
Fig. 6.4. This figure is based on separation distance H/d is 4, and shows that
the change in uniformity degree is small in the range of spacing distance of 2 <
S/d < 8. At higher spacing distance S/d > 8 there is a higher rate of decrease in

this degree.

Figures 6.5a-e presents the maximum, average, and minimum values of the
Nusselt number as a function of Reynolds number for in-line array. The
uniformity degree, Un, calculated based on the data in the above figures. The
higher value of Un was from 86 to 80% for spacing distance S/d = 2, this is
because the interference between adjacent jets is occurred before the flow
impinging with the surface. In this case, the multiple jets are considered as one
jet [2, 3]. For spacing distance S/d = 10, the interference between jets occurs
after impinging with the surface and in the same time, the cross flow is strong
in wall jet region. As a result of the above, the heat transfer rate decreases and
the uniformity degree over the impinging surface is reduced to 50% and 45%
for low and high Reynolds numbers respectively. In general the Nusselt

number for in-line array can be represented as follows;
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Nu,, =c.Re™ (6-2)

where the value of the exponent m is 0.7, and the value of constant ¢ is from
0.015 to 0.1107 for average line Nusselt number. While this value for average
Nusselt number is from 0.03 to 0.104. The value of constant c is depended on

the Reynolds number, separation distance, and spacing distance.

To estimate the uniformity heat transfer over impingement surface, the heat
transfer should measured for in-line array with un-equal spacing distance. In
this case, the jets arranged in in-line array with fixed spacing distance in the Y
direction S,/d = 6, and the spacing distance in the X direction S,/d = {3, 4, and
4.5}. Figs. 6.6 a-c show the effect of the separation distance on the maximum
and minimum heat transfer for in-line array with different spacing distances
Sy/Sy = 0.5, 0.67, and 0.75. They are based on the same two Reynolds
numbers. The maximum and minimum heat transfer are nearly constants in the
separation distance range 2 < H/d < 4, for the two Reynolds numbers. From
these figures it can be noted that, the uniformity degree is nearly constant for

three cases of S,/S,, and it equal about 80%.

6-2-2 Uniformity of Heat Transfer for Staggered Array:

The uniformity degree of the heat for the staggered array will be illustrated in
this section. The maximum heat transfer line is placed through the stagnation
points, while the minimum heat transfer line located in the midway between
adjacent jets for staggered as shown in Fig. 6.8a. Fig. 6.8b shows the maximum
and minimum heat transfer distribution for staggered array. This figure is based
on spacing distance of S/d = 8 and separation distance of H/d = 2 for Reynolds
number of 30700. It can be noted that the value of average heat transfer over
line A is the higher in the radial distance range of 0 < X/d < 3. But in the radial
distance range of 3 < X/d < 10, the line B provides the maximum value of heat
transfer. Figs. 6.9 a-e show the average heat transfer for maximum and

minimum positions as function of separation distance for all spacing distances
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S/d. In these figures it’s found that, the maximum and minimum heat transfers
are nearly constant for the separation distance from 2 to 5. This is because of
the impingement plate is located within the potential core length. Fig. 6.10
shows the effect of spacing distance on the maximum and minimum average
Nusselt number. This figure was plotted at Separation distance equal to 4 and
for two Reynolds numbers. Also the maximum position of the heat transfer is
occurring at spacing distance equal 6 again for two Reynolds numbers. Fig.
6.11 presents the ratio between the maximum and minimum average heat
transfer for staggered array at separation distance of S/d = 4, for the same
different Reynolds numbers in Fig. 6.4. It can be seen that the uniformity
degree is nearly constant and equal to 0.97 in the spacing distance range of 2 <
S/d < 8 for both Reynolds numbers. This indicates that the different between
the maximum and minimum average heat transfer is very small. Therefore the

uniformity degree for heat transfer is very high in the case of staggered array.

In Figs. 6.12 a-e, the maximum, minimum, and average heat transfers are
plotted with Reynolds number. The uniformity degree of the heat transfer is
calculated from the above figures, the value of this uniformity degree is to be
97% for high and low Reynolds numbers for small spacing distance of (S/d =
2). This value is about 86% and 65% for high and low Reynolds number
respectively at spacing distance increase to S/d = 10. From these figures, it can
be noted that the value of the constant ¢ in equation (6-2) is from 0.028 to
0.1097, while the exponent of Reynolds number m is 0.7 as that for in-line

array.

6-2-3 Uniformity of Heat Transfer for Hole Channel Array:

Figures 6.13 a-c show the effect of the separation distance on the maximum
and minimum heat transfer. For the separation distance range of 2 < H/d < 4,
both the maximum and minimum heat transfer are nearly constant value, for
the two Reynolds numbers. Then the values of both maximum and minimum

tend to be decreased. Fig. 6.14 presents the average line Nusselt number in
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dependence on the spacing distance at separation distance, H/d = 4. This figure
is based on the two Reynolds numbers of 41400 and 19000. It is clear that the
spacing distance of S/d = 4 provide the maximum value of heat transfer for
both two Reynolds numbers. The uniformity degree of the heat transfer is
presented in Fig. 6.15. It can be noted that the uniformity degree decreases
with the increases of spacing distance. So the heat transfer in this case, hole
channel array, has low uniformity degree than that in the cases of staggered
and in-line arrays. Figs. 6.16 a-c show the average and average line Nusselt
numbers as a function of Reynolds number for the hole channel array. From
these figures, the average line Nusselt number can represent by the above
equation (6-2), with Reynolds number exponent is about 0.66 and range of
constant ¢ from 0.0489 to 0.0825.

6-4 Summary:

From the previous results it is found that, the uniformity degree of the heat
transfer is higher for staggered array and is low for hole channel array. This
due to the interaction between jets before impinging with surface is more
homogenous and the multiple jets can be considered as one jet for staggered
array [1, 2]. Table 1 gives summery for the heat transfer uniformity for in-line,

staggered, and hole channel arrays.

Table-1 Uniformity Degree of Heat Transfer, (2 < H/d <4, Re = 41400):

Array Spacing Distance, S/d
2 4 6 8 10
In-line 86% 81% 80% 73% 50%
Staggered 97% 97% 97% 95% 86%
Hole Channel 80% 64% 58%
In-line Spacing Distance, S,/S,
(Sx# Sy) 0.5 0.67 0.75 1.0
80% 80.5 78.8% 80%
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Conclusions and Further Work

7-1 Conclusions

The heat transfer characteristics were investigated experimentally for
multiple jets arrays and hole channel impinging to heated flat plate. For in-line
and staggered arrays, the jets are considered as free tube jet. The cross flow
which generated by interference between adjacent jets is reduced by using free
tube jet. The effect of separation distance H/d, spacing distance S/d, and
Reynolds number were investigated in this study. The temperature variations
on the impinging surface were measured using an IR-thermography technique
to get better spatial resolution. The local and averaged Nusselt numbers were
discussed and compared with those of a single jet. In addition, the heat transfer
uniformity over the impinging surface was calculated.

The general conclusions of this research accomplished are outlined below:

(1) There are several differences between single and multiple impingement
jet systems. While the multiple jet systems enhance the heat transfer
more than a single nozzle by approximately 75% for optimum spacing
distance S/d = 6. Also, the interaction between adjacent jets both before
and after impingement is an important consideration in the design and

characterization of multiple jet systems.

(2) The highest stagnation point heat transfer is attained at the range of
separation distance 2 < H/d < 4, which corresponds approximately to the
length of the jet potential core in the free jet zone. This result is the
similar to the results for a single nozzle. Also, the stagnation point
Nusselt number has a maximum value at spacing distance of S/d = 6 for

both in-line and staggered arrays, and hole channel.

(3) The type of array (in-line or staggered) for multiple free tube jet systems

has no effect on the average heat transfer. This is due to the variation of
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the temperature distribution for the in-line array is equivalent with the

same variation of the impinging area for the staggered array, Figs.4.14a-h

(4) The spacing distance equal to 6 provide the maximum value of the
average heat transfer over impinging surface for the in-line and staggered
arrays. Also, the different of the inner jet diameter has no effect on the
position of the maximum value of the average heat transfer. For hole
channel array, the maximum value of the average heat transfer is occur at

the spacing distance equal to 4.

(5) The separation distance H/d has nearly no effect on the average heat
transfer for in-line and staggered arrays, and hole channel in the range 2

<H/d <4,

(6) At optimum spacing distance S/d = 6, the average heat transfer can be
correlated as a function of Reynolds number (Nu,, o« Re%’) for in-line
and staggered arrays. For hole channel, the maximum average Nusselt

number occurs at spacing distance equal to 4 and it can be best fitted
with Nuy, =0.0882Re®%pr%42  Also, the maximum average heat

transfer for in-line and staggered arrays is greater than those of the hole
channel at optimum spacing distance with the same experimental

conditions.

(7) The uniformity degree of heat transfer decreases with increase of both
the spacing and separation distances. While this degree increases with
increase of Reynolds number. For staggered array showed higher
uniformity degree than in-line array. The hole channel array provided the
lower values of this degree comparing with the other arrays. The unequal
spacing distance (S./Sy) has a negligible effect on the uniformity degree

for an in-line array at spacing distance of Sy/d = 6.
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7-2 Recommendations for Further Work:

The following suggestions are highly recommended for future study in this
area.

- In the present study, the smooth flat plate used as an impingement surface is
made from inconel alloy 600. So, the local and averaged heat transfer will be

determined for a rough impingement surface.

- The effect of curvature ratio (d./d) on the local and averaged heat transfer
from multiple jet systems impinging normal to heated concave and convex

surfaces should be studied considering the location of maximum heat transfer.

- In this work the air is used as a fluid, therefore another fluid with high heat
transfer coefficient as water or nitrogen liquid will be applied to determine the

local and average heat transfer.

- The characteristics of the heat transfer from multiple jet systems were
investigated experimentally in this study. In the future, a theoretical study
using the numerical method for jet flow and heat transfer will be considered

comparing with the experimental results.
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A- Distribution of Surface Temperature:

A-1 In-line Array:
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B- Local Nusselt Number Distribution for Staggered Array:
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C- Effect of Separation Distance at Stagnation Point:

C-1 In-line Array:
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C-2 Staggered Array:
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Nomenclacture

Nomenclature

Symbol

A [m’]
CL,2 []

c [-]

Cp [kJ/(kg.K)]
d [m]

d. [m]

dp [m]

H [-]

I [A]

k [W/(m.K)]
1 [m]

m [-]

Nu [-]

n [-]

n, [Pixel]
Pr [-]

p [Pa]

Q [W]

q [W/m’]
R (€]

Re [-]

RF [-]

r [m]

S [m]

t [m]

tc [m]

T [°C]

U [m/sec.]
Un [-]

Explanation

Plate area

Integration constant
Constant

Specific heat

Inner nozzle diameter
Curved surface diameter
Hydraulic diameter
Separation distance
Direct current
Thermal conductivity
Metal sheet length
Exponent

Local Nusselt number
Exponent

Number of pixel
Prandtl number
Pressure

Heat transfer rate

Heat flux

Resistance

Jet Reynolds number
Recovery factor

Radius

Spacing distance

Metal sheet thickness
Hole channel width
Temperature

Mean velocity at jet exit

Degree of unifomity
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Nomenclacture

[m/sec.]
[m’]
[m]

[m]

[m]

< X 2 < F

Greek symbols

a [W/(m”.K)]
[Pa/m]
[m]

AX, [mm]

€ [-]

0 [-]

v [m?/sec.]

p [kg/m’]

Pel [€.m]

o [W/(m>.K*)]

Subscripts

1,2

o

€

a

ad

av

avl

C

Cco

I

]

k

m

Flow velocity

Volume

Metal sheet width
Streamwise coordinate

Coordinate perpendicular to streamwise direction

Convective heat transfer coefficient
Pressure gradient in the radial direction
Boundary layer thickness

Length of pixel

Emissivity

Dimensionless temperature

Kinematic viscosity

Fluid density

Specific electrical resistance

Stefan-Boltzmann constant

Number

Convective heat transfer
Radiation heat transfer
Air

Adiabatic

Average over area
Average over line
IR-Camera

Correct

Electrical

Jet

Conduction heat transfer

Metal
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Max.
Min.
0

p

st

Maximum
Minimum
Surface

Pixel

Radial distance
Static

Stagnation
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