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APPLICATION OF LIQUID CRYSTAL THERMOGRAPHY
IN
HEAT TRANSFER CHARACTERISTICS OF SLOT JET IMPINGEMENT

by
Tat Leung Chan

ABSTRACT

A fully automatic non-intrusive liquid crystal thermographic system, based on colour
image processing and a transient wall heating technique, has been developed to obtain
the surface heat transfer characteristics of a heated slot jet impinging on a semi-
cylindrical convex surface. A novel calibration procedure for thermochromic liquid
crystals has been developed which allows the technique to be applied with confidence
to oblique surfaces for the first time. The parametric effects ofjet Reynolds number
(Rew) ranging from 5,600 to 13,200 and the slot jet to impingement surface spacing
(Y/W) ranges from 2 to 10 have been studied. Velocity and turbulence measurements
of'the slotjet exit were determined using hot wire anemometry.

High momentum directly below the jet leads to maximum heat transfer levels at the
stagnation point. The flow rapidly decelerates and they begins to accelerate as it is
deflected through 90 degrees and a wall jet begins to form. Local Nusselt numbers Nus
decrease with increasing circumferential distance S/W from its maximum value at the
stagnation point up to S/W= 3.1. The transition in the wall jet from laminar to
turbulent flow was completed by about 3.3< S/W <4.2 which coincided with a
secondary peak in heat transfer. The stagnation Nusselt number NuO shows good
agreement with NuOocRew 5 for laminar boundary-layer flow for Y/W= 2 to 6 in this
study. For the larger spacings Y/W> 8, which are beyond the potential core, the jet
Reynolds number dependence is stronger (NulccRewH), and air entrainment effects on
the jet momentum take place in this region. The local circumferential Nusselt numbers
increase with increasing Reynolds numbers and the NuO was shown to increase non-
linearly to its peak values at the end ofthe potential core, Y/W - 8.

The rate of decay of average circumferential Nusselt numbers along the cylindrical
convex surface is much faster than that which occurs laterally along the flat surface.
New correlations of local and average Nusselt numbers with Rew Y/W and S/W have
been established for the stagnation point and the circumferential distribution. As Y/W
increases, the effect of curvature becomes apparent and the difference between the flat
surface correlation and the convex surface becomes more pronounced. These provide
previously unavailable guidelines for industrialists exploiting jet impingement for
optimum heating/cooling applications.

The suitability of the widely used k-s turbulence model, within the commercial code
PHOENICS, has been assessed for predicting this flow. In the stagnation region, Nu0
was overpredicted by up to 190%. Performance of the model improved in the wall jet
region and with careful selection of the near wall cell size, which is crucial to ensure
correct implementation of wall functions, Nus was predicted to within 29%.
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Chapter 1 Introduction

Chapter 1 Introduction

This Chapter provides an engineering insight into the importance of jet impingement
heat transfer processes and the usefulness of their numerical solution. The explanation
and background to the work and identification of research needs to enable further
development ofjet impingement heat transfer processes and numerical models will be
addressed. The rationale and specific aims ofthe research are presented in a systematic
manner together with a set of objectives formulated to achieve these aims. Finally, a

briefdescription ofthe Chapters in the thesis is given.

1.1  Background and Description of the Problem

Jet impingement heat transfer is commonly encountered in many engineering
applications and manufacturing processes because of its excellent heat and mass
transfer characteristics, low cost and simple control. Impinging jets provide a means of
obtaining high heat transfer coefficients and of localising such transfer coefficients at
specific zones on the impingement surface. Another important consequence of jet
impingement is that the non-uniform distribution of the heat transfer coefficient can
lead to unwanted overheating due to hotspots. Because of these characteristics, the
impingement technique is widely used in heating, cooling and drying operations.
Detailed knowledge of the heat transfer mechanisms involved in jet impingement is
therefore essential when establishing design criteria for optimal jet arrangement. There
are many parameters that influence heat transfer and flow characteristics between the
impinging jet(s) and impingement surface. These parameters include turbulence, exit
j.et velocity profiles (i.e. a parabolic or a flat velocity profile), Reynolds number,
unconfmed and confined jet configurations, nozzle geometry, jet exit temperature, jet-
to-impingement surface separation distance, entrainment, angle of incidence, the offset
from the stagnation line, impingement surface shape, external factors (i.e. controlled
excitation and swirl jet), multiple jets, jet arrays and cross flow. However, the range of
physical parameters and boundary conditions are widespread mainly due to the
limitations of measurement methods. Jet impingement onto orthogonal surfaces has

received much attention, however, there is paucity information on jet impingement
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onto oblique/curved surfaces. Many industrial applications include for example, the
heating, cooling and/or drying ofpainted cylinders, glass, paper, textiles, film material,
foodstuffs, age hardening, the de-icing of aircraft wings and safety requirements in the
storage of cylinders containing liquefied gas. The optimisation of such applications is
becoming necessary as industry demands increased efficiency and safety. There is a
wide range ofjet impingement configurations encountered in practice. Here, attention
is focused on heat transfer characteristics of a turbulent hot air impinging slot jet on a
semi-cylinder convex surface. Thus a thorough experimental investigation of the heat
transfer mechanism will be used to provide both practical data for engineers and
reliable experimental information which is required to validate the theoretical heat
transfer models and the numerical procedures using mathematical models of

turbulence.

The emergence of commercial Computational Fluid Dynamics (CFD) codes has
enabled industrial community to model more complex flow geometries without the
need to set-up high quality and costly experimental facility. However, there are still
major problems with the closure ofthe turbulence models in which reliable prediction
of the flow-field or heat transfer characteristics of all test parameters is still
questionable. Hence, work is continually on-going to improve the validation of
turbulence models in CFD community. The performance of the widely used kappa-
epsilon (k-s) turbulence model will be assessed for the prediction ofthe outcome ofthe

experimental investigation.

1.2 Aims and Objectives

1.2.1 Specific aims

i) To develop an automatic colour image processing of liquid crystal
thermography for accurate heat transfer measurements in jet impingement

on oblique/complex surface.

iil)  To obtain a better understanding ofthe influences ofjet Reynolds number

and slot jet-to-impingement surface separation distance on the local and
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average heat transfer characteristics from a turbulent slot jet on a semi-

cylinder convex surface.

iii) To provide a benchmark for the future development of numerical

solutions and turbulence models.

iv) To assess the suitability of the standard k-s turbulence model in
predicting heat transfer characteristics of a turbulent slot jet impingement

on a semi-cylinder convex surface.

1.2.2 Rationale

The experimental parameters used in the present study are listed in Table 1.1. Three jet
Reynolds numbers Rew were chosen to provide a broad circumferential distribution
(0< S/W <13.6) of local and average heat transfer characteristics on a cylindrical
convex surface and to ensure a suitable flow range to allow comparisons to be made
with the existing literatures. Five dimensionless slot jet-to-impingement surface
separation distance Y/W, ranging from 2 to 10 were considered to include the
occurrence of the maximum Nusselt number in the stagnation region. This
dimensionless separation distance Y/W range are often quoted for design purposes,
based on an impinging slot nozzle jet, Gardon and Akfirat (1966), and Gau and Chung
(1991).

Parameters Range
Rew 5,600 to 13,200
Y/'W 2 t0 10
S/W 0 to 13.6

Table 1.1 Experimental Parameters

Figure 1.1 shows schematically the experimental geometry considered together with
the nomenclature and coordinates. Despite the industrial relevance of this slot jet
geometry, very limited works were identified in the existing literature concerning
impingement on a convex surface. In addition, the k-s turbulence model was selected
for assessment in this study because of its wide use and availability in industry and

academia.
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Acrylic slot jet
(6.25mmW x 125mmL)

with 10mm thickness

Hot air slot jet

liquid crystal loyer
Black pamt layer

Acrylic semi—cylinder .
specimen surface

Acrylic semi-cylinder specimen with 150mm diameter

Figure 1.1 Slotjet impingement geometry investigated

1.2.3 Objectives

A set of target objectives were discerned to allow accomplishment of the specific

research aims:

i)

Design, build, commission and validate an airflow jet rig to provide the
steady airflow required for the investigation. Establish a hot-wire
anemometry with associated instrumentation and traverse control
system to obtain exit jet characteristics and accurately position the
measuring device within jet flow. Develop an automatic colour image
processing of liquid crystal thermography for heat transfer
measurements in jet impingement on oblique/complex surface.
Calibrate the thermochromic liquid crystals in terms of temperature,
hue (colour) and camera viewing angle on the oblique/curved surface
and interpret the surface heat transfer information from captured liquid
crystal images. Caution is required for the experimental planning,
debugging and execution of experiments, data analysis and

interpretation, and experimental uncertainty analysis.
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1.2.4

i) Complete a thorough literature review to identify the need of further
study on the type of jet impingement surface and experimental

parameters.

iii)  Identify the factors that affect the measurement techniques and
equipment selection for surface heat transfer and exit jet characteristics
studies such as experimental uncertainty, availability, cost, suitability
and consistency.. Validate the experimental techniques chosen by

comparing results with previously published data.

iv) Obtain the exit jet velocity and turbulence profiles, and surface heat
transfer measurements for the test programme. Ensure the repeatability

of experimental data.

V) Apply an existing Computational Fluid Dynamics (CFD) commercial
package using the standard k-s turbulence model, with input of
measured and defined boundary conditions, predict the heat transfer
characteristics on impingement surface. Compare the numerical results

with existing experimental data.

Breakdown of objectives

Quality of results

What is the uncertainty in the measured physical properties after data reduction?

What is the calibration error? What is the spatial resolution of hot-wire traversing

mechanism system? Why was hot wire anemometry system used?

How does data output vary with signal conditioning and number of data samples?

Should steady state or transient liquid crystal method be used to evaluate the

convective heat transfer information? How does the effect of camera viewing angle on

surface temperature respond to thermochromic liquid crystals? What is the spatial

resolution of temperature measurements? What is the temporal resolution? What is the

thermal resolution? What is the overall uncertainty?
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What is the uncertainty in the airflow jet system? Is the jet two-dimensional? Outlet

conditions and characteristics? Are the experimental results repeatable?

Analysis of Results

Is the flow incompressible? What are the V, v, and v' profiles along the slot nozzle

width?

Where do the maximum heat transfer coefficients occur? How does the heat transfer
distribution vary with the dimensionless circumferential distance, S/W, slot jet-to-
impingement surface separation distance, Y/W and Reynolds number, Re? How are the

data to be correlated for design purpose?

Does transition of laminar to turbulent flow take place? At what Y/W and S/W
position? Do these relate to Nusselt number profiles? Do the heat transfer profiles

correlate/agree with previous work?

How well does the k-s turbulence model predict the surface heat transfer distribution?

Can recommendations for future work be proposed?

These questions will be addressed through the course ofthe work and within the text of

this thesis.

1.3 Outline of the investigation

This Chapter has introduced a brief background and the statement of the problem with

a clear description ofthe aims and objectives to achieve the programme of work.

Comprehensive review of relevant literature is detailed in Chapter 2. The review
commences with a description of flow regions for a slot impinging jet on convex
cylindrical surface, and the Nusselt number and Sherwood number correlations
obtained for the curved surfaces. The effect of turbulence on stagnation

point/streamwise local heat transfer and surface curvature on local/average heat
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transfer and the dependence of Nusselt number on Reynolds number are discussed.
The review of literature on the numerical prediction of slot jet impingement has also

been focused on recent and relevant works.

The design, development and validation of the experimental rigs, the procedures and
the measuring technique adopted for hot-wire anemometry system, liquid crystal
calibration system and automatic non-intrusive liquid crystal thermography for surface
heat transfer measurement system based on colour image processing system are

presented in Chapter 3.

The governing equations for flow and heat transfer, and their numerical solution, are
presented in Chapter 4. The numerical grid dependence accuracy and convergence
criteria are also discussed. However, the solution algorithm and well-known
commercial package PHOENICS (Parabolic, Hyperbolic or Elliptic Numerical
Investigation Code Series) are briefly described since the details are available in

several texts.

The presentation and discussion of all experimental and numerical results are given in
Chapter 5 as well as their comparison. This chapter focuses on the heat transfer
characteristics of a heated slot jet impinging on a semi-cylindrical convex surface. A
comprehensive set of results for all experimental parameters are given. The parametric
effects of jet Reynolds number ranges from 5,600 to 13,200 and the slot jet-to-
impingement spacing ranges from 2 to 10 are presented. Correlations of local and
average Nusselt numbers with the jet Reynolds number, the slot jet-to-impingement

surface spacing and circumferential distance are also established.

Finally, conclusions drawn from this study, practical applications of the results and

recommendations for further work are discussed in Chapter 6.
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Chapter 2 Literature Review

2.1 Introduction

Jet impingement heat transfer has received considerable attention both in experimental
and numerical works due to its high local heat transfer rates for heating, cooling, or
drying a surface. The majority of research attention has concentrated on the
impingement of unconfined axisymmetric (circular) and slot (two-dimensional) jets on
a flat surface. Slot jets impingement heat transfer for curved surfaces, both the peak
and the spatial heat transfer distribution, have received less attention although the
importance of materials processing and other applications is popular. In this chapter,
however, the literature review will mainly focus on previous heat transfer impingement
on curved (convex) surfaces. In Section 2.1.1, a comprehensive sources of the
literature reviews on impingement heat and mass transfer under jet configurations are
available. In Section 2.1.2, a discussion of flow characteristics of single slot jet
impinging on convex cylindrical surface is given. Although there are extensive
literature on the heat transfer characteristics of single jet impinging on flat
surfaces/plates, little is known about those on convex surface. The few studies dealing
with the heat transfer distribution on convex cylindrical surface under a single

impinging jet or free stream are briefly discussed in Section 2.2.

2.1.1 Previous review of literature

A number of literature review on impinging jets have been published. They include
bibliographical form such as Button and Wilcok (1978), Button and Jambunathan
(1989), and Jambunathan and Button (1994), critical review on various aspects of the
experimental, analytical and numerical work such as Arganbright and Resch (1971),
Mujumdar and Douglas (1972), Livingood and Hrycak (1973), Becko (1976), Martin
(1977), Hrycak (1981), Downs and James (1987), Polat et al. (1989), Launder (1991),
Jambunathan et al. (1992), Viskanta (1993).
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2.1.2 Flow regions description

A typical slot impinging jet on a convex cylindrical surface is shown schematically in
Figure 2.1a. The slot nozzle geometric arrangement is characterized by the nozzle
width, W, and the separation of slot nozzle and the target surface, Y. Nearly uniform

jet exit velocity and temperature with some level of turbulence are used.

Slot jet

Flow establishment - Free jet—potential core

Free jet—mixing region

Established flow Velocity profile

-Impingement (Deflection) region

Convex (surface Wall jet

Semi-—cylinder

specimen

Figure 2.1a Flow regions for a slot impinging free jet.

Slot jet

Free jet-potential core

Free jet—mixing region

Impmgment (Deflection) region

Wall jet

Semi-cylinder specimen

Figure 2.1b  Flow regions ofa free slotjet.
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The characteristic of the flow structure of impinging slotjet on a semi-cylinder can be
subdivided into three distinctive regions; the free jet region, the impingement

(deflection) flow region, and the wall jet region as shown in Figure 2.1b.

According to the description of Viskanta (1993), the free jet region, shear-driven
interaction of the exiting jet and the ambient produces entrainment of mass,
momentum, and energy. These combined effects introduce the development of a non-
uniform radial velocity profile, expansion of'the jet, an increase oftotal mass flow rate,
and modification of'the jet temperature before it impinges upon the target surface. The
impingement zone is characterised by a deflection region and the turning of the jet
fluid in the circumferential and axial directions, which affects the wall jet transition
further downstream. In here, the wall jet region is characterised by a bulk fluid flow in
the outward cylindrical direction. The free jet region can be further subdivided into
flow establishment and established flow zones. In the flow establishment zone, the
velocity remains constant in the potential core and equals to the nozzle exit velocity.
Whereas, the length of the potential core is strongly dependent on the turbulence
intensity of nozzle exit and its initial velocity profile. Livingood and Hrycak (1973)
reported that the potential core extended 4.7-7.7 slot width, W, from the nozzle exit for
a slot jet. The established flow zone was characterised by the decay of the axial
velocity profile caused by large shear stresses at the jet boundary. Due to these large
shear stress effects, turbulence and the entrainment of additional fluid were promoted
and generated. After the established flow zone, the velocity profile was considered

fully developed.

2.2 Experimental Heat/Mass Transfer Characteristics of an Impinging
Slot/Circular Jet
2.2.1 Nusselt Sherwood number correlations

Waltz and London (1964) summarized the previous researchers’ analytical and
experimental work on the stagnation point and average heat transfer coefficients for an
axially symmetrical infinite stream flow orjet flow over spheres and circular cylinders.

It was found that the circular jet impinging on the sphere gave the highest average

10
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Stanton number. Next followed the slot jet impinging on the cylinder, then the flat
rectangular plate, and the lowest was the circular jet impinging on the flat circular
plate. Typical experimental correlations for a small stream as produced by a circular jet
flow over a spherical target and a slotjet flow over a cylindrical target were expressed

as follows:

For a spherical target in the range of Y/d=1, 1<R/d <2 and 4x104& Remr<2x10s;

NuO=T 26PiflBRew0S ; (2.1)
St0= 1.26Pr"'6Re05 and (2.2)
Stae 1.41Pr°®Rent”s (2.3)

For cylindrical target in the range of 4<Y/d <16, 125< R/W <15 and

2x104< ReOK 2x105;
St(= 1.16Pf°-Red5  and 2.4)
Stav=1.21Pr°-R el (2.5)

Gardon and Akfirat (1966) investigated the local and average heat transfer coefficients
of impinging two-dimensional air jets on an isothermal flat plate for both single jets
and arrays ofjets. They concluded that the local Nusselt numbers at stagnation point
depended on the Reynolds number only for Rew< 2,000. The Nusselt number at

stagnation point for a single two-dimensional jet were correlated as follows:

-0.62

Nu,, = 1.2Re*” fVW for  50,000< Rew<2000, 14<Y/W <60, 0.6%< Tu <7.5%

and 1.6 mm< W <6.4 mm (2.6)

As Y/W< 0.5, the impinging jet became a wall jet and the heat transfer coefficients
increased rapidly with increasing velocities in the gap between the nozzle exit and the
plate. In this regime, two peaks of heat transfer rate were observed from the stagnation
line. For Y/W< 8, two humps began to form at about Y/W= 7, and, for Y/W< 6, they
became well-defined secondary peaks in the heat transfer rate. They explained that

these secondary peaks were ascribed to a transition from laminar to turbulent boundary
11



Chapter 2 Literature Review

layers along the plate. For 8< Y/W <14, the lateral variation of heat transfer
coefficients began to form a bell shape. For Y/W> 14, the lateral variation of heat

transfer coefficients became well-defined bell shape.

Gostkowski et al. (1970) investigated the effect of free stream turbulence on the heat
transfer to the stagnation point of a sphere. It was found that the increase of Nusselt
number at stagnation point was dependent mainly on the Reynolds number and the
turbulence intensity whereas the effects of the scale of the turbulence were not
discernible. The value of Nu/Reos was increased slightly in the lower turbulent
Reynolds number, TuRe range but'it was increased significantly when the turbulent
Reynolds number was greater than 7 x 103 Correlations of Nu0 were obtained as

follows:

Kfu
Re

1.255(TuRe)(2U4 for TuRe <7x103 2.7)

Nu
Ee n

1.255(TuRe)®R for TuRe > 7x103

Kumada et al. (1973) investigated the local and mean mass transfer on a cylinder in the
potential core and developed (transition) region of a slot jet. They concluded that the
flow pattern around a cylinder in potential core region of a slot jet differed greatly
from that in a uniform flow. The front stagnation region was narrow and the pressure
gradient was large. The occurrence of separation was delayed by the Coanda effect and
a circular wall jet type flow was formed along the cylinder. The separation region was
small and no periodic vortex shedding (the van Karman street vortex) could be
observed. Sherwood number at the front stagnation point could be treated as a uniform
flow case. Minimum Sherwood number took place at S/Ws 2-2.5 which was
independent of D/W or ReD The second maximum peak of Sherwood number
appeared at the transition to turbulent flow and its position was somewhat downstream
from the end of acceleration region. The dependency of the Reynolds number for the
mean Sherwood number was explained by correspondence to the local Sherwood
profiles. The mean Sherwood number produced by the slotjet was 30% to 40% higher

than in uniform flow with negligible intensity of turbulence, but was almost equal to
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that for turbulence of uniform flow stream (turbulence intensity, 2%~6%). The
pressure gradient near the stagnation point was affected strongly by D/W and its effect
remained large in the developed region. The base pressure was nearly constant (Cp) and
independent of D/W, and even in the developed region, but it was smaller than that
created when a cylinder was placed in a uniform flow stream with turbulence. Again,
no periodic vortex shedding could be identified. The local Sherwood number
distribution due to a slot jet impinging normally on a cylinder differed remarkably
from that in uniform flow and was strongly affected by the Coanda effect as a cylinder
in shear flow. The experimental correlations obtained in the ranges of

4 .3x 104< ReD<2x105, 3.75< D/W <15 and 2< Y/W <4 were as follows:
Sh0=1.19CReD>:5Sc04 where 01+0.037(D/W )12 for 3< D/W <10 (2.8)
C=1+0.102(D/W {7 for 10< D/W <25

Shnax=0.2 1 8(D/W)lR e 23 2.9)

Shae= 0.49ReD6; D/W=3.75 (2.10)
= 0.369ReD'63; D/W=7.5
= 0.227Rel®/3; D/W=15

Another experimental correlations which were arranged by Kumada et al. (1974) in the

ranges of4x104< ReD<2x105 3< D/W <15 and 6< Y/W <40 were as follows:

Sho=0.74(1+0.75(Y/D)'a5)(D/W)°dBR e H for 0.4 <Y/W <12 2.11)
Shae= 0.225(Y/W)°-3R ed 3 for 6 <Y/W <8 2.12)
Shae= 0.435Red)&B forl10< Y/W <40

Sparrow et al. (1984a) reported that the axial distribution of the heat transfer
coefficient peaked at the circular jet impingement point on a cylinder. Three
parameters systematically varied from the range of 0.189< d/D <0.424, 5< Y/d<15

and 4,000< Red<25,000 respectively. The peak heat transfer coefficientincreased as

13
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the distance between the initiation of the jet and the cylinder surface decreased for a
fixed jet diameter and Reynolds number. The drop-off ofheat transfer coefficient with
increasing axial distance from the impingement point was accentuated for smaller jet
initiation distances (at a fixed jet diameter and Reynolds number) and for smaller jet
diameters (at a fixed initiation distance and Reynolds number). The axial distributions

of Sherwood number and Nusselt number were correlated as follows:

Red°‘76sseh1‘62(d/m 0.775R e/008, Y/d=5 (2.13)

Sh

Red" 76 ¢-62(d/D) = 0.306, Y/d =10
Redovss e!-1.62(d/D) = 0.244, Y/d =15
Nu = 0.586 Sh (2.14)

However, the circumferential distribution of the heat/mass transfer coefficient along

the cylinder was not available in their investigation.

Gau and Chung (1991) studied the surface curvature effects on the different sizes of
slot-air-jet impingement cooling flow structure and heat transfer along a
concave/convex side of a heated semicylindrical surface. In this experiment, the jet
Reynolds number, Re ranged from 6,000 to 350,000, the slot-to-plate spacing, Y/W
from 2 to 16, and the surface diameter-to-slot-width ratio, D/W from 8 to 45.7. In the
convex surface case, it was found that a series of three-dimensional counter rotating
vortices along the surface could increase the momentum transport in the flow structure
and enhance the heat transfer process on the wall near the stagnation point. The
increasing of surface curvature could augment the size of the counter rotating vortices,
which produced a higher Nu number at stagnation point. However, the heat transfer
magnitude was reduced in the region away from the stagnation point where the flow
became more stable due to the centrifugal force along the surface curvature. In the

concave surface case, no three-dimensional vortices in the stagnation point were
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observed. However, the local Nusselt number in the region away from the stagnation
was increased with increasing of surface curvature due to the generation of Taylor-
Gortler vortices along the surface. Correlations of NuOat the stagnation were obtained

for 6,000<Re<35,000 and 8<D/W<45.7 as follows:

For convex surface,

Nu0-0.729R e05D/W)-""KY/W)0l6 for 2<Y/W<8 (2.15)

Nuae=0.22 IRe06{D/W) QXY /W)W

Nu0=1.716ReQ54D/W)'015Y/W)'(38 for 8<Y/W<16

Nuae=0.308Re0&D/W)'QY/W)®R2

For concave surface,

Nuav=0.251Re°-&D/W)-038(Y/W )05 for 2<Y/W<8 (2.16)

Nuav=0.394Re°'&D/W)->-R(Y/W)-02 for8<Y/W<16

Whitaker (1992) studied the heat transfer resulting from the impingement of a heated
circular jet upon a cylinder. The cylindrical target for heat transfer studies was a
hollow aluminum pipe having an outside diameter, D of 16.5 cm. It had a length of
1.8 m which was sufficient to eliminate any end effects. The nozzle exit diameters, d
of 1.27, 1.75 and 2.54 cm were used and the nozzle Reynolds numbers ranged from
32,000 up to 160,000. Measurement locations at impingement distances of 7, 10, 12,
15, 18, 21 and 25 nozzle diameters were selected. The range ofjet exit temperatures
used in his study were 80°C, 135°C and 190°C. The effect of each parameter (i.e.
nozzle Reynolds numbers, nozzle exit temperatures, nozzle diameters, and
impingement distances) had on heat transfer characteristics was determined. He
concluded that the range of nozzle exit temperatures used did not affect much on
velocity profiles in the free jet and did not influence heat transfer behaviour. Nusselt
numbers at the stagnation was found to be solely dependent on the nozzle Reynolds
number and impingement distance. Results were also comparable to values obtained

with flat plate targets for less than 12 nozzle diameters of impingement distances. The

15
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flow and heat transfer behaviour near the stagnation point region (S/d< 0.2) was
independent of target geometry for those impingement distances. Local Nusselt
number distributions along the longitudinal axis of the cylinder were found to have
similarity in the distributions on a flat plate target. Convex target curvature around the
circumference of the cylinder enhanced the decay rate of local Nusselt numbers. This
was attributed to convex curvature suppressing turbulent mixing. The Nusselt numbers
around the circumference of the cylinder decayed faster than they did along the
longitudinal axis. Increasing the impingement distance did not have much effect on it.
The transition from a deflection region to a wall jet occurred at 2.5 to 3 nozzle
diameters from the stagnation point around the circumference and 3 nozzle diameters
along the longitudinal axis. These locations also corresponded to where the Nusselt
numbers reached a constant minimum value. There was also a weak dependence upon
the range of the jet nozzle diameter to target cylinder diameter ratio, d/D studied.
Correlations for non-dimensional Nusselt number distribution along the longitudinal

axis and around the circumferential axis were expressed as follows:

Along the longitudinal axis,

Nu/Nu0=1.0-2.36(S/Y)+2.41 (S/Y)20.89(S/Y)3 2.17)

Around the circumferential axis,

Nu/Nu0=1.01-3.15(S/Y)+3.42(S/Y)21.25(S/Y)3 (2.18)

The distribution ofthe average Nusselt numbers was given as follows:

Nuae= 0.62Re®-(Y/d)-"-8(S/d)-046 (2.19)

Recently, Lee et al. (1997) investigated the effects of the hemispherically convex
surface curvature on the flow and heat transfer from a fully developed axisymmetric
impinging jet. In this experiment, the jet Reynolds number, Re ranged from 11,000 to
50,000, the nozzle-to-surface distance, Y/d from 2 to 10, and the nozzle-diameter-to
surface curvature ratio, d/D from 0.034 to 0.089. The potential core ofjet flow was

found from 3.1 to 4.2 nozzle diameters for Re= 11,000 to 50,000. The Nusselt number

16
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at the stagnation point, NuO was increased with the increasing surface curvature (i.e.
increasing value of d/D) and both Nu0 and turbulent flow intensity along the free-jet
centerline reached their maximum values at Y/d = 6 to 8 for the Re and d/D ranges
studied. However, the effect of surface curvature on the heat transfer was found less in
the wall jet region compared to its stagnation point region. The local Nusselt number
was decreased monotonically from its maximum value, NuO In this experiment, for
Y/d= 2 and Re= 23,000, and for Y/d<4 and Re= 50,000, the streamwise Nusselt
number distributions were observed increasing values in the region 1.3<r1/d <1.5 and
reached its secondary maxima at r/d= 2.2. Correlations of Nu0O were obtained as

follows:

Nu0=1.68(Re)04Y/d)0(D/d)Ql8  for 2<Y/d<6 (2.20)

Nu0= 1.38(Re)*'S{Y/d)QRD/d)*'8  for 6<Y/d<10

2.2.2 Effect of turbulence on stagnation point/streamwise local heat transfer

In the early 50°’s, Giedt (1951) investigated the effect of turbulence level of incident air
stream on local heat transfer coefficients around a cylinder. The diameter of heated
cylinder was 102 mm with a length 533 mm. It was found that the average heat transfer
coefficient was increased from 10% to 20% due to increasing of turbulence level, with
Reynolds numbers varying from 90,900 to 212,000. The local heat transfer in the
stagnation region was also increased approximately 25% due to increasing of

turbulence level.

Seban (1960) demonstrated that the local heat transfer coefficients and recovery factors
from the elliptical and circular cylinders were affected by the free stream turbulence.
Larger local heat transfer coefficients were obtained by increasing the turbulence
intensity, in a way dependent upon the location of'the cylinder configurations, through
a direct increase in the heat transfer to the laminar boundary layer, through an earlier
transition to turbulence, or through an alteration in the character of the separated flow.
However, recovery factors were unaffected with respect to the turbulent intensity for
attached boundary layer flow, but observing large changes in those separated flow

regions.
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Lowery and Vachon (1975) have reported on the effect of free-stream turbulence on
heat transfer from heated cylinders placed normal to an air flow stream. Reynolds
number ranging from 109,000 to 302,000 at values of turbulence intensity from 0.4%
to 14.2% were performed. The results showed that the remarkable increases in heat
transfer rate over the theoretical zero turbulence value were on the order of20% occur
for small increases in lower values of turbulence intensity (0.4% to 1.2%). In the
laminar boundary-layer range along the cylinder, 0< 9 <40°, the effect of increased
turbulence intensity always increased the local heat transfer rates and appeared to be
independent of Reynolds number over the range of this investigation. Partial success
was obtained in correlating the linear relation between the overall rate of heat transfer

and the values of TuRe0510.5 as Nu/Re05= 0.686 + 0.043TuRe°-s.

Cooper et al. (1975) used the liquid crystal technique to obtain both qualitative and
quantitative heat transfer and fluid flow information on heated cylinder placed in free
air stream. A 100 mm diameter of circular cylinder was used and Reynolds numbers
varied from approximately 40,000 to 150,000. The turbulence intensity was found to
vary from 0.5% to 0.7% in the clear test section. The angular variation of the
Froessling number Fr obtained with liquid crystal thermography was compared with
the experimental results of Giedt (1951) and Seban (1960). The experimental heat
transfer results were in close agreement with those obtained by other investigators. In
addition, the effects of flow separation, the separation bubble region, the turbulent
boundary layer and the turbulent wake on the heated cylinder could be observed using

this non-intrusive liquid crystal thermographic technique.

Kataoka et al. (1992) investigated the local controllability of slotjet impingement heat
transfer on a plate by immersing an array of circular cylinders with the fixed Reynolds
number 0f4,500. Maximum heat transfer on the central stagnation line was augmented
by about 180% due to the acceleration and surface-renewal effects of large-scale
turbulent eddies impinging on the heat transfer surface when the cylinder array was
placed from 4 to 6 cylinder diameters (D= 8 mm) upstream ofthe heat transfer surface
in a passing arrangement. The maximum heat transfer location was shifted, without

attenuation, to half the cylinder pitch off the jet axis on both sides by a blocking
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arrangement whereas the central stagnation line heat transfer was suppressed largely

due to the blocking effect.

2.2.3 Effect of surface curvature on local/average heat transfer

In the mid 50’s, Kreith (1955) investigated the influence of curvature on heat transfer
for fully developed turbulent flows. It was found that the heat transfer from a heated
concave wall was considerably higher than from a convex wall of the same curvature
and under the same conditions of flow. The Nusselt number for a concave surface was
25% to 60% higher than for a convex surface at the same Reynolds number for fluids
having Prandtl numbers higher than 0.7. For analytical investigation, the influence of
curvature was insignificant at Reynolds number below 105 but the Nusselt number
along a concave surface was twofold higher than that of a convex surface at Reynolds

number above 106for fluids having a Prandtl number below 0.02.

Since then, more papers related to the effect of surface curvature on the heat and flow
characteristics have been published. Sawyer (1962) and (1963) measured the growth of
two-dimensional turbulent wall jets blowing round surfaces constructed to maintain the
ratio of jet thickness b to surface radius of curvature R at a constant value along the
length of the jet. For b/R of the order of 0.05, the rate of spread of the curved jet was
found to be increased by about 50% for a convex surface and decreased by about 50%
for a concave surface as compared with that ofa plane wall jet. He also concluded that
the curvature has a considerable effect on the entrainment properties ofjets. This was
significant in a number of situations, for example, the growth of curved wall jets, the
curved-jet recirculation flows associated with air cushion vehicles, and the velocity

field induced by curved jets.

Schuh and Persson (1964) investigated the mean heat transfer coefficient on a circular
cylinder placed symmetrically in a two-dimensional jet with Reynolds number around
20,000 to 50,000. The maximum heat transfer coefficient was obtained for ajet with a
height of one eighth of the cylinder diameter and with the cylinder at a distance from
the nozzle exit of about 2 to 8 times the jet height. The heat transfer coefficient was

found to be about 20% higher than that for a cylinder in free stream (an unlimited
19
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parallel) flow with negligible turbulence in the main stream and with an undisturbed
speed equalled to that in the nozzle exit. They explained that this result was due to the
characteristic of thin jets which adhered to curved surface of the cylinder (Coanda

effect) and the high turbulence intensity in ajet.

Thomann (1968) investigated the effect of streamwise wall curvature on heat transfer
in a supersonic turbulent boundary layer. The free-stream Mach number was 2.5 and
the Reynolds number based on total model length was about 4.5 x 106. In comparison
with the constant pressure along the flat, concave and convex wall cases, it was found
that the heat transfer rate was increased to about 20% in the concave wall, while the
heat transfer rate was decreased to about 20% in the convex wall in respect to the flat
wall case. The changing ofheat transfer rate was mainly due to an increase or decrease

of turbulent mixing by the effect ofthe curvature.

So and Mellor (1972 & 1973) investigated the turbulent boundary layer flow with
uniform and adverse pressure distributions along a convex and concave surface of
varying curvature. They found that the turbulent mixing between fluid layers was very
much reduced along the convex surface. Under the same wall static pressure
distribution, the ability ofthe flow to support adverse pressure was reduced. Hence the
flow would separate earlier than the corresponding plane flow. Turbulence energy
production was drastically reduced and almost vanished at about half the boundary
layer thickness. However, the law of the wall held and the determined skin friction
correlated well along the convex surface with other measurements. A system of
longitudinal vortices similar to the Taylor-Gortler type vortices was observed inside
the boundary layer along the concave surface, thus indicating the enhancement of
turbulent mixing. The turbulent energy production was not confined to the region near
the wall, but rather it extended nearly to the edge of the boundary layer. A self
consistent set of curved turbulent boundary layer equations was derived together with a
modified eddy viscosity. Those equations correlated well with the experimental data
on flow along the convex surface with arbitrary pressure distribution. However, it
could only be used to predict the mean characteristics of the flow along the concave

surface due to the existence of the system of longitudinal vortices inside the boundary
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layer.

Wilson and Goldstein (1976) investigated the effect of convex curvature surface of a
circular cylinder on the development of a two-dimensional wall jet. The jet width was
50.8 cm, and the slot heights were 0.615 cm and 0.609 cm for the curved and plane
wall jets respectively. The radius ofthe convex surface was 101.6 mm. The Reynolds
numbers ranged from 3,500 to 16,500. They found that the centrifugal force
instabilities could introduce rapid mixing of the curved wall jet with its surrounding
causing the enhancement of turbulence intensity and Reynolds shear stress in the jet.
The curved wall jet showed a strong sensitivity to slot Reynolds number variations,
which caused the jet separation point from the curved surface to increase with
increasing the Reynolds number until a stable separation point occurred at Reynolds
number of 9,000, but the wall jet was relatively insensitive to the slot Reynolds
number for values greater than 5,000. Large departures from self-preservation of the
turbulence velocity field in the curved jet were observed, while the streamwise mean

velocity profiles were unchanged in downstream development region.

Mayle et al. (1979) showed that the heat transfer rate on the concave surface was about
33% greater than the correlation of flat plate, while on the convex surface it was about
20% less at the downstream position of about 120 boundary layer thickness from the
start of curvature. The results on the concave surface were still changing rapidly
(compared to the results on the convex surface) at the downstream position due to the
streamwise growth of large-scale vortices with the axes in the flow direction (Gortler
vortices). Although similar heat transfer trend on the curvature had been reported by
Thomann (1968), the deviation was much larger than the Mayle’s experiment in which
a much smaller Reynolds numbers (1,000 to 2,000) and Mach number of about 0.06
were tested. It was shown that the curvature effects were more important at higher

Mach numbers.

Simon & Moffat (1982) investigated the effects of convex curvature surface on the
heated turbulent boundary layer. It was found that the strong convex curvature effects

on the parameters of surface heat transfer rates, mean velocity and temperature profiles
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were significant. The Stanton numbers and skin friction coefficients were reduced
almost 35% compared with the flat-wall value. The recovery from curvature was
extremely slow in all the parameters tested. The mean velocity profiles were affected
in the outer layers, but not in the inner-region structure. The turbulent Prandtl number
deduced from the thermal law-of-the-wall was increased from 40% to 50% due to the

StI'OIlg convex curvature surface.

Potts (1984) studied the effects of a round turbulent jet impinging normally on a
circular cylinder and the resulting flow field. The cylinder had a diameter of
168.3 mm. The nozzle exit velocities of 120 and 150.4 m/s were used with a 17.5 mm
diameter. The circular jet was impinged upon the cylinder at distances of 7, 15 and 30
nozzle diameters. The free jet was validated and found to agree very well with both
theoretical predictions and previous experimental work. The velocity profiles about the
cylinder were found to be similar to those found on flat plate for nozzle distances close
to the cylinder (Y/d= 7) but became significantly different at farther nozzle distances
(Y/d =15 and 30). At the farther nozzle distance, the velocity profiles along the
cylinder’s axis became very flat and they showed very little similarity to that of a flat
plate in the circumferential direction. The spread rate ofthe wall jet along the cylinder
was much greater than that found on a flat plate. Increasing both with farther nozzle
distances and as the circumferential axis was approached. The velocity of the wall jet
was found to decay much slower than that of a flat plate, especially about the
circumference of the cylinder. The wall jet turbulence profiles were found to be
similar to those of a wall jet on a flat plate except at larger nozzle distances (Y/d= 30)
where the turbulence profiles in the circumferential axis decreased significantly. Based
on the experiments, it was found that the wall jet might have attached to the cylindrical
surface until about 120° to 160° from the impingement point, depending upon the flow
velocity and nozzle distance. The relationship between the radius of the nozzle and the
cylinder was found to be a very significant parameter in the formation of wall jet upon

the surface curvature.

Alhomound (1984), and Sparrow and Alhomoud (1984b) studied the mass (heat)

transfer coefficients and fluid flow patterns from a circular cylinder due to a slot jet
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impingement. In one set of experiments, the symmetry plane ofthe slotjet was aligned
with the axis ofthe cylinder, while in other set of experiments, the slotjet was offset
from the cylinder. The effects of three dimensionless geometrical parameters, the
offset ratio, E/D (0, 0.5 and 1.0), the slot width ratio, W/D (0.25 and 0.5) and the slot-
to-cylinder separation ratio, Y/D (3.25 to 7.25) were investigated over the Reynolds
number ranging from 4x103 to 6.3x104. From the experiments, it was concluded that
the heat transfer coefficient increased with the slot width and Reynolds number but
decreased with increasing the slot-to-cylinder separation distance. At large offsets the
results were relatively insensitive to the separation distance. The effect of offset was
accentuated for narrow slot width and at small slot-cylinder separation distances. The
largest measured offset-related reduction in heat transfer coefficient was up to 53%. In
addition, the numerical solution was developed for a laminar jet (Re< 1,000) and for
Prandtl numbers 0f 0.7 and 2.5. For Res 400 to 450, the difference between a special
set of low-Reynolds number experiment and the computation was about 7%. The

deviation increased to about 17% for Re= 910.

Rojas et al. (1987) used the Laser-Doppler Anemometry and liquid crystal technique to
obtain the velocity and local wall heat transfer characteristics of the flows in two
curved diffusers of rectangular cross section with C and S-shaped centerlines,
respectively. The effects of secondary flow near the heated wall caused the increasing
of local wall heat transfer coefficients and quantified the variation for maximum

secondary-flow velocities ranging from 1.5% to 17% ofthe bulk flow velocity.

Fujisawa and Kobayashi (1987) investigated the effects of strong convex curvature on
the mean flow and turbulence characteristics of two dimensional wall jets
experimentally. The three constant radius convex surfaces considered were 83, 134 and
250 mm. The two-dimensional rectangular nozzle was used with slot height of 5 mm
and width of 588 mm, thus giving a width to height aspect ratio of approximately
120:1. The mean velocity at the nozzle exit was 40 m/s. The wall jet spreading and the
levels of Reynolds stresses along the surfaces were increased significantly by strong
convex curvature, compared with those ofthe plane wall jet. These flow characteristics

were well correlated by the ratio of half width of wall jet to the surface radius except

23



Chapter 2 Literature Review

for the initial region of the convex surface. The interactions of mean flow and
turbulence were observed to be increased due to the production of the turbulent
fluctuation normal to the surface, the shear stress and the advection of streamwise

turbulent fluctuation.

Davenport (1989) investigated the local heat transfer coefficients due to a water 60°
cone spray impinging on a cylindrical surface. It was found that heat transfer
coefficient in the region of direct impingement was essentially uniform but dropped off
rapidly outside this region, being 50% of its maximum value at about 1.45 times the
radius of direct impingement. A year later, Davenport (1990) studied the heat transfer
distribution due to arrays of liquid sprays impinging on a cylindrical surface. He
concluded that heat transfer coefficients from a row of 30° cone sprays with nominally
50% overlap above the spray centre line varied from the maximum values at the centre
of each spray pattern to about 50% of this between sprays. With 60° cone sprays and
the same nominal overlap, there was no measurable variation along the center line. In
the indirect regions, the coefficient maxima were in the zones between spray centre
lines where thick lines of coolant flowed down the surface. Switching out a single 30°
cone spray reduced the circumferentially averaged coefficient to about 30% of its
maximum value where the spray was switched off. With two or more sprays switched
off, the remaining sprays behaved as though they were isolated. Changing the
glancing angle of sprays substantially altered the coefficient distribution and led to

44% increase in the integral ofheat transfer coefficient with respect to area.

2.3 Numerical Heat Transfer Investigations

Miyazaki H. (1975) and Miyazaki and Sparrow (1976) obtained a closed form solution
for the potential flow about a circular cylinder situated in an impinging slot jet. Among
other results, the potential flow solution produced the free stream velocity for the
boundary layer adjacent to the cylinder surface. A basic feature ofthe solution was the
division of the flow field into subdomains, thereby making it possible to employ
harmonic functions that were appropriate to each such subdomain. The boundary
conditions on the free streamline and the conditions of continuity between the

subdomains were satisfied by a combination of least squares and point matching
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constraints. Numerical evaluation ofthe solution was carried out for cylinder diameters
greater or equal to the nozzle width, D/W, in the range from 1to 15, and for a range of
dimensionless separation distances between the nozzle and the impingement surface,
Y/W, in the range from 0.5 to 2. Results for the velocity distribution on the cylinder
surface and for the position of the free streamline showed that the flow field was not
symmetric on the fore and aft part ofthe cylinder. Rather, the skewing was accentuated
as the cylinder diameter increased and the nozzle distance decreased (relative to the
nozzle width). Pressure distribution in the stagnation region of the cylinder was
evaluated and compared with available experimental data. A very good agreement
prevailed up to 20° from stagnation point for D/W= 1 and 2. However, the agreement
was not satisfactory for D/W- 0.4 since the flow field in that case was influenced by
early separation, which was not taken into account in their analysis. The Nusselt
number predictions agreed well with experimental results obtained using the
naphthalene sublimation technique. The Nusselt number at the stagnation region for

the convex circular surface could be expressed as follows:

Nu = 0.312 + 0.143ie-°-7Re05 (2.21)

van Heiningen A. R. P. et al. (1976) investigated the effects of slot nozzle exit and
uniform suction profile on the flow and heat transfer characteristics of a semi-confmed
laminar impinging jet for Re= 100, 450 and 950 and W/Y= 0.25 numerically. The full
Navier-Stokes and energy equations were used to incorporate into their vorticity-
stream-function forms. The maximum heat transfer was found at the stagnation point
and was almost independent of Reynolds numbers range studied. The stagnation heat
transfer value for a jet with a parabolic velocity profile was 1.5 to 2 times higher than
the value for a flat velocity profile due to the contraction and the higher momentum of
the parabolic jet. The maximum skin friction ratio was about 2.7 for Re= 950. The
relative effect of suction was the smallest in the stagnation region and the heat transfer
did not vary much over the length of'the plate. In their study, the influence of variable
properties on the Stanton number distribution, based on the properties of jet exit

temperature as 450 K and the temperature ofthe plate as 300 K was hardly affected.
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Ojha S. K. (1977) predicted the effects of curvature on the flow near the impingement
region of a two-dimensional incompressible jet impingement over a curved surface.
The flow regime near the stagnation point was divided into inviscid and viscous flow
regions in a curvilinear coordinate system. The numerical solutions predicted well in
the impingement region and the curvature length of half slot width from the stagnation
point. It was shown that the inviscid flow velocities decreased as a result of decreasing
of surface curvatures. The increasing of'the surface curvature would move up the first-
order boundary-layer velocity profiles accordingly. However, increasing of the surface
curvature would suppress the first-order displacement of momentum thickness. The
total skin friction was much higher in the case of a concave surface than in the case of

a convex surface.

Faghri (1984) used a finite difference scheme to obtain numerical solutions for a slot
jet impingement on a cylinder. An algebraic non-orthogonal coordinate transformation
which mapped the complex fluid domain onto a rectangle was developed. The
computations were performed with (12x26), (12x30), (12x34), and (12x43) grid points,
respectively for Re= 100, 200, 500 and 1000. The distance from the center of the
cylinder to the outflow boundary varied from 5.5 cylinder diameters for Re= 100 to
22.5 cylinder diameters for Re= 1,000. The agreement between the predictions and the
experimental results was satisfactory, but there was a remarkable deviation between
the developed numerical scheme and an alternative computation using the stepped-

boundary approximations.

Polat et al. (1985) used a two-equation (k-s) model of turbulence to predict the flow
and heat transfer characteristics of a single, semi-confined turbulent slot jet impinging
normally on an impermeable isothermal planar surface. The effect ofjet turbulence
level did not affect on the axial centerline velocity profile. For Y/W= 6, the predicted
centerline velocity did not start to decay until about 4W, which was lower than the
values observed by previous workers such as Gardon and Akfirat (1965), Cadek
(1968) and Sadd (1981). The local Nusselt number at stagnation point was enhanced
about 41% by increasing the jet turbulence intensity from 0.7% to 10% and an addition

of 48% when it further increased the jet turbulence intensity from 10% to 28% for

26



Chapter 2 Literature Review

Y/W= 2.6 and Re= 10,000. However the average lateral Nusselt number was increased
only 2% to 10% by increasing the jet turbulent intensity from 0.7% to 28%. It was
observed that the inflection point (secondary peak) moved away from the stagnation
point when increasing the jet turbulence intensity due to the diffusion of its turbulent
kinetic energy. They also argued that this secondary peak would be observed near the
stagnation line and not moved away from it if the occurrence of inflexion point could
be simply explained by the transition ofthe boundary layer from laminar and turbulent
flow. Furthermore, no secondary peak occurred when the diffusion of turbulent kinetic
energy reached the jet centerline. For the same Y/W and jet turbulence intensity, the
local Nusselt number at stagnation point and the secondary peak became more

enhanced and pronounced when the Reynolds numbers were increased.

Shyy et al. (1991) studied the heat transfer and convection characteristics of
superheated turbulent argon jet interacting with a solid object numerically. Two flow
jet configurations were stimulated. One case for a slot jet impingement on a solid
cylinder inside a circular cylindrical chamber and the other case for a circular jet
impingement on a solid sphere inside a circular cylindrical chamber. Both superheated
jets (7,000 K and 100 m/s at the inlet) issued into a chamber and impinged on a solid
object of a constant wall temperature of 1,000K. Based on the object diameter, the
incoming density and viscosity, a low Reynolds number ~ 2,000 version of the k-s two
equation model were used in the context of adaptive non-orthogonal grid system. In
both jet configurations, the increasing of inlet turbulent intensity (5% to 15%) could
enhance not only the effectiveness of turbulent mixing within the gas phase and the
heat transfer between gas and solid object, but also the highly non-uniform Nusselt
number distributions around the object. For the slot jet configuration, the increased
turbulent intensity of the incoming fluid could resist the adverse pressure gradient and
suppress the flow separation along the object, but not in the circular jet configuration

due to much smaller area ratio ofjet compared to the ambient gas volume.

Celik and Shaffer (1991) studied the mean turbulent flow past a circular cylinder. The
standard k-s model and the well known wall function were employed in both

boundary-fitted coordinate and cylindrical-polar grids. For the subcritcial flow regime
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(Re= 1xI0Y and supercritcal flow regime (Re= 3.6x106), the predicted pressure
coefficient distribution, location of separation and wall shear stress were in fairly good
agreement with the experimental work on having a sufficient number of grid cells
(points) placed in the thin boundary layer of the cylinder up to.the separation point. It
was pointed out that a better prediction could be achieved if the first grid point was
placed within the viscous sublayer or at most the buffer layer. However the agreement
deteriorated rapidly after the separation point. This could be attributed to the fact that
the numerical model did not take into account the presence of vortex shedding, the
transition of the boundary layer from laminar and turbulent flow, and an adverse

pressure gradient.

Kang and Greif (1992) investigated the flow and heat transfer distributions from a
plane laminar hot buoyant impinging air jet on a circular cylinder numerically. The
effects ofthe Reynolds number, Re- 100 to 1,000, Grashofto Reynolds number ratio,
Gr/Re2= 0, 0.1, 0.5 & 1.0, the distance between slot nozzle and the cylinder-to-radius
of a cylinder ratio, Z/R= 5 & 10, half slot width-to-radius of a cylinder, WOYR= 0.6,
0.8 & 1.0 parameters were studied. They concluded that the flow pattern was stable
and symmetric over the range of parameters studied. The results in flow and heat
transfer were quite different from that for uniform flow. The Nusselt number was
increased due to the effect of flow-acceleration of buoyancy jet and reduced the
separation bubble downstream of the cylinder. The average Nusselt number was
increased with increasing Reynolds number and Grashof number. For a wider slot jet,
the viscous diffusion and heat loss from the jet to the surroundings were reduced,
which gave a higher skin-friction and Nusselt numbers. Both the stagnation and the
average Nusselt numbers were increased at low Reynolds number with decreasing
distance between the nozzle and the cylinder. However, the effects of reduced flow-
acceleration for the shorter distance were dominant at the higher Reynolds numbers

and given in smaller values for the stagnation and averaged Nusselt numbers.

Seyedein et al. (1994) used both low-Reynolds and high-Reynolds number versions of
k-s turbulence models to predict the two-dimensional flow field and heat transfer

impingement due to a turbulent single heated slot jet discharging normally into a
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confined channel. The parameters studied were the jet Reynolds number
(5,000< Re <20,000) and nozzle-to-impingement surface spacing (2.5< Y/W <7.5).
They concluded that the accuracy of the results of standard k-s turbulence model
depended on both parameters and the near-wall approach. The low-Reynolds-number
isotropic k-s turbulence model of Launder and Sharma was recommended to predict

the flow and heat transfer characteristics ofa confined turbulent slotjet.

Shiravi et al. (1995) presented a study of various k-s turbulence models in order to
identify the best model for an array of multiple confined impinging slot jets as well as
exhaust ports in the confinement surface located symmetrically between adjacent jets,
for comparing with the experimental data reported by Saad (1981) and Ichimiya et al.
(1989). They have concluded that the flow field was predicted well in a single jet and
multiple jets problem by using both “High Reynolds number” and “Low Reynolds
number” including the standard k-s model. However, the prediction of heat transfer to
the impingement surface was only reasonably well predicted by all these models in a
single jet problem. Only low-Reynolds model introduced by Abe et al. (1994) gave
sufficiently correct prediction of heat transfer in multiple jets problem. It may be due
to the using of the correct boundary conditions for the variable at the wall as well as

good grid independency.

Dianat et al. (1996) used the standard k-s turbulence model and a version of a second-
moment closure to predict the flow resulting from the orthogonal impingement of
circular and a two-dimensional jet on a solid surface. The predicted rms fluctuating
velocity profiles normal to the surface on the stagnation line, mean velocity and shear
stress profiles within the wall jet region and rms fluctuating radial velocity profiles
within the wall jet region at the varied range of Re and Y/d or Y/W and r/d or /W
parameters were compared with previous experimental work. The second-moment
closure demonstrated a much better predicted values in the stagnation and wall jet

regions than the transport equation model.

Knowles (1996) used the standard k-s turbulence model as well as the Rodi (1980) and

Malin (1988) corrections to improve the prediction of the hydrodynamic field of
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subsonic free and impinging jets, and the radial wall jet, respectively. It was shown
that as the nozzle exit turbulence intensity was increased from 1.5% to 15%, both the
rate of decay of the free jet and the spreading rate were increased accordingly. In
addition, the length of potential core of the jet was shortened as more rapid diffusion
was promoted in the mixing region. He concluded that the spreading rate of a free jet
was overpredicted, but the spreading rate of a radial wall jet was underpredicted by
using the standard k-s model. Applying the Rodi correction could improve the free jet
prediction, but Malin correction did not seem to enhance the spreading rate of the

radial wall jet as well as its wall jet thickness.

Cziesla et al. (1997) computed heat transfer on the impingement plate of slot jets by
large-eddy simulation (LES) with the dynamic subgrid-scale stress model for Reynolds
number Re2wbetween 600 and 3,000. The maximum difference in Nusselt number at
stagnation point between the constant and parabolic nozzle exit velocity profile could
be higher than 68%. More than 28% and 52% averaged heat transfer rates could be
obtained if Re2w=1,000 and 1,500 and Re2w= 1,500 and 3,000. The area-averaged Nu

was correlated as follows:

N v =0202 for Re2w= 600 to 3,000 (2.22)

For the three dimensional jet case, the spacing of the local Nu minima on the left- and
right-hand sides of the jet centerline was decreased when the Reynolds number
increased. A saddle-like contour ofthe Nusselt number distribution over the plate was

also observed.

Recently, Craft et al. (1997) presented a new nonlinear eddy-viscosity turbulence
model to handle non-equilibrium low Reynolds number phenomena. This model was
tested on a flat plate at different levels of free-stream turbulence, a turbulent impinging
jet on a flat plate and the flow around a turbine blade. They showed that this model
was far more reliable than the linear eddy-viscosity model especially in impinging
flows. However, they have pointed out that a defect in this model has appeared on

convex surface due to its insufficient damping ofthe stress field results.
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24 Summary of Review

A large number of publications for the case of simple geometries such as a
unconfmed/confined circular/slot jet impinging on a flat surface exist in archived
literature. It is because the fluid dynamic structure of such processes is extremely
complex and, as such, the problem is often reduced to the investigation of a single
impinging jet which might be in turbulent/laminar. However, other configurations such
as rows and arrays, orthogonal and non-orthogonal, and others jets impinging on a flat
surface or circular (convex/concave) surface have received comparatively limited
attention. They have been included in bibliographies such as Button and Wilcok
(1978), Button and Jambunathan (1989), and Jambunathan and Button (1994). Critical
reviews on various aspects of the experimental, analytical and numerical work also
exist such as Arganbright and Resch (1971), Mujumdar and Douglas (1972),
Livingood and Hrycak (1973), Becko (1976), Martin (1977), Hrycak (1981), Downs
and James (1987), Polat et al. (1989), Launder (1991), Jambunathan et al. (1992),
Viskanta (1993). These reviews highlight the paucity of data and correlations which
can be applied to more complex surfaces. In this study, the overall existing jet
impingement literature reviews have focused on the general experimental and
numerical findings relevant to the complex geometries. Description of flow regions
for a slot impinging jet on convex cylindrical surface, and the Nusselt number and
Sherwood number correlations obtained for the curved surfaces are presented. Only a
very limited heat transfer and flow studies of a circular/slot jet impinging on a convex
cylindrical/spherical surface have been identified in this critical review. The work of
Waltz and London (1964), Miyazaki H. (1975) and Miyazaki and Sparrow (1976),
Ojha S. K. (1977), Sparrow and Alhomoud (1984), Potts (1984), Fagliri (1984),
Whitaker (1986), Gau and Chung (1991), Celik and Shaffer (1991), Kang and Greif
(1992), Shiravi et al. (1995) and Lee et al. (1997) are relevant to the present study only
to a limited extent, but no identical experimental and numerical configurations have

ever been reported in comparing with the present investigation.
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Chapter 3 Experimental Investigation

3.1 Introduction

"Experimentation is Not Just Data-Taking". In fact, a considerable portion of the time
and effort are spent in the experimental planning, apparatus design and construction,
debugging and execution of experiments, and data analysis and interpretation. Only a
small part of the total time and effort goes to the actual data-taking of a well-run
experimental programme, Moffat (1985), and Coleman and Steele (1989). This
chapter aims at describing briefly the complete experimental facility with regard to the
apparatus design and construction, the theory behind measurement techniques, the
execution of experiments and uncertainties in experimental measurements, and

analysis and interpretation ofresults.

3.2 Air Nozzle Jet System, Traverse and Ancillary Equipment

The experimental air nozzle jet system is shown schematically in Figure 3.1. The

system consists ofthe air supply system, traverse and ancillary equipment.

Feedback signal line Wattmeter 1 Compressed air source
Compressed air line Watim e let Compressed air discharge
Electrical power line Heater 1 Slot jet plenum chamber
Transformer 1 © Circular jet plenum chamber
Transformer Heater 3 © Flow control valve
Solenoid valve
Temperature Directional valve
controller Hot-wire anernometry system
Traversing mechanism
Leveling table
0 T ft Ha Ha Thermocouple
© Signal in  Traverse Signal out
Interface
©

Signal in  CTA Signal outj
Discharge to the Bridge
outside area

Computer

Figure 3.1 Schematic diagram of air nozzle jet system.
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3.2.1 Slotjet tunnel design

The jet tunnel design had to meet the following criteria,

Contraction outlet dimensions :6.25 mm x 125 mm
Uniform temperature outlet :40+0.2°C
Maximum outlet velocity :42.6 m/s

Uniform velocity profile <1%

A low, repeatable turbulence intensity

The air jet tunnel was designed as a slot nozzle type using the existing campus
compressed air line. To ensure high air quality, air from the compressed air line passed
through a set of air filtering system, a refrigerated air dryer, a high precision regulator,
air receiver tank, heating and cooling unit, a high response solenoid valve, then
through a settling chamber and contraction containing a layer of aluminum
honeycomb to straighten the flow and turbulence eliminating screens to produce
uniform velocity profile of the nozzle outlet. These are shown schematically in Figure

3.2 and Figure 3.3.

Honeyconta
¢ flow strai ghtener
LS and meshes

Contracti on

Square 145mm

Figure 3.2 Schematic diagram of the slot nozzle and settling chamber.
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" mt

Figure 3.3 Photograph of the slot nozzle and settling chamber.

The diffuser section has an expansion angle of 12.2° in vertical plane and an area
expansion ratio of 2.8 which, according to Mehta (1977), qualifies it as a wider angle
diffuser. To reduce the possibility of any separation of boundary layer along the
expansion section, curved mesh screen are placed at the entrance to diffuser. An
aluminium alloy honeycomb which acts as a flow straightener, of 40 mm length and a
cell size of 5 mm are used. Directly after the honeycomb, a fine mesh screen, of wire
diameter 0.22 mm and an open area ratio of 0.745, is placed across the flow to
minimise large scale turbulent structures. The distance between screens is 500 times
the mesh wire diameter, i.e. 110 mm, which is the minimum length required for the
small turbulent eddies, created by the mesh, to be decayed. The contraction to the slot
nozzle was designed with a BASIC computer program described by Button and Leech
(1972). The contraction area ratio was 20:1, giving a reduction in area from 125 mm x
125 mm to 6.25 mm x 125 mm, i.e. the slot nozzle exit area. The contraction length

was calculated to be 153.24 mm and is curved in such a way as to minimise the growth
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ofboundary layer. The contraction profile co-ordinate is presented in Appendix A.

Velocity and temperature stability ofthe slotjet facility were determined by measuring
both data every five minutes over a four-hour period. The mean jet exit velocity, and
turbulence intensity, remained steady to within 2%. The jet exit temperature is stable
to within 0.2 °C after the jet facility has been warmed up for more than three hours

after setting up a particular jet exit temperature and velocity accordingly.

3.2.2 Hot wire anemometry system

The hot wire anemometer (HWA) operates as a thermal transducer. In fundamental
terms the anemometer works by passing an electric current through a fine filament
which is subject to a fluid cross flow. The filament is made from material which
possesses a temperature coefficient of resistance, i.e. the resistance varies with
temperature, which can be monitored by electronic equipment producing output signals
when the fluid flow velocity and/or temperature is varied. The filament is fine enough
(< 5 pm in diameter) for considering as a point measurement in the fluid flow. Many
literature on the application of hot wire anemometry are available, and the books by
Bradshaw (1971), Perry (1982) and Bruun (1995) provide quite comprehensive

information.

A complete set of Constant Temperature Anemometer (CTA) System (Dantec Main
Frame-56C01 & 56B12, Mean Value Unit-56N22, Bridge-56C17, Signal Conditioner-
56N20, Traversing System- 57H10 & 57G15, Data Acquisition board- Keithley
STA-16 and Dantec Advanced acqWIRE software) and a miniature hot wire probe
(Dantec 55P11, platinum-plated tungsten wire, 5 pm diameter and 1.25 mm length) are
used to measure the nozzle jet exit fluctuating fluid velocity. A fully developed
circular pipe experiment was set up to validate the suitability and accuracy of hot wire
anemometry (HWA) for measuring jet exit profile. An axisymmetric nozzle of
internal diameter 12 mm and length 22d was manufactured from seamless stainless
steel pipe, described by Chan (1997). This was connected to campus air compressed
line and other facilities similar to the slot jet arrangement, to provide a constant flow

rate with a Reynolds number of 20,000. The length of the pipe is sufficient to ensure
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that the flow issuing from the pipe is fully developed to within = 5%, according to
Obot et al. (1979). In Figure 3.4, the circular jet exit profile is compared with that

computed from the empirical Equation (3.1) of Schlicting (1979):

max

where n—6.5 for Red= 20,000 and y is the distance from the wall of'the pipe. It can be
seen that the velocity profiles and magnitudes of U/Unax measured by the hot wire

anemometer are within 5% ofthe empirical relationship.

1.1

1
0.9 %
0.8
T %
0.6
_i Empirical profile of
§ 05 Schlicting (1979)
0.4 AMeasured circular jet exit
0.3 profile using HWA
0.2
0.1
0 J S N -i
0 0.05 01 0.15 0.2 0.25 03 035 0.4 045 0.5 0.55

r/d

Figure 3.4 Comparison of circularjet exit profile with the

empirical profile of Schlicting (1979).

33 Thermochromic Liquid Crystal Calibration System
3.3.1 Thermochromic liquid crystals

Thermochromic liquid crystals have in recent years been widely used in surface heat
transfer measurement. In general, liquid crystals are non-intrusive, inexpensive and
capable ofhigh spatial resolution and accuracy in temperature measurement. However,
the effect of viewing/illumination angle, optical access and deterioration could cause

some problems. Proper calibration procedure is therefore necessary.  Strictly
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speaking, all thermochromic liquid crystals are cholesteric liquid crystals which
possess a special optically active state and reflect incident light selectively over a
specific range of wavelength (colour). As selective reflection of the liquid crystal is
function of temperature, the liquid crystal colour display can be used as a temperature
indicator over a larger area. Micrographs of these encapsulated chiral nematic
thermochromic liquid crystal mixture (Hallcrest Ltd. BM/R30C5W/C17-10) are shown
in Figures 3.5a to 3.5d. The encapsulated liquid crystals started to change colour from
red to blue in microscopic view. It appears to contain microencapsulated liquid crystal
with an average of 10 to 15pm in diameter and lies within the manufacturers

specification of 1to 30 pm in diameter.

~037862075
540148 829264391648370169070192
Figure 3.5¢ Figure 3.5d

Figures 3.5ato d  Micro-scope photographs ofthe liquid crystal (R30C5W).

37



Chapter 3 Experimental Investigation

During the last decade, digital image processing techniques have been increasingly
used to interpret surface temperatures from liquid crystal thermography, from which
local convective heat transfer coefficients are inferred. The image processing technique
eliminates the subjective (human) interpretation of colour and replaces the labour
intensive process of data analysis. Surface temperature information can be obtained
using either chromatic or mono-chromatic interpretation. Akino et al. (1989a) used a
set of band-pass optical filters; for a steady liquid crystal thermograph the filters were
interchanged until a series of isothermal lines had been obtained. Ashforth-Frost et al.
(1992) used a similar approach to record a single isotherm using a narrow band filter.
Further work by Akino et al. (1989b) used a method of multiple regression between
temperature and the three primary colours reflected by the liquid crystals. Wang et al.
(1995) used the full intensity history recorded during an experiment to obtain the
surface heat transfer coefficient at selected pixels. Several authors, Hollingsworth et al.
(1989), Camci et al. (1991) and Toy and Savory (1992), Chan et al. (1994 & 1995)
Wang et al. (1996), Gillespie et al. (1996), Babinsky and Edwards (1996) obtained the
hue versus temperature relationship using the standard chromaticity diagram based on
the RGB decomposition of colour. Many isothermal lines can be obtained from a
single liquid crystal colour image. This method is more advantageous than the mono-
chromatic approach in terms of time efficiency, image resolution and suitability for
transient phenomena. Reviews of the characteristics of thermochromic liquid crystals,
their mono/chromatic interpretation, and available methods of heat transfer/surface
temperature measurement and their applications can be found in several papers by
Kasagi et al. (1989), Moffat (1990), Parsley (1991), Jones et al. (1992),
Ashforth-Frost (1994) and Baughn (1995). Most of these papers cover associated

digital image processing techniques.

3.3.2 True colour image processing system

The image acquisition and processing system (as shown in Figure 3.6) used in the
present investigation is composed of a high resolution 756 (horizontal) x 581 (vertical)
pixels CCD video colour camera (Pulnix TMC-76-PAL) with a 12.5 to 75 mm zoom
lens (Cosmicar C31204) , a colour frame grabber board (Imaging Technology Inc.

VP-CFG-AT) for 24-bit true colour image processing with 8 bit digitization per colour
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per pixel, a 16Mb image processing accelerator board (Imaging technology Inc. VIPA-
16Mb), a 486 personal computer, a magnetic optical/Jaz disk driver, a professional
PAL encoder/decoder compact box for RGB/super-video signal conversion
(Truevision Inc. VIDI/O Box), a professional PAL super-video cassette recorder

(Panasonic AG-7750 Editing SVCR) with optional super-video printer (Sony MDP-1).

JazMognetic Optical Disk Driver

Colour frame grabber
S-VCR VHS Video image processing accelerator boards ¢
Cassette Recorder iR IC | B[Sy N
£ P00 Q S-video decoder

(CO Video colour camera

Fibre optics ring illuminator fibre optis ring light source

Figure 3.6 Schematic diagram of a colour image processing system.

In order to enhance the spatial resolution of the colour information, the conversion
will take place between RGB and PAL super-video signals rather than regular
composite video signals. The high quality of super-video signals from the CCD video
camera will enhance twofold the spatial resolution of the colour information compared
to the regular PAL composite video signals. It will also minimise the signal
conversion errors in calibration and experimental work while recording on a high
quality super-video cassette when required. The super-video output signals from the
CCD video camera are first decoded and then individual red, green, blue and
synchronization components of that signal are generated, using the high quality PAL
decoder/encoder box. Three digitisers of the image processing board convert the RGB
signals into an array of 768 x 512 pixels by sampling the signal in time, space and
intensity. For most colour image processing, the colour description is normally

separated from the colour (chrominance) and the intensity (luminance) information.
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This avoids the generation of colour fringes and users can examine the colour or
intensity information closely in their particular application. The RGB format signals
are functions of lighting spectral distribution, temperature and filter transmissive. The

Equations (3.2) of RGB format signals are shown as follows:

R= f E(ARMr(Md/i
G= f E(M)G(g2)d2

B = £ E()B(A)b(/)dA (3.2)

The PAL RGB primaries are typically transformed into YUV colour coordinate
system. A relationship between the transmission primaries YUV and the RGB linear

signals are formulated in Equation (3.3) as follows:

Y "0299 0.587  0.114' "R"
U = -0.147 -0.289 0437 G (3.3)
% 0615 -0.515 -0.100 B

The YUV primaries can be further transformed into the chromaticity coordinates and a
chromaticity diagram. Detailed discussions of the trichromic decomposition, colour
space transformation in various coordinate systems and chromaticity can be found in

Sproson (1983) and Hunt (1991).

Blue
Blue C
yan
(0,0,255) (0,255,255)
Magenta W hite
(255,0,255) (255,255,255)
Black
(0,0.0) Green
Green
Red (0,255,0)
(255,0,0)
Yellow
Red (255,255,0)

Figure 3.7 Format of a RGB colour system.
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The current 24-bit true-colour image processing board from Imaging Technology Inc.,
USA is able to transform RGB into HSI and vice versa. The RGB colour model is
based on a cube with boundary points at the 255 scale. It implies that the coordinate
points (R, G, B) of eight fundamental colours on the cubical viewed along the
principal diagonal from black to white as shown in Figure 3.7. This model is normally

used to exhibit the colour images in monitors.

However, the HSI model is preferred as it can better approximate the human
description of colour and is perceptually more uniform than the RGB representation.
In addition hue corresponds to the attribute of a colour perception. Consequently the
colour spectrum information of the thermochromic liquid crystals can be more
usefully determined. The HSI colour format system can be imagined as a conical
shape. Black colour is located at the shape point and white colour is located on the
center of the cone base. The location of each colour of HSI colour system format is
shown in Figure 3.8. Coordinate values of the HSI format colour system are (Hue,

Saturation, Intensity).

Intensity
White
(0,0,255)
Cyan (212,255.170)
(128,255,170) Red
Green (0,255,85)
(85.255,85)

Blue
(170,255,85)

Hue

-» Saturation

Black
(0,0,0)

Figure 3.8 Format of a HSI (Hue, Saturation & Intensity) colour system.

The H,S,I values are given from 0 to 255 scale by this colour image processing board

described in the following equations (3.4), (3.5) and (3.6), Chan et al. (1994):
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H = {[90-tan- 1(Z)]25 5/360; G>B} (3.4)
or ={[270-tan- 1(Z)]255/3 60; G<B}
or ={180%255/360 if R=0 & G=B}

={0 if R=255 & G=B)

where Z =[(2R-G-B)/(G-B)]/V3
[ =(R+G+B)/3 (3.5)

S =[I-min(R, G or B)/]255 (3.6)

The R, G and B values in the above equations are based on the scale of RGB colour
model as mentioned previously. A similar approach for the hue technique for the
quantitative interpretation of liquid crystals was employed by Hollingsworth et. al.
(1989), Camci et al. (1991), Toy and Savory (1992), Braun et al. (1993),
Chan et al. (1994), Crabtree (1994) and Wang et al. (1996), Hay and Hollingsworth
(1996), and Babinsky and Edwards (1996). The colour image processing and super-
video recording system were precalibrated using the standard Macbeth colour checker
in the range of 0 to 255 hue values to be within +1%. Detailed discussion of a colour

rendition chart can be referred to McCamy et al. (1976).

3.3.3 The Lighting system

The choice of different light sources is mainly dependent on their competence to
influence the colour appearance of the object. Four common light sources are
examined. They are regular fluorescent lamp, metal halide lamp, tungsten lamp and
tungsten-halogen lamp/quartz lamp. Millerson (1991) described the characteristics of
these light sources. The fluorescent lamp produces flicker problems due to the
activated AC voltage reverse 100 times a second; the light inherently pulsates. More
important still, the quality of fluorescent lighting is not really suitable for an optimal
colour reproduction. In fact, the colour rendering of the object under the fluorescent
lighting is so unstable that although "compensating filters" are normally available,
many lighting cameramen prefer to turn them off where possible. Metal halide lamps

produce a high proportion ofultra-violet light which is highly undesirable in the liquid
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crystal application although an ultra-violet filter is available. Its uneven spectrum of
luminance may produce some erroneous colour rendering. The colour and lighting
quality of a tungsten lamp deteriorates with use, as its filament evaporates and
blackens its bulb. The tungsten-halogen lamp eliminates these problems. In addition
the major benefits of tungsten-halogen lamps are that they produce an excellent colour
rendering even in a long run, a reasonably high efficacy, high luminance and compact
size as described by de Boer and Fischer (1981). Herold and Wiegel (1980), and
Farina et al. (1994) discussed the effect of the lighting/viewing arrangement on the
thermochromic liquid crystals measurement. Farina et al. reported an uncertainty of
+0.25 °C when an on-axis lighting/viewing arrangement was displaced up to +£25°
from the normal. However, the liquid crystals temperature shift are more pronounced

when the illuminant was placed off-axis.

In view of these, a 150W fibre optics ring light (cold light) sources and cross
polarized/filtered CCD video camera lens are used to reduce radiative heating from the
light sources to the thermochromic liquid crystals coated surface and ultra-violet light
absorbed for the chromatic interpretation. In addition, a better thermochromic liquid
crystals calibration technique is developed to compensate the significant effect on the
chromatic interpretation due to the viewing angle, especially on the curved surface.

This will be discussed in Section 3.3.6.

3.3.4 Selection of liquid crystal calibration technique

The accurate temperature-colour relationship of liquid crystals is essential. Such
information obtained from the manufacturer is often insufficient. The calibration
procedure of liquid crystals can be achieved by five general methods. A constant
temperature water bath was used by several research workers. The temperature of the
bath was monitored and controlled with a temperature controller up to 0.1 °C. The
colour of the liquid crystal specimen could be calibrated by increasing the bath
temperature in 0.1 °C incremental steps throughout the colour spectrum. A thin layer of
liquid crystals suspended in a polyacrylate resin was applied to the glass plate, while
the hot water was circulated on the other side of the plate to obtain a uniform surface

temperature, as described by den Ouden and Hoogendoorn (1974). The painted
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specimen was placed into a sealed clear plastic bag before immersion by Cooper et al.
(1975). The water-proof liquid crystal sheets were submerged in the water bath to
obtain the quantitative results by Gomiciaga et al. (1991). The working sections were
covered with the liquid crystal sheet, while its uniform surface temperature and heat
flux were achieved by the water bath, as described by Stasiek et al. (1996). However,
to heat up and maintain the new water temperature setting is rather time-consuming.
Moreover, this method is more suitable for water-proof liquid crystal sheet than the
sprayable liquid crystals and black paint products. The sprayable black paint and liquid
crystal layers may be water soluble, and if the material is splashed with water or water

vapour, the uniformity ofthe thickness ofliquid crystal will also be affected.

A stainless steel foil sheet was used by Hollingsworth et al. (1989) to adjust the liquid
crystal colour display by varying a small power input to the sheet. The average surface
temperature could be determined by the thermocouples which were attached to the
other side ofthe foil sheet covered with a thick sheet of insulation. However, a uniform
surface heat flux is not easy to obtain by using this electrical resistance heating
element method. A thin brass disc with a thermocouple embedded in the center of the
top face was used for calibration by Toy and Savory (1992), over which a layer of
aluminium foil was attached to ensure high conductivity. Black paint and liquid
crystals were sprayed onto the foil over a small area at the centre of the disc. The
whole assembly was then placed directly onto the hot copper heater plate. Only by

adjusting the power, to the heater could the full range ofthe liquid crystal be calibrated.

Several thin foil thermocouples were flush mounted at different locations on the flat
heat transfer surface by Camci et al. (1991), where the flat surface was sprayed with
black paint and liquid crystal layers. However, the colour (in hue) value at specific
pixel locations may not accurately reflect the local surface temperature especially in

the narrow bandwidth ofthe liquid crystals.

A linear temperature distribution method was used to determine the temperature-colour
relationship of the liquid crystals by Mizell (1970) and Akino et al. (1989). This
technique has been widely used and is probably the most common one. However,

Mizell (1970) reported the difficulty in maintaining the linearity of the temperature
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distribution due to changing ambient conditions and the material used for the heat
conducting surface. In order to minimise heat loss due to convection, the heat
conducting block was placed in a plexiglass chamber with plate glass top. Most of the
applications have involved flat surfaces, but a Ilimited number of works,
Mapple (1972), Herold et al. (1980), Smith et al. (1989), Moffat (1990),
Jones et al. (1992) and Farina et al. (1994), have reported that small changes in
viewing and/or illumination angle can have a significant effect on the chromatic

interpretation of'the thermochromic liquid crystal isotherm.

Based on the above calibration methods and viewing and/or illumination angle
problems, a unique calibration technique has been developed for the present
investigation on the curved surfaces. The effect of viewing angle when the light source
and recording video camera (on the same axis) are displaced up to 72° from the

normal, will be discussed in Section 3.3.6.

3.3.5 Liquid crystal calibration facility and procedure

High resolution RGB monitor

S-video printer S-VCR
| <=[-.FLre, -pi -*-{
CCD Colour video oainera

Fibre optics ring illuminator Fibre optics ring light source

Water outlet Heating tape

Water inlet

Coimeot to variable transformer

~ Glass plate

~ Liquid crystal layers . .
ide view
Blaok paint layers S

Copperplate

Insulated plate

Figure 3.9 Schematic diagram of calibration apparatus layout.
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The layout of the liquid crystal calibration rig is shown in Figure 3.9. A 600 mm long,
160 mm wide and 25 mm thick copper plate was used as the heat conducting surface.
The sprayable black backing paint and 5°C bandwidth microencapsulated
thermochromic liquid crystals (BB-G1, BM/R30C5W and R35C5W/C17-10 supplied
by Hallcrest, USA) are sprayed uniformly onto a copper conducting surface using a
pressurized artist's air brush (Olympos PB-306 and PB-308). A thin layer of
thermochromic liquid crystals was applied over a water-based black paint which
improves the colour resolution by absorbing unreflected light. The total thickness of
the combined layers was estimated to be less than 30 pm with a time response within a
few milliseconds by Schultz and Jones (1973). The colour temperature and the
intensity (Minolta Colour meter III F and Intensity meter III F) of the light source are
monitored over the test surface and were observed to be uniform within 3200+10K and
30043 lux, respectively. A linear temperature gradient is imposed across the
conducting surface using a variable power supply and a constant temperature water
bath at opposite sides of the surface, and enclosed beneath is a low reflection glass
plate with compression springs at four comers of the conducting surface to minimise

overall heat transfer losses in the vertical direction.

The calibration test surface is illuminated completely by the 150W fibre optics ring
light source on-axis lighting/viewing to prevent the ultra-violet and infra-red radiation
effects and over heating on the coated surface during the thermochromic liquid crystals
calibration process. An adjustable vice facilitated the change in illumination/viewing
angle from 0° to 72° in increments of 3°+0.1° (SPI-Tronic Pro 360° Digital Level).
Nineteen fine-wire Type T thermocouples (0.74 mm diameter and 0.01 second time
constant), were embedded in the bottom of the plate to measure the local surface
temperature along the conducting surface. All the thermocouples were installed and
pre-calibrated according to Moffat (1990). Temperatures in the range of 30°C to
40°C could be measured with an accuracy of 0.2°C. The location of these
thermocouples can be defined on the captured image within the boundary limit of 768
pixels in the horizontal and 512 pixels in the vertical coordinates respectively. The full

colour spectrum of'the liquid crystals along the conducting surface can be observed by
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varying the power supplied to the heating tape as shown in Figure 3.10 and is recorded
using a Pulnix TMC-76-PAL CCD video camera with a professional Super-video

recorder.

Figure 3.10  Photograph of liquid crystal colour spectrum

along the heat conducting surface.

The developed calibration software program written in Microsoft C language (see
Appendix B) is then executed to follow the flow chart as shown in Figures 3.11a and
3.11b. This program is incorporated into the colour image processing system and is
used to capture the hue values at specific pixel locations of the liquid crystal colour
display along the heat conducting surface, whilst the corresponding local steady-state
surface temperatures measured and monitored by the embedded 19 fine-wire
thermocouples, can be entered manually. All input data can be checked and
conveniently deleted by this user-friendly environment software application tool. If
any particular hue versus local surface temperature data at specific viewing angle are
insufficient, then the calibration procedure can be re-executed. Nineteen commands (or
function keys) of this software program have been developed to fulfill the calibration

purpose. For each of the 48 sets of results, more than five hundred raw data have
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been carefully recorded. Ultimately a graphic representation of the temperature-hue

relationship can be generated, and the user can observe and note the trend of results

immediately.
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Restore all defined thermo couple locations

'Calib9s’
'Crestore’
Select video cameramode
Wideo' Display all defined thermocouple
locations on the hostm onitor |
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'Grab'
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Pause tlie image acquisition temporarily want to input the

'Snap' corresponding temperature on

the defined thermocouple location
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bi seqjence

Restore all the Calibrated thermocouple equations
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Figure 3.11a Flow chart ofthe calibration program.
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Figure 3.11b Flow chart ofthe calibration program.

3.3.6 Liquid crystal calibration surface-fit equations

In order to assess the effect of viewing angle on the temperature versus hue
relationship, and to obtain the thermochromic liquid crystal formulations (R30C5W
and R35C5W) calibration over the entire surface, more than 30,000 raw data were
recorded and analysed. Based on a 95% confidence interval, the following generated

surface-fit equation (3.7) was correlated to the collected data:

/. |23
Z=a+bexp -0.5 X-c +eexp -0.5 +hexp -0.5 X_CV9+fY'f

(3.7)

49



Chapter 3 Experimental Investigation

For the liquid crystals formulation of R30C5W:

a=29.69011, b=-0.18971, c=-95.64106,
e=-0.19851, f= 282.31227, g= 11391047,

o
Il

204.46378
18.39552

=
Il

For the liquid crystals formulation of R35C5W:

a=35.91629, b=0.26171, c= 126.67176, d=-3.67851
e=22.70941, f=323.63179, g=99.41877, h= 12.56338

where Z, X and Y represent temperature, viewing/illumination angle from the normal
and hue, respectively. These generated surface-fit equations with a fitted standard
error of less than 0.3 °C, are used to determine the liquid crystal coated surface
temperature of specimen with the transient technique in Section 3.4, and are shown in

Figures 3.12a and 3.12b.

Z~a+<3ALSSX(b,c,d)-KjALBSY((e,f,g)-KjAIISSX(h,c,d) *“GAUSSY( 1,f,g)
2=29.690105 b=-0.18970696 c=-95.641055 d=204.46378
e=-0.19851431 £=282.31227 g=113.91047 h=18.395518

Figure 3.12a Thermochromic liquid crystal (R30C5W) calibration surface-fit curve.
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Z=a-KiAUSSX(b,c,d)-KiAUSSY(e,f,g)-KiAUSSX(h,c,d)*GAUSSY(1,f,g)
2=35.916285 b=0.2617125 ¢=12.671756 d=-3.6785105
€=22.709409 £=323.63179 g=99.418773 h=12.563383

Figure 3.12b Thermochromic liquid crystal (R35C5W) calibration surface-fit curve.
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Figure 3.13 Effect of viewing angle on the temperature versus hue characteristics

ofthermochromic liquid crystals (R30C5W).

Figure 3.13 shows graphically the typical effect of viewing angle on the temperature
versus hue characteristics of the liquid crystal (R30C5W) at 0°, 18°, 36°, 54° and 69°.

The greatest effect occurs mid-spectrum of the liquid crystal formulation, where
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variations up to -1.3°C were observed for a viewing/illumination angle of 69° with
the normal. At about 25°, a maximum deviation of -0.4°C occurred which is slightly

larger than that observed by Farina et al. (1994).

Assuming that the liquid crystal will exhibit the same characteristics when sprayed
onto a test acrylic specimen as when applied to the calibration plate, the above surface-
fit equations will allow the surface temperature (and hence heat transfer coefficient) to
be determined, with relatively low and known uncertainty, over any oblique surface
within the limits of the viewing angle investigated. This will considerably extend the
application of the liquid crystal technique to many engineering applications, both in
the laboratory and in-situ, where the liquid crystal technique was previously unsuitable

due to the orientation or curvature ofthe surface.

Since liquid crystals deteriorate with time and exposure to ultra-violet light, it is
recommended that the calibration be undertaken immediately prior to experimental
tests. A second liquid crystal calibration at the end of all the experimental tests has
been carried out. However, negligible change have been observed in the calibration
temperature over several weeks of testing, if the test specimen is carefully stored in
dark, dry and cool conditions. It should be noted that these equations are specific to the
liquid crystal under test since the change of hue with temperature is non-linear and

may vary with the liquid crystal formulation.

3.4  Heat Transfer Measurement System
3.4.1 Selection of the heat transfer measurement technique

Two commonly used methods for the heat transfer measurement are the steady state
technique, where experimental properties do not vary with time, and the transient
technique in which heat transfer coefficient are deduced from a time-temperature
history recorded. Baughn et al. (1989a) has given a brief history of these techniques.
Two recent reviews on the use of liquid crystals in turbulent heat transfer measurement
have also been given by Jones (1992) and Baughn (1995). In general, the steady state
technique provides a better uncertainty in heat transfer coefficient when it is greater

than 200 W/m2. Detailed discussion on the comparison of the accuracy of steady
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state, heated coating and transient techniques can be found in Baughn et al. (1989b)
and Whitney (1995). But Valencia (1995) presented that the corresponding test surface
temperature error by the steady (hot film) technique with liquid crystal thermography
may be more than 100% when the tangential heat conduction was neglected. In
comparison, the transient technique provided less than 20% of its surface temperature
difference. Vedula et al. (1988) found that the effect of lateral conduction on the
determination of local convection heat transfer characteristics with transient tests and
surface coatings could be less than 5%. Furthermore, Tarasuk and Castle (1983)
showed that the electrical power dissipation in a heated wide metallic foil of uniform
heater thickness can still be generated 30% higher near the center of the foil than near
the foil edge. On the other hand, the transient technique does not require the
maintainance of a uniform surface heat flux especially on a larger surface area and
therefore there are less limitations on complex model shapes (i.e. curved surfaces),
where such nonuniformities are probable. Direct comparisons between measurements
made with the steady state method and the transient method can be found in
Hippensteele et al. (1983) and Baughn et al. (1989b). Clifford et al. (1983), Metzger
and Larson (1986), O’Brien et al. (1986) and Saabas et al. (1987) have widely used
this transient technique for very complex geometries, including blade-cooling
passages, curved ducts, cylinders and airfoil cooling passages. Based on the above

considerations, the transient experimental technique was selected for this investigation.

3.4.2 Analysis of wall transient technique

This technique requires measurement of the elapsed time to increase the surface
temperature of the liquid crystals coated on test acrylic specimen from a known initial
temperature to predetermined value. The rate of heating is recorded by monitoring the
colour change patterns of the liquid crystal with respect to time. The basic principles
and data reduction for transient liquid crystal technique were described by Ireland and
Jones (1985, 1986) and Ireland (1987). If the specimen is made from a material with
low thermal diffusivity (i.e. acrylic material) and chosen to be sufficiently thick, then
the heat transfer process can be considered to be one-dimensional into a semi-infinite
medium. Schultz and Jones (1973) suggested a criteria for the minimum thickness of

material, y, according to Equation (3.8):
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y > 4vott (3.9)

where y is the thickness of specimen, a is the thermal diffusivity and t is the time.

The governed Equation (3.9) of one-dimensional transient equation:

where temperature T is a function of distance y from the surface (through the thickness
ofthe specimen) and time t, i.e. T(y,t). a is thermal diffusivity, y is measured from the
surface. The surface temperature was subjected to a hot air jet flow of temperature Tt
and a local heat transfer coefficient of h. The following boundary conditions are used

in the analysis:

Initial condition : T(yo}= Tanb (3.10)
Semi - infinite assumption : TKD)=T,,b (3.11)
Heat flux condition at surface : (3.12)

The solution of the Equation (3.9) subject to the initial and boundary condition is

(Kreith and Black, 1980):

(3.13)

**ainb

where (3.14)
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At the surface, y = 0, thus % Bi = 0, and the Equation (3.13) becomes:

Too, Tab=c=1_e,(1_erf ) (3.15)

j amb

In which the Gaussian error function, erf, is defined as

erf(") =41 /* (3.16)

The exact values of the Gaussian error function, erf , are available from the table
provided by Astin (1965). Those values can be evaluated well by using the Simpson
rule (r|< 9) and Taylor series (q> 9).

The Simpson rule can be expressed as follows:

erf(A) = ’J’ZT( exp f 40)+ e*p(- )+ 4}??xp(— )+ 2]}"exp(— 4L-2)] (3-17)
07 ,= N= )

and

The Taylor series (asymptotic expansion) can be expressed by Gautschi (1954) as

follows:

1 3-1 1e3-5%T e 19-21

1
erf(Vp)= 1 + Zgr_\z

. (3.18)

It is also found that the values of Gaussian error function can be more precise when
series expansion for Simpson rule are applied up to 100 terms. However, the computed
data processing time will increase twofold by using 100 expansion terms instead of 30
terms. Therefore, the 100 expansion terms of Simpson rule are only used in the critical
range of 9<r| <10.65. Using the numerical calculation for Gaussian error function, the

local heat transfer coefficient can be determined when the local surface temperature
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information, the jet temperature Tjs initial temperature Titia and the thermal properties
of the acrylic specimen are known. Baughn et al. (1989a) found that the radiation
could only provide a maximum of 6% of the uncertainty of convective heat transfer
information which the surface emissivity might vary with the thickness of the liquid
crystal layer. Hence, the radiation correction has not been applied in determining the
heat transfer information. The developed transient software program written in
Microsoft C language (see Appendix B) was then executed to follow the flow chart as

shown in Figures 3.14a, 3.14b, 3.15a and 3.15b.
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Figure 3.14b Flow chart ofthe transient program.
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s <Effectiveness
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By comparing 0 and Effectiveness, 1{ can be obtained

Surface Heat Transfer Coefficient,

*Y+fe @ 2
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Nusselt Number,

Nu=»

A End j

Figure 3.15b Equation flow chart of transient program.
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The partial differentiation of the terms of Equation (3.15) and the propagation of the

uncertainty in each measured variable through this equation is derived in Appendix C.

0.5
L3V pek L (5T@ity+ (0-1)25T b+028T/)
+ -
V Apck PT) =T fup -
where p = 2Mrf'n 5 - -0)] (3.19)

The uncertainty in h due to 8t/2t diminishes as t increases and achieves a maximum for
higher values of h. The fractional uncertainty in h due to uncertainty in temperature
measurement is a minimum when (3(Tj-T0) is large. Selection of the test conditions as
described leads to a typical overall uncertainty in heat transfer coefficient, h to be
within 10% when the error of video camera viewing angle on the colour interpretation

is taken into consideration.

3.4.3 Preparation of the test specimen

A semi-cylinder of acrylic, 150 mm diameter, was used as the impingement target
surface. A thin layer of thermochromic liquid crystals was sprayed over a water-based
soluble black paint using a pressurized artist's air brush which improves the colour
resolution by absorbing unreflected light. The total thickness of the combined layers
was estimated to be less than 40 pm with a time response within a few milliseconds by
Schultz & Jones (1973). Bonnett (1989) showed that the thermal conductivity and
diffusivity of chiral nematic liquid crystals are similar to those of acrylic material, so
that the effects due to different thermal resistance have been considered negligible. In
addition two thermocouples were placed on the underside of the impingement surface
which were used to measure the initial plate temperature (ambient) and validated the

semi-infinite assumption.
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3.4.4 Experimental set-up and recording procedure

cylinder
surface

semi-

specimen

A Acrylic

Figure 3.16 Experimental set-up for the heat transfer investigation.
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Figure 3.17 Schematic diagram ofslotjet experiment.

Figures 3.16 and Figure 3.17 show the experimental set-up for the heat transfer
investigation. A hot air slot nozzle system has been discussed in Section 3.2. The
required slot jet temperature was set at the temperature controller and a thermocouple
feedback loop was employed to maintain a steady air flow temperature at 40+0.2 °C.
The solenoid valve was energised from a DC power supply. The change of digital
micromanometer pressure reading was used to identify the start time of the test on the
recorded video tape. The starting time of video picture can easily be found by the
available video picture frame function (40 ms/frame speed) in the professional super
video recorder. The time to energise the solenoid valve quoted by the manufacturer
was 32.2 ms which was still less than the 40 ms frame speed of the video camera and
the duration of the test. The hot air was passed through the pipework and the slot
nozzle configuration for a period of time (at least three hours) and the jet exit
temperature was allowed to stablise, which minimised errors due to transient changes
in the jet exit temperature caused by losses to the nozzle and plenum chamber. All
pipework, and the plenum chamber were well insulated to minimise heat losses during
the test. The uniformity of the jet exit velocity was monitored using an orifice plate
manufactured to BS1042, connected to a digital micromanometer, allowing
measurement of the differential pressure to within 0.1 Pa. The hot air was then
diverted by the solenoid to the exhaust position and the impingement specimen at

ambient temperature quickly in the right position in place (such as the slot jet-to-
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impingement surface distance, Y). Without further delay, the solenoid valve was re-
energised to start the test, and the full field liquid crystal thermographs recorded on
the super-video tape, which obtained a twofold quality of colour picture in comparing

with the ordinary composite video tape.

YW Y<nn) Table Level to CCD Colour
Video Ccmera, HCnm)
0 O 4 8.50
2 12.50 1406.00
'
4 25.00 1393.50 cCD Colour
6 37.50 1381.00 Video Conera
8 50.00 1368.50
10 62.50 1356.00
Slot Jet 1000.00nn
R75. OOn J79. 315nn
1/
T
1039.185nn 906. 31r>m
974. 09nm
Table Level

Figure 3.18 Schematic diagram ofthe arrangement of video camera set up.

The CCD video camera was positioned as shown in Figure 3.18, to record the liquid
crystal thermographs from a slot jet impingement to the test specimen (a coated liquid
crystal and black paint on a semi-cylinder acrylic with 150 mm diameter), which
provided a maximum video camera viewing angle of 68.7° from the impingement

stagnation line (see Appendix D).

After the tests the super-video tape was replayed and a colour image processing
system, described by Chan et al. (1994 & 1997), was used to analyse the recorded
colour images. Super-video pictures can be analysed at intervals of 40 ms, determined
by the PAL video camera system, which the full history of surface heat transfer
characteristics can be obtained easily. The captured colour Iliquid crystal
thermographic images can then be used to determine the surface temperature (hence
heat transfer information) by the developed transient program with the liquid crystal
surface-fit equation, discussed in Sections 3.3 and 3.4. Typical liquid crystal
thermographs of a heated air slot jet impinging on a semi-cylindrical surface are
shown in Figures 3.19a to 3.19d.
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Figure 3.19a

Side view.

Figure 3.19b Front view.

Figures 3.19a and 3.19b Liquid crystal (R30C5 W) thermographs ofa
heated air slotjet impinging on the cylindrical

convex surface, Y/W= 5 and Rew= 8,500
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Figure 3.19¢

Side view.

Figure 3.19d Front view.

Figures 3.19c and 3.19d Liquid crystal (R35C5W) thermographs ofa
heated air slotjet impinging on the cylindrical
convex surface, Y/W= 5 and Rew 8,500
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3.5 Summary of Chapter

The design, development and validation of the experimental rigs, the procedures
adopted for hot-wire anemometery system, liquid crystal calibration system and
automatic non-intrusive liquid crystal thermography for surface heat transfer
measurement system based on colour image processing system have been described.
The transient wall heating technique was selected for liquid crystal thermography for a
heated slot jet impingement tests based on experimental uncertainty analysis and the
complex geometrical surface (i.e. convex surface). The preparation of the test
specimens, the experimental set-up and recording procedures using a colour image
processing system. The overall uncertainty in the measured heat transfer coefficient is
calculated to be within 10% in the test conditions, if the error ofvideo camera viewing

angle on the colour (or hue) interpretation is taken into consideration.
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4.1 The Governing Equations of Motion

For an incompressible, two-dimensional, steady state turbulent impinging jet, the
governing equations in cartesian coordinates (Bird et al., 1960) can be described by the

full Navier-Stokes equations and the continuity equation:

Equation of motion in y-direction:

dv dv dp 1_u’iaf ﬂ/Jr@) +_a’ 2 dv @1
Plubx * vy dy *dxKdx dy) dy dy)

Equation of motion in x-direction:

U hV—— = —m # Ll }--ee 4.2)

Continuity equation:

P(p'4 +-~{pv) =0 (4.3)
ax ay

These are exact equations and form a closed set describing all the details of fluid
motion where the variables represent instantaneous values. The time-averaging process
is most clearly explained for stationary turbulence. For such a flow, the instantaneous
velocities and pressure can be expressed as the sum of mean (time-averaged) and a

fluctuating part of variables, so that:
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Using time-averaged quantities in Navier-Stokes, the governing equations become:
Equation of motion in y-direction:

TT d ' aV -
Uiv + Viv]1= ----?'-1?4- L g SV h aun pu'v’ + 2\x pV2 4.5)
I 3x dyJ dy dx{ \dx dyJ ay V. ay

Equation of motion in x-direction:

. \
pl”ll;TEJ +V_£u] _ _ap+_afu/ dv ,au’ .
dx dy) dx dy” Vax dy) puj +a*2paT pu' ' 4%
Continuity equation:
— (pU) +— (pV%= 0 4.7
axv ; ay

This set of averaged equations is only closed when the Reynolds shear stress terms

u' V' ; can be solved through the use ofa turbulence model.

4.2 Closure of Averaged Equations

The k-8 model (Jones and Launder, 1972 and Launder and Spalding, 1972) used in the
present study is that built into the PHOENICS code which determine the Reynolds
stresses through the mean rate strain ofthe Boussinesq eddy viscosity concept which is

given by

(4.8)

C"k2
The turbulent or eddy viscosity ptis found from pt= L 5 where k and s are the
turbulent kinetic energy and its rate of dissipation respectively. The two transport
equations used for the solutions of k and s can be deduced from the Navier-Stokes

equations (Tennekes and Lumley,1972):
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3k, 3k "J¢ SKN d
S f P, dk] +s, (4.9)
dx 3x> dylakdy)
f A ,
U_ +V )1 3s r\4j ds) +g (4.10)
dx dxy dy VCE3y>
sk=Pk-ps (4-11)
s "C.-R-C.p— 4.12
1k k fF k (4.12)
A2\
3U 3V
1 I +2 f—Y +f— (4.13)
3y  3x ldx) v3yr 4

4.3 The Energy Equation

For a two-dimensional, steady state turbulent impinging jet flow, the energy equation

reads

( n
Py A 4y -3 I, 3 pt 3h (4.14)

L dx 3yy dx Up/t 3x, dy U pert 3yJ

cp

JL u”~i+v 5H 4 pt 3H pu h pt 3H
c V dx dyJ dx \Cpst dx dy vePat dy

pv'h’ (4.15)

The constants in k-s model are listed in Table 4.1. These values were chosen after

extensive examination of free turbulent flows by Launder and Splading (1974).

c, C2 %
0.09 1.44 1.92 1.0 1.3

Table 4.1 Constants used in the k-s turbulence model.
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4.4 The Near Wall Function

In the immediate vicinity of the impingement surface where the direct viscous effects
are influential, the logarithmic law of wall is selected for bridging' within this region.
The logarithmic law ofthe wall was used to compute the skin friction which is used to
determine the Stanton number. The well-known wall function approach (Rosten and
Worrell, 1988) for turbulent boundary layers was adapted and its further details are
given by the CHAM Ltd. (1991). Since the PHOENICS code does not provide any
heat transfer information directly as a standard option but gives the skin friction,
Stanton number and other computed physical variables had to be output into a result
file using appropriate GROUND coding provided in Appendix E. When the local
Reynolds number Re> 132.5, the skin friction can be determined by:

! K

s= (4.16)
vIn(l.01 + 9R es0S).
where K is the von Karman constant, 0.435. Otherwise,
s=A 4.17
e (4.17)
The heat flux to the near wall is computed from
St = (4.18)
(hp-hwpv, s,(1+Ps0i)
r \
where pP=9 EL_1 fCTl (4.19)
Ter JveaJ

This equation was originally developed by Jayatilleke (1969). Nusselt number can be

calculated according to the definition given in Chapter 3, where hp, hw Tp and Tw
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denote the computed enthalpies and temperatures at the near wall node and the wall

respectively.

4.5 Numerical Solution Procedure

To solve the governing equations, a fully staggered grid system is adopted for the
velocity components at the face of the grid cells and the scalar variables at the grid
points. These equations are discretised using a control finite volume method, applying
a staggered grid arrangement to overcome the oscillatory pressure and velocity fields.
It was introduced by Patankar and Splading (1972) and then elaborated in detail by
Patankar (1980). A hybrid upwinding scheme was used for discretisation of the
combined effects of convection and diffusion terms in the equations. In order to
determine the approach in which the convection and diffusion terms in the momentum
equations are handled, this scheme is calculated in the local cell Peclet number, Pe (or
local cell Reynolds number): if the Pe is two or less , central differences are used; and
if the Pe is greater than 2, upwinded differences are employed (Patankar, 1980). The
solution procedure used the commercially available PHOENICS computer code
version 2.2 based on the SIMPLEST (Semi-Implicit Method for Pressure Linked
Equations ShorTened) solution algorithm of Splading (1991). The u-momentum and v-
momentum equations are solved to obtain the velocity field, then the pressure
correction equation is solved simultaneously. Finally the velocity and pressure are
corrected, then the turbulent kinetic energy, dissipation rate, and energy equations are

solved sequentially using the TDMA (TriDiagonal-Matrix Algorithm) line solver.

The general form ofthe algebraic governing equations obtained from discretisation can

be given as follows:

(4.20)

where the a’s are the coefficients of the convection and diffusion terms. E, W, N and S
denote as the grid locations at the east, west, north and south sides of nodal point, P

respectively, and b is the discretised source term.
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4.6 The Grid Dependency

Cylindrical-polar grids were used to allow the distribution of grid points very close to
the cylindrical surface (impingement surface). In the course of the free slot jet
modelling, only half of the jet was modelled owing to its symmetrical geometry. The
grid was distributed with different cell sizes in the y direction and x, azimuthal
(streamwise) direction where the finest cell sizes were near the front stagnation region
and impingement surface region respectively as shown in Figure 4.1. To verify the
algorithm, the predicted velocity profiles were studied to ensure that the computational
solution were grid independent. A coarse 27 x 55 grid system is first generated, then
the grid resolution was doubled to 54 x 110 and 68 x 110 grid systems to represent
half of the semi-cylinder (from the front stagnation point, 0° to the
azimuthal/streamwise (0) direction, 92°) on the case Y/W= 2 and Rew= 13,200. In this
case, the size of'the grid cells (ranging from 0.01W to 0.04W) within a 0.28W from

the impingement surface were addressed.

Symmetrical line

region

Impingement

surface Outlet region1

Figure 4.1 Typical schematic diagram of 27 x 55 grid

system used for Y/W= 2 computation.
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0.0iw
0.02wW
0.04W

Azimuthal velocity, U

0.01W
0.02W
0.04W

Azimuthal velocity, U

Figure 4.2 Grid dependency performance tests at S/W= 0.1071 and 0.5357.

0.01W
0.02W
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Y/W
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Figure 4.3 Grid dependency performance tests at the axial and azimuthal velocities.
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Figure 4.2 and 4.3 show the dependence of velocity and velocity gradient on the near
wall cell sizes. Results corresponding to the O.OIW grid are not shown as
distinguishable from those ofthe 0.02W grid. The development ofthe axial velocity is
shown little dependence on the near wall cell sizes. The azimuthal velocity profiles
however show a significant dependence at small azimuthal distance from the jet axis
due to the large velocity gradients in this stagnation region. The change in the
predicted velocity gradient with near wall cell sizes is given in Table 4.2. In Figure 4.4,
the computed maximum turbulent kinetic energy errors were 19% at S/W=0.1071 and
12% at S/W=0.5357 when compared between a 54 x 110 (0.02W near wall cell size)
and a 68 x 110 (0.01W near wall cell size) grid systems. The improvement obtained
with the 0.01W grid cell size was not significant when compared to the computational
time/cost ofusing the 0.02W grid cell size. In addition, it is assumed that this near wall
cell size lies within a turbulent region when the wall function is activated. The
computed non-dimensional distance from the wall y+ showed that a near wall cell size

of 0.02W would satisfy this criterion in the stagnation region. Hence all numerical

results reported in Chapter 5 were chosen an accurate near wall cell size.

Near wall cell size % difference with the finest grid cell
0.04W 21
0.02W 1.3
0.0IW 0

Table 4.2 Percentage error associated with near wall cell sizes

(ranging from S/W= 0.1071 to S/W= 0.5357).

40
35 S/W-0.1071 S/W=0.5357

30

25

m .. 27x55 grid
15 - .54x110 grid

— 68x110 grid
10

— - 27x55 grid
- - .54x110 grid
68x110 grid

W=PY

T~

0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
Y/W Y/W

Figure 4.4 Near wall turbulent kinetic energy for different grid systems.
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4.7 Initial and Boundary Conditions

In the elliptic nature of'the flow field, equations require boundary conditions specified
over a completely closed boundary of the solution domain. Measured uniform velocity
and turbulence intensity, obtained using hot wire anemometry and presented in
Chapter 5, and temperature were specified at the slot nozzle exit. Symmetry boundary

conditions were used atjet centerline axis. The value of turbulent kinetic energy ofthe

jet inlet was deduced from k = 0.5(u'2+v'2), Shaw (1992) and the value of turbulent

o : Co7ku :
dissipation rate at the inlet was deduced from s= H where L is the

characteristic length scale, CHAM Ltd. (1991). Zero velocities were specified at the
impingement surface and a logarithmic wall function was activated which was
proposed by Launder and Splading (1974). A floating zero were specified at the outlet
and entrainment boundaries where the computed pressure domain is relative to it. The
use of SAME command in the PHOENICS Input Language (PIL) ensured that the
inflowing mass brings in the same value ofthe physical variable as already prevails at
the specified cell. Ambient temperature was specified at the impingement surface as
the initial boundary condition. All other physical properties such as viscosity, thermal
conductivity, specific heat capacity and density were assumed to be independent of

temperature in the computed domain.

4.8 Convergence

Ideally, a set of numerical equations are said to be convergent if such a solution tends
towards the analytical solution in a defined problem. However, in most real problems,
there is no analytical/exact solution that can be determined in order to compare with
the numerical solution. In. PHOENICS code, a number of devices are provided to
control the convergence of the numerical solution. A convergence monitoring device
can be used to monitor the trend of residuals in particular spot values during the
iterative run. Linear relaxation and false time-step underrelaxation are the most
commonly used device to promote convergence as described by CHAM Ltd. (1990).
The relaxation factors were applied to promote smooth convergence of the discretised

equations. The amount of relaxation varied during the iterative process (i.e. pressure:
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0.2 to 0.8 and other physical variables depending on the grid system and cell size). In
addition, greater relaxation has been applied to the turbulent quantities. Maximum and
minimum values for the variables and initial values were also specified according to
the experimental conditions. The sums of the absolute residuals of the numerical
equations were used to monitor the overall convergence. For each 1000 sweeps
(iterations), the numerical solution were required to use approximately 1 to 3 hours
CPU time when the slot jet-to-impingement surface separation ratio, range from
Y/W= 2 to Y/W= 10. All cases were computed on the Pentium MMX200 PC with
64Mb Ram.

4.9 Summary of Chapter

The governing equations of motion and equations for the k-s turbulence model are
described. The discretisation methods are used to require a very fine grid cell sizes
near the solid wall in order to produce substantial small numerical solution errors. The
grid was finest in those regions where the physical property gradients would be
expected to be very large. However, it has been demonstrated that a considerable
numerical errors are obtained even with very fine grids, when a high density of cells,
are used in these critical regions. By careful consideration of the grid systems and an
acceptable trade-off of accuracy against computational time/cost, S/W= 0.0536 cell
size in the x-direction and an accurate near wall cell size in the y-direction was finally
adopted within the stagnation and near the impingement wall regions. Grid

dependency study was used to reduce numerical errors as far as possible.
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Chapter 5 Presentation and Discussion of Experimental and

Numerical Results

5.1 Introduction

The effects of jet Reynolds numbers, and the separation distance between the
impingement surface and the jet nozzle on local circumferential heat transfer from a
turbulent impinging hot air slot jet on a semi-cylinder convex surface have been
studied. The results obtained also cover range of geometries that are relevant to both
the previous work and industry. The jet Reynoldsnumber Rewranges from 5,600 to
13,200 and the dimensionless slot jetnozzle-to-impingement surfaceseparation

distance (Y/W) ranges from 2 to 10. The major emphasis of this work is to provide
more comprehensive heat transfer data regarding the effects of Rewand Y/W on the
impingement heat transfer distribution along a semi-cylinder surface, and correlations
ofboth the stagnation point, local and average Nusselt number over the circumferential
distribution. Finally, comparisons of experimental results are also made to the
predicted results using the standard k-s turbulence model. Every effort has been made

to compare results with previously published relevant research works.

5.2 Slot Nozzle Measurement
5.2.1 Slot nozzle contraction design

The contraction to the slot nozzle was designed with a BASIC computer program
developed by Button and Leech (1972). The contraction area ratio was 20:1, giving a
reduction in area from 125 mm x 125 mm to 6.25 mm x 125 mm, i.e. the slot nozzle
exit area. The cross-sectional dimensions of slot nozzle were 6.25 mm (W) x 125 mm
(L), which gave an aspect ratio of 20, without significant end effects. The contraction
length was calculated to be 153.24 mm, and was made convergent and curved
smoothly, which allowed rapid acceleration of fluid without occurrence of flow
separation and generation of turbulence. To ensure the air stability, a settling chamber
with a honeycomb and meshes was used to minimise the turbulence intensity and

maintain a uniform air flow at the exit. Therefore, a uniform velocity profile associated
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with relatively low turbulence intensity across the nozzle width at the exit was

obtained. The contraction profile co-ordinate is presented in Appendix A.

5.2.2 Flow characteristics at the slot nozzle exit

The streamwise turbulence intensity at the slot nozzle exit was measured with a hot-
wire anemometer and was found to be around 1% turbulence intensity for the jet
Reynolds number, Rewranging from 5,600 to 13,200. To ensure that the length of the
nozzl, L would not affect the slot jet flow, the nozzle was made long enough in the
direction perpendicular to nozzle axis, namely 125 mm. Experiments were run at a
number of levels of nominal jet Reynolds number, Rew for which the corresponding
values of slot nozzle exit mean velocity, V were tabulated as shown in Table 5.1. Air
viscosity and density for Rewwere evaluated at the nozzle exit temperature. The flow
could be considered incompressible since the maximum value of nozzle exit velocity

did not exceed Mach number of 0.3.

W (mm) L (mm) Rew * V(m/s)
6.25 125 5,600 15.2
8,500 23.1
13,200 35.8

Table 5.1 Flow parameters of a single heated air impinging slot jet.

Measurements of axial mean velocity and axial fluctuating velocity, v ', were made
mainly on the middle nozzle as well as along the slot nozzle length. Axial mean, V and
fluctuating velocity profiles, v ', across the nozzle width, normalised respectively to V
and V(L were measured at nozzle exit, Y/W= 0. The flat profile desired are clearly
shown in Figures 5.1a, 5.1b and 5.1c. With respect to mean axial velocity profiles at
the slot nozzle exit, they were flat and uniform to within 3% over approximately the
central 90% ofthe slot nozzle width, and dropping very sharply to almost zero near the
nozzle wall. The turbulence intensity profiles across the nozzle width were found to be
around 1% intensity in the central region, and rising to about 2% at the nearest location
to the nozzle wall. Similar, slotjet exit velocity and turbulence intensity profiles were

reported in Whitney (1995).
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Figure 5,1a Velocity and streamwise turbulence intensity profiles across

the slot nozzle width, Rew= 5,600.
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Figure 5.1b  Velocity and streamwise turbulence intensity profiles across

the slot nozzle width, Rew= 8,500.
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Figure 5.1c  Velocity and streamwise turbulence intensity profiles across

the slot nozzle width, Rew= 13,200.
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5.3 Heat Transfer Results

The surface heat transfer information was determined by the wall transient technique
on the captured liquid crystal thermographic images from the recorded super-video
tape. Detailed discussion of the wall transient technique and colour image processing
procedure can be found in Section 3.4. Local heat transfer information will be related
to the flow characteristics of slot nozzle width exit presented previously, throughout

the discussion where appropriate.

5.3.1 Liquid crystal thermographic images

The applications of liquid crystal thermographic techniques have shown that
quantitative as well as qualitative results can be obtained . Some insight into thermal
propagation due to a heated air slot jet impingement on a semi-cylindrical convex
surface can be given by a series of thermal visualization images at various Y/W and
Rewobtained with a liquid crystal thermographic technique as shown in Figures 5.2a to
5.2c. Note that only one half of the cylindrical surface is shown due to the symmetric
setup. The highest temperature (in dark blue/blue contour) was observed at the
stagnation region directly beneath the impinging slot jet, and decreasing gradually
along the circumferential direction to the lowest temperature (in red contour). The
liquid crystal thermographic images can be captured from a real time or a recorded
super-video tape and then processed into useful heat transfer information as described

in the Sections 3.3 & 3.4.
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Center coordinate Y/'W=2
Y/W =4 Y/W =6

1w 1
Y/W =8 Y/W =10

Figure 5.2a Thermal visualization of a heated air slotjet impinging on
a semi-cylinder convex surface, Re= 5,600.
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Center coordinate Y'W=2
Y/W =4 Y/W =6
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Y/W =8 Y/W =10

Figure 5.2b Thermal visualization of a heated air slotjet impinging on
a semi-cylinder convex surface, Re= 8,500.
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Center coordinate Y/'W=2
Y/W =4 Y/W =6
Y/W =8 Y/W =10

Figure 5.2¢ Thermal visualization of a heated air slotjet impinging on
a semi-cylinder convex surface, Re= 13,200.
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5.3.2 Heat transfer characteristics at the stagnation point
5.3.2.1 Effect of Reynolds number

The stagnation point heat transfer is of particular interest for heating, cooling and/or
drying purposes because of its relatively high heat transfer rate. The stagnation point
Nusselt number (Nu() versus the dimensionless slot nozzle-to-impingement surface
spacings (Y/W) at various Reynolds number Rewis plotted in Figure 5.3. The

stagnation point Nusselt number increases monotonically for a given Reynolds

number.
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Figure 5.3 Effect of Reynolds number on the stagnation point Nusselt number.

Since all experiments in the present study were conducted with air and the Prandtl
number for air is almost constant over the temperature range used. Correlations of Nu0
in terms of the Reynolds number, Re and slot jet-to-impingement surface distance,

Y/W are then obtained as follows:

For 2< Y/W <8,

0.124
Niio=0.514Re”5 with a calculated standard deviation of <1%. (5.1)
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For 8<Y/W <10,

-0.401
Nu0 = 1.175 RewS4( | : with a calculated standard deviation of <1%. (5.2)

The above correlations are valid for 5,600< Rew <13,200. Schlichting (1979) and
Martin (1977) have stated that the Nusselt number at the stagnation region should be
Nu(ccRe®-5 for laminar boundary-layer flow for the smaller slot nozzle-to-impingement
surface distances of Y/W= 2 to 6. Figure 5.3 shows a good agreement with one-half
power of Reynolds number correlation (NuOocReh-5). For the longer slot nozzle-to-
impingement surface spacing of Y/W> 6, the Reynolds number dependence is stronger
(NuoocRe0-54) because these spacings are beyond the potential core region and air
entrainment effect on the jet momentum takes place. Gardon and Akfirat (1965) have
discussed in detail the flow phenomena which affect the stagnation heat transfer
coefficients. The results agree with the experimental Reynolds number correlation
from Gau and Chung (1991) and Lee et al. (1997) for the convex surface case. This
information is useful for design purposes ifthe oblique surface heat transfer rate can be

maximised for a single slot impinging jet.

5.3.2.2 Effect of slot jet-to-impingement surface separation distance

«—Rew = 5600
*Rew = 8600
*Rew = 13200

6 10
Y/W

Figure 5.4 Effect of slotjet-to-impingement surface separation distance.
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It can be seen from Figure 5.4 that NuO gradually increases with Y/W and reaches a
maximum of Y/W= 8. A similar non-linear increase NuQ behaviour for increasing
Y/W or Y/d is also found in the slot air jet impinging on an isothermal hot flat surface
experiments of Gardon and Akfirat (1966) performed at 450< Re <50,000 and
0.5< Y/W < 80, the round hot gas jet impinging on an isothermal plane surface
experiments of Popiel et al. (1980) performed at Re= 1,050 and 1,860, and
2< Y/d <20, the slot air jet impinging on a heated semicylindrical convex surface
experiments of Gau and Chung (1991) performed at 6,000< Re <35,000 and 2< Y/W
<16, an axisymmetric air jet impinging on a heated hemispherically convex surface
experiments of Lee et al. (1997) performed at 11,000< Re <50,000 and 2< Y/d <10,
and a submerged slot air on a circular cylinder performed at 78,000< Re <178,000 and
2.2< Y/W <20. Lee et al. (1997) showed that the potential core length of the free jet
increased with increasing Reynolds number and remained roughly at the same
magnitude of turbulence intensity in the potential core region. According to the
descriptions by Livingood and Hrycak (1973), the extent ofthe potential core zone is 6
to 7 diameters for the axisymmetric jets and 4 to 7.7 slot widths for slotjets, although a
wider range is also found from other investigators. It should also be noted that the
turbulence intensity increases drastically beyond the potential core region due to more
active exchange of momentum with surrounding ambient air, but decays slowly in the
fully developed jet region. Ashforth-Frost et al. (1997) and Lee et al. (1997) found that
the maximum Nusselt number at the stagnation point occurred at Y/d= 6 to 8 and
Y/W= 9.2, respectively. Whitney (1995) stated that the longer potential core and
developing zones was mainly due to the confinement plate blocking the ingress of air
from behind the semi-confmed jet exit case. The experimental correlations of Nu0 in
terms of Reynolds number Re and the slotjet-to-impingement separation distance Y/W

are referred to in Section 5.3.2.1.

Figure 5.5 shows the comparison between the stagnation Nusselt number of present
data and the relevant published correlated data or experimental data available for a

slot/circular jet impinging on a convex/flat surface.
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Figure 5.5 Comparison ofthe stagnation Nusselt number between present data for

a semi-cylindrical convex surface and the published correlations the

convex surfaces and flat surface.
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The present results have good repeatability and are in good agreement with the
correlated data obtained from Gau and Chung (1991) under similar conditions. The
higher correlated Nuo data for Lee et al (1997) is probably attributed to the higher
circular jet turbulence intensity (Tu~3.5%) at the nozzle exit and its jet exit velocity
profile, which can significantly increase the stagnation heat transfer rate. The
stagnation Nusselt number reaches a maximum of Y/d= 6 for the correlated
Red= 13,200. Scholtz and Trass (1970) have also shown that the difference between a
flat and a parabolic jet exit velocity profile can cause a deviation in the stagnation mass
transfer coefficients of a factor of two for low Reynolds number circular impinging
jets. On the other hand, the results obtained from Gardon and Akfirat (1996) are much
lower than the present study. Becko (1976) stated that 20% extra correction on their
results should be applied due to some experimental errors. Taking account of this
experimental correction, a reasonable agreement can be made. It also shows that

Nusselt number at the stagnation is less dependent ofthe target surface geometry.

5.3.3 Heat transfer characteristics along the semi-cylindrical convex surface
5.3.3.1 Effect of Reynolds number

Circumferential distributions of the local Nusselt numbers for different Reynolds
numbers Re along the axis ofthe semi-cylinder surface are presented in Figures 5.6a to
5.6e. In each figure, the local Nusselt number Nu is plotted as a function of the
dimensionless circumferential distance S/W, with S/W= 0 corresponding to the
centerline ofthe slot impinging jet. According to the figures, the local Nusselt numbers
increase with increasing Reynolds number. The local Nusselt numbers decrease with
increasing the circumferential distance S from its maximum value at the stagnation
point due to a presumed laminar boundary layer development up to S/W= 3.1 where
transition in the boundary layer from laminar to turbulent flow occurs and it causes an
increase in the local Nusselt numbers. This transition is completed at about
3.3< S/W <4.2 where the second peak occurs in this region. But it is noted that the
maximum Nu occurred at S/W= 0.21 from the centerline of the jet for Y/W< 4 in
Figures 5.6a and 5.6b. A similar slot jet behaviour is also found at Y/W= 4 from
Whitney (1995). This occurrence is due to the slot nozzle exit which gives a flat

velocity profile indicating that the centerline turbulence level has not reached a fully
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developed region. The turbulence level in the shear layer at the jet boundary is higher
than on the jet centerline as shown in Figures 5.1a to 5.1c. This higher turbulence level
causes a small increase in the Nusselt number just adjacent to the centerline of the jet.
Pamadi and Belov (1980) have shown that the mechanism leading to the occurrence of
the inner peak is due to the strong influence of mixing-induced and non-uniform
turbulence in the developing jet. When the impingement surface is placed beyond the
potential core region, the jet flow arriving the impingement is highly turbulent mixing
due to the influence of the ambient air entrainment process. The circumferential

Nusselt number distribution are shown in a bell shape in Figures 5.6d and 5.6e.
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Figure 5.6a Circumferential Nusselt number distributions for different Rew

on the impingement surface at Y/W= 2.
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Figure 5.6b Circumferential Nusselt number distributions for different Rew

on the impingement surface at Y/W=4.
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Figure 5.6c Circumferential Nusselt number distributions for different Rew
on the impingement surface at Y/W - 6.
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Figure 5.6d Circumferential Nusselt number distributions for different Rew

on the impingement surface at Y/W= 8.
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Figure 5.6e Circumferential Nusselt number distributions for different Rew

on the impingement surface at Y/W - 10.

Around the circumferential Nusselt number distribution, the experimental data were

correlated as follows:

For 2< Y/W <8 and 0< S/W <13.6 in Figures 5.6a to 5.6c,

<M= L0680 Lo f= T+0079f =1 ~ 0012 =1 +04)0uf=1 - D 141xI0%5f "

Nu0 Vw) VwJ Vw) Vwl IwJ

with a calculated standard deviation of 13.6%. (5.3)

For 8< Y/W <10 and 0< S/W <13.6 in Figures 5.6d and 5.6e,

NUA =1.016-0.393*—j +0./ S o.0nf—=1 +o 001f—] -2.089x10°73
Nllr \\% VW/ Vwl]

with a calculated standard deviation of 10.4%. (5.4)

The above correlations are valid for 5,600< Re <13,200.
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5.3.3.2 Effect of slot jet-to-impingement surface separation distance

-m —Rew=15600 (Y/W =2)
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Rew = 5600 (YW = 8)

-© - Rew =5600 (Y/W = 10)

S/W

Figure 5.7a Circumferential Nusselt number distributions for different Y/W

on the impingement surface at Rew= 5,600.
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Figure 5.7b  Circumferential Nusselt number distributions for different Y/W

on the impingement surface at Rew= 8,500.
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Figure 5.7¢c Circumferential Nusselt number distributions for different Y/W

on the impingement surface at Rew= 13,200.

Figures 5.7a to 5.7c¢ correspond to increasing the parameter of dimensionless
separation distance Y/W from 2 to 10 for three Reynolds numbers. In general, the
circumferential local Nusselt numbers decreases from the stagnation point in respect to
the parameters of Rewand Y/W. For Y/W= 2 and 4 at low Rew= 5,600, the transition
starts to take place at 2.9< S/W <3.2 and attain secondary peak (turbulent heat transfer)
at S/Ws 4.2. For Y/W= 2 and 4 at high Rew= 13,200, the transition starts to place at
2.5< S/W <2.7 and reach the secondary peak at S/W= 3.4. It is shown that the
transition occurs sooner and is completed in a shorter circumferential distance for
higher Reynolds number. The findings of Cadek and Zerkle (1974) and Lee et al.
(1997) tend to support this observation in a different target geometry (i.e flat and
convex cylindrical/hemispherical surfaces). When the impingement surface is placed
beyond the potential core region, the jet flow arriving at impingement is highly
turbulent and mixing due to the influence of the ambient air entrainment. The
circumferential Nusselt number distribution are shown in a bell shape in Figures 5.6d
and 5.6e. Beyond the circumferential distance S/W of about 9 slot width, the local

Nusselt numbers are almost independent of the impingement surface distance with
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respect to the studied Reynolds numbers Rew This behaviour could also indicate the
existence of a fully developed wall jet at these locations. For Y/W> 8, all figures
showed that the secondary peak almost disappear due to the stagnation region

turbulence effects.

5.3.4 Comparison with the average Nusselt number on the semi-cylindrical

convex surface and flat surface

Beclco (1976) stated that the average Nusselt number over the circumferential local
Nusselt number data is. more desirable because such value is less sensitive to
experimental errors and thus more reliable for engineering design. The average Nusselt
numbers are then correlated in term of Rewand Y/W over the circumferential distance

S/W as follows:
For 2< Y/W <8 and 0< S/W <13.6,

0.124

Nuac=0514 Re"*  a 1IL(A)+EFAl -ifAr+£fAy IfA

T2VW 3VW/ 4VW/ S5VW7 — 6 VW
where a= 1.068, b= 0.310, c= 0.079, d= 1.154x10-2, e= 8.133x10'4 & f=2.141x10'5
(5.5)

For 8< Y/W <10 and 0< S/W < 13.6,

-0.401

Nuave= 1.175R er (") b(S) cfSV dfsV efS’)4 ffs)5

2Iwl +3vws avw +51W) evW]

where a= 1.016, b =0.393, c= 0.1, d= 1.323x10-2, e= 8.503x10'4 & f= 2.089x10"5

The above correlations are valid for 5,600 < Re < 13,200 to be within 14%.
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The average Nusselt numbers for a single slot jet impinging on a flat surface was

correlated within £15% by Martin (1977) as follows:

Nuae 1.53 Pr042Re' 5.7
X +X +,.39
V2W  2W

where m= 0695 X +fX) +3.06
2W 12w/

Range of validity: 3,000< Re <90,000
4< X/W <50
4<Y/W <20

Results of these calculations on the average Nusselt numbers distribution along the
semi-cylindrical convex surface and flat surface are presented in Figures 5.8a and 5.8b.
These figures show that the average Nusselt numbers increases with increasing
Reynolds number and decreases with increasing the lateral/circumferential distance,
Y/W or S/W. The findings of Whitaker (1986) tends to support similar observation. It
is also apparent that the decay rate of average circumferential Nusselt numbers along
the cylindrical convex surface is much faster than that which occurs laterally along the
flat surface. The decrease ofthe Nusselt number ofthe semi-cylindrical convex surface
is attributed to the effect of stabilizing the entire flow and reducing the energy and
momentum transport near the wall due to the occurrence of a centrifugal force along
the surface as described by Schlichting (1979) and Mayle et al. (1979). Increasing the
circumferential/lateral distance leads to lower the average Nusselt number due to a
substantial number of low value local Nusselt numbers occurring into the calculation.
It should also be noted that at low slot jet-to-impingement spacing Y/W (within

potential core), low circumferential distance (i.e. S/W< 6) and low turbulent Reynolds
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number, correlations for a flat plate can be used to predict Nuae to within 5%. This
phenomenon is limited to this case. As S/W increases, the effect of curvature becomes
apparent and the difference between the flat surface correlation and the present convex
surface quickly increases. As Reynolds number Rewincreases, dramatic differences in
the curves can be observed, for example at Rew= 13,200 and S/W= 10 the present
correlation leads to a 41% improvement as shown in Figure 5.8a. As Y/W increases,

the effect difference becomes more pronounced as shown in Figure 5.8b.

In fact, the average Nusselt number value for impinging hot jets is about 10% higher
than surface cooling at a given Reynolds number as described by
Downs and James (1987). But, Hollworth and Gero (1984) and Goldstein et al. (1990)
addressed the effect of thermal entrainment on impingement heat transfer depending
on whether the surface is heated or cooled. They showed that, for the same Reynolds
number, hotjets yield high Nusselt number however, if the adiabatic wall temperature
is used to define heat transfer coefficient, data can be used to describe either

arrangement.
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Figure 5.8a Comparison of average Nusselt number calculated using
correlations for the semi-cylindrical convex surface and

published correlations for the flat surface at Y/W= 4.
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Figure 5.8b Comparison ofaverage Nusselt number calculated using
correlations for the semi-cylindrical convex surface and

published correlations for the flat surface at Y/W= 8.

5.4 Comparison between the Numerical and Experimental Heat Transfer

Results

The standard k-e turbulence model has been assessed due to its wide use in industry
and availability in commercial CFD codes. The computed circumferential Nusselt
number distribution is compared with the experimental results in Figures 5.9a to 5.9d.
At the stagnation region however, Nu0 is overpredicted up to 190%. The inflection
point that represents the end of impingement region is predicted to be located at about
0.6< S/W <0.7. In fact, the experimental results show that this region can be extended
up to 3.1W from the centerline of a slotjet. In the wall jet (S/W> 3), the local Nusselt
number is predicted to be within 29% ofthe experimental data. Ashforth-Frost (1994)
has shown that the wall exerts an effect on the turbulence level distribution when the
flow impinges on the target surface. This implies that the flow in the stagnation region
is anisotropic (non-isotropic), with a return to isotropy further downstream along the

wall. It should be noted that the turbulence models and wall functions have been
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developed for fluid flows parallel to walls where isotropy predominates. In addition,
the k-s model is only valid for flows with sufficiently high Reynolds number
(Re> 132) so that the flow characteristics near to the wall node may not be simulated
accurately. For the grid cell between the wall and the near wall node, the k and s

values are obtained from a universal wall function accordingly.

It has been argued in Section 4.4 that if the local near wall Reynolds number is greater
than 132 (or yp~Re09, then the wall function associated with the log-law can be used
accurately to calculate shear stress, heat flux and other variables. Therefore the
selection of near wall cell size (grid distribution) is vitally important in order to
eliminate the uncertainties inherent to the cylinder boundary layer. In the present
numerical model, this condition (yp> 11.5) is only satisfied for S/W slightly greater
than 0.49 and 0.64 with respect to the jet Reynolds number Rewof 13,200 and 5,600,
which also allows a more reliable prediction of Nu values along the circumferential
surface. However, it is difficult to specify an appropriate value of local near wall
Reynolds number or yp over the whole computational domain especially in a
developing wall flow region. The azimuthal velocity starts at zero at stagnation point
and increases significantly along the wall, however this universal wall function is only

valid for a fully developed boundary layer.

Since most of the discrepancies between the predictions and the measurements are seen
in the stagnation region, it is plausible that using a more appropriate wall function
should be able improved the predictions. In fact, the standard k-s model does not
predict appropriately in the stagnation region where the direction of flow changes

suddenly and the variation of pressure changes substantially.
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Figure 5.9a Circumferential Nusselt number distribution, Rew= 5,600 & Y/W= 4.
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Figure 5.9b Circumferential Nusselt number distribution, Rew= 5,600 & Y/W= 8.
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Figure 5.9c Circumferential Nusselt number distribution, Rew= 13,200 & Y/W= 4.
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Figure 5.9d Circumferential Nusselt number distribution, Rew= 13,200 & Y/W= 8.

5.5 Summary of Chapter

This chapter deals mainly with the parametric effects of jet Reynolds number (Rew

and the slot jet-to-impingement surface spacing (Y/W) on the local and average

circumferential Nusselt number distribution. Qualitative thermal visualization has been

carried out to gain insight into thermal propagation due to a heated air slot jet on a

semi-cylindrical convex surface. Quantitative measurements of flow characteristics at

the slot nozzle exit and heat transfer characteristics have been made using the hot wire
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anemometry and the developed liquid crystal thermographic system respectively. The
experimental results have also been compared on the consistency and reliability with
other relevant research works. The flow geometry has been modelled using computer

simulation and results predicted using the k-s turbulence model.

The thermal visualisation demonstrated the thermal propagation due to a heated air slot
jet impinging on a semi-cylindrical convex surface by a series of liquid crystal
thermographic images at various Y/W and Rew The highest temperature (in dark
blue/blue contour) was observed at the stagnation region directly beneath the
impinging slot jet, and decreased gradually along the circumferential direction to the

lowest temperature (in red contour).

The streamwise turbulence intensity at the slot nozzle exit was characterised over jet
Reynolds number ranging from 5,600 to 13,200. The mean axial velocity profiles were
found to be flat and uniform to within 3% over approximately the central 90% of the
slot nozzle width, dropping very sharply to almost zero near the nozzle wall. The
turbulence intensity profiles across the nozzle width were found to be at a value of
around 1% turbulence intensity in the central region, and rising to about 2% at the

nearest location to the nozzle wall.

The stagnation Nusselt number Nu0 increases monotonically for a studied Reynolds
numbers of 5,600 to 13,200 and continues to increase non-linearly to its peak values at
Y/W= 8. A similar non-linear NuObehaviour for increasing Y/W has also been found

from other authors’ works. Correlations of NuOin terms of Rewand Y/W were derived.

The stagnation Nusselt number shows good agreement with NuOocRew-5 Ilaminar
boundary-layer flow for Y/W= 2 to 6 in this study. For the longer slot jet-to-
impingement surface spacing of Y/W> 6, the Reynolds number dependence is stronger
(NuOccRe®-54) and this attributed to these spacings being beyond the potential core
region and air entrainment effects on the jet momentum takes place. The results agree
with the Reynolds number correlation from other authors’ works. The stagnation

Nusselt number is less dependent on target surface geometry.
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Circumferential Nusselt number distributions along the axis of the semi-cylindrcial
convex surface for different Re and Y/W parameters have been investigated. The
circumferential local Nusselt numbers increase with increasing Reynolds numbers.
However, the circumferential local Nusselt numbers decrease with increasing the
circumferential distance S from its maximum value at stagnation point due to a
presumed laminar boundary layer development up to S/W= 3.1 where transition in the
boundary layer from laminar to turbulent flow occurs and it causes an increase in the
local Nusselt numbers. This transition is completed at about 3.3< S/W <4.2 where the
second peak occurs in this region. However the maximum Nu occurs at S/W= 0.21
from the centerline of'the jet for Y/W< 4. A similar slot jet behaviour was also shown
to be found at Y/W= 4 by Whitney (1995). This occurrence is due to the slot nozzle
exit which gives a flat velocity profile indicating that the centerline turbulence level
has not reached a fully developed region. The turbulence level in the shear layer at the
jet boundary is higher than on the jet centerline. This higher turbulence level causes a

small increase in the Nusselt number just adjacent to the centerline of the jet.

For Y/W= 2 and 4 at low Rews 5,600, the transition starts to commences at around
2.9< S/W <3.2 and reaches a secondary peak (turbulent heat transfer) at S/Ws 4.2.
For Y/W= 2 and 4 at high Rew= 13,200, the transition starts to take place at around
2.5< S/W <2.7 and attains the secondary peak at S/Ws 3.4. It is shown that the
transition occurs sdoner and is completed in a shorter-circumferential distance for
higher jet Reynolds number. The findings of other authors tend to support this
observation. Beyond the circumferential distance S of about 9 slot width, the local
Nusselt numbers are almost independent of the impingement surface distance Y with
respect to the studied Reynolds numbers Rew This behaviour can also indicate the
existence of a fully developed wall jet at these locations. For Y/W> 8§, it has been
shown that the secondary peak almost disappeared due to the stagnation region
turbulence effects. The circumferential Nusselt number distributions Nus were
correlated in terms of Rew Y/W and S/W parameters.

The average Nusselt numbers were also correlated in terms of Rewand Y/W over the

circumferential distance S/W. The average Nusselt numbers increase with increasing
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Reynolds number and decreases with increasing the lateral/circumferential distance,
Y/W or S/W. It is also apparent that the decay rate of circumferential average Nusselt
numbers along the cylindrical convex surface is much faster than that which occurs
laterally along the flat surface. It should also be noted that at low slot jet-to-
impingement spacing Y/W (within potential core), low circumferential distance
(i.e. S/W< 6) and low turbulent Reynolds number, correlations for a flat plate can be
used to predict Nuae to within 5%. This phenomenon is limited to this case. As S/W
increases, the effect of curvature becomes apparent and the difference between the flat
surface correlation and the present convex surface quickly increases. As Reynolds
number Rewincreases, dramatic differences in the curves can be observed, for example
at Rew= 13,200 and S/W- 10 the present correlation leads to a 41% improvement. As

Y/W increases, the effect difference becomes more pronounced.

The standard k-s turbulence model has been assessed due to its wide use in industry
and availability in commercial CFD codes. At the stagnation region NuO is
overpredicted up to 190%. The inflection point that represents the end of impingement
region is predicted to be located at about 0.6< S/W <0.7. In fact, the experimental
results show that the stagnation region can be extended up to 3.1 W from the centerline
of slot jet. In the wall jet (S/W> 3), the local Nusselt number is predicted to be within
29% of the experimental data. It has been shown that the selection of a near wall cell
size within the viscous sublayer along the cylinder boundary layer is very crucial to
obtain the best predicted Nusselt number. The overprediction of the Nusselt number at
the stagnation region is directly related to the overprediction of turbulent kinetic
energy, but also the wall function prediction is invalid in this region. Ashforth-Frost
(1994) has shown that the wall exerts an effect on the turbulence level distribution
when the flow impinges on the target surface. This implies that the flow in the
stagnation region is anisotropic, with a return to isotropy further downstream along the
wall. It should be noted that the turbulence models and wall functions have been

developed for fluid flows parallel to walls where isotropy predominates.
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Recently, it has been identified that near wall correction is of crucial importance to

calculations of near wall turbulent flows and the second momentum closures can

provide significant improvement in the prediction of anisotropic flows.
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Chapter 6 Conclusions and Recommendations

This final chapter commences with a summary of the conclusions of the major
findings of the current study, with particular regard to the aims specified in Section
1.2. The conclusions are discussed in two sections based on the qualitative and
quantitative experimental, and numerical results. Practical implications of these

findings are presented and followed by the recommendations for further work.

6.1 Summary of Conclusions

A comprehensive review of relevant literature on the heat/mass transfer characteristics
of a slot/circular jet on convex surface has been completed. An experimental air slotjet
system has been successfully developed and commissioned to obtain the velocity and
turbulence data at the slot nozzle exit using constant temperature hot wire anemometry.
The same experimental rig was used to obtain surface heat transfer data using an
automatic non-intrusive liquid crystal thermographic system based on colour image
processing and transient wall heating techniques. A thermal visualization of the
impinging slot jet on a semi-cylinder convex surface provided useful insight to the
thermal field. Particular attention has been paid to the experimental planning and
design of this facility in order to minimise experimental uncertainty and thus ensure

the validity ofthe results.

The present study has provided new data for the influences of Reynolds number, Rew
and slotjet-to-impingement surface separation distance, Y/W on the local and average
circumferential heat transfer characteristics from a turbulent impinging slot jet along a
semi-cylindrical convex surface. Heat transfer results have been corroborated with
previous research works and extended the existing heat transfer information for this
configuration. Prior to the present work, no study of the surface heat transfer

measurements for this configuration could be found in literature.
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6.2 Qualitative and Quantitative Experimental Results

The thermal visualization experiments has demonstrated the thermal propagation
phenomena due to a heated air slotjet impinging on a semi-cylindrical convex surface
by a series of liquid crystal thermographic images at various Y/W and Rew The
highest temperature (in dark blue/blue contour) was observed at the stagnation region
directly beneath the impinging slot jet, and was seen to decrease gradually along the

circumferential direction to the lowest temperature (in red contour).

Velocity and turbulence measurements of a slot jet were made to understand the slot
nozzle exit characteristics over the studied jet Reynolds number range from 5,600 to
13,200 using constant temperature hot wire anemometry. The mean axial velocity
profiles have been found to be flat and uniform to within 3% over approximately the
central 90% of the slot nozzle width, dropping very sharply to almost zero near the
nozzle wall. The turbulence intensity profiles across the nozzle width were found to be
at a value of around 1% turbulence intensity in the central region, and rising to about

2% at the nearest location to the nozzle wall.

The stagnation point Nusselt number Nu0 was shown to increase monotonically and
non-linearly to its peak values at Y/W= 8. A similar non-linear Nu0 behaviour for
increasing Y/W was also found by Gardon and Akfirat (1966), Popiel et al. (1980),
Gau and Chung (1991) and Lee et al. (1997). Correlations of NuOin terms of Rewand

Y/W have been derived as follows:

For2 <Y/W <8,

with a calculated standard deviation of <1 %. (6.1)

For8< Y/W< 10,

with a calculated standard deviation of <1%. (6.2)
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The above correlations are valid for s,600< Rew <13.200. The stagnation Nusselt
number shows good agreement with NuO cc R ewo-5 laminar boundary-layer flow for
Y/W=2 to ¢ in this study which have been well documented by Schlichting (1979) and
Martin (1977). For the longer slot nozzle-to-impingement surface spacing of Y/W> s,
the Reynolds number dependence is stronger (NuoocrRe0-54) because these spacings are
beyond the potential core region and air entrainment effect on the jet momentum takes
place. The results agrees well with a Reynolds number exponent at stagnation point
from Gau and Chung (1991) and Lee et al. (1997). It has also been shown that Nusselt

number at the stagnation is less dependent oftarget surface geometry.

The circumferential local Nusselt numbers increase with increasing Reynolds numbers.
However, the circumferential local Nusselt numbers decrease with increasing the
circumferential distance S from its maximum value at stagnation point due to a
presumed laminar boundary layer development up to S/W= 3.1 where transition in the
boundary layer from laminar to turbulent flow occurs and it causes an increase in the
local Nusselt numbers. This transition was completed at about 3.3< S/W <4.2 where
the second peak occurs in this region. But the maximum Nu occurs at S/W= 0.21 from
the centerline of the jet for Y/W< 4. This obervation is in line with a similar research
findings by Whitney (1995). This occurrence is attributed to the fact that slot nozzle
exit which gives a flat velocity profile, the centerline turbulence level has not reached
a fully developed region and the turbulence level in the shear layer is higher than on
the jet centerline. This higher turbulence level causes a small increase in the Nusselt
number just adjacent to the centerline ofthe jet. Pamadi and Belov (1980) have shown
that the mechanism leading to the occurrence of the inner peak is due to the strong

influence of mixing-induced and non-uniform turbulence in the developing jet.

For Y/W= 2 and 4 at low Rew 5,600, the transition starts to take place at
2.9 < S/W <3.2 and attain secondary peak (turbulent heat transfer) at S/W=4.2. For
Y/W= 2 and 4 at high Rew= 13,200, the transition commences at 2.5< S/W <2.7 and
reach the secondary peak at S/W= 3.4. It is shown that the transition occurs sooner and
is completed in a shorter circumferential distance for higher Reynolds number. The

findings of Cadek and Zerkle (1974) and Lee et al. (1997) tend to support this
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observation. Beyond the circumferential distance S/W of about 9 slot width, the local
Nusselt numbers are almost independent of the impingement surface distance Y with
respect to the studied Reynolds numbers Rew This behaviour could also indicate the
existence of a fully developed wall jet at these locations. For Y/W> 8§, it has shown
that the secondary peak almost disappears due to the turbulence effects in the

stagnation region.

The circumferential Nusselt number distributions Nus were correlated in terms of Rew

Y/W and S/W parameters as follows:

For 2< Y/W <8 and 0< S/W <13.6,

NUS =1.068-0.31 Of'f' +0.079f—j - 0.012.f—} +0.00lf—)) -2.141x10~ S~
Nu0 VI 7 VW. VW) VW,

b

with a calculated standard deviation of 13.6%. (6.3)

For 8<Y/W <10 and 0< S/W <13.6,

N - =1.016-0.393f—'1+0./—") -0.0nf—1 +O.OOlf—]7 -2.089x10"5f~ 1
Nuo0 Vwl VW) VWJ VW VWJ
with a calculated standard deviation of 10.4%. (6.4)

The above coirelations are valid for 5,600< Re <13,200 to be within 14%.

It was shown that the average Nusselt numbers increase with increasing Reynolds
number and decreases with increasing the lateral/circumferential distance, Y/W or
S/W. The findings of Whitaker (1986) tends to support similar observation. It is also
apparent that the decay rate of average circumferential Nusselt numbers along the
cylindrical convex surface is much faster than the average lateral Nusselt numbers
along the flat surface. The decrease of the Nusselt number of the convex surface is
attributed to the effect of stabilizing the entire flow and reducing the energy and
momentum transport near the wall due to the occurrence of a centrifugal force along

the surface as described by Schlichting (1979) and Mayle et al. (1979). Increasing the
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circumferential/lateral distance leads to lower the average Nusselt number due to a
substantial number of low value local Nusselt numbers occurring into the calculation.
It should also be noted that at low slot jet-to-impingement spacing Y/W (within
potential core), low circumferential distance (i.e. S/W< 6) and low turbulent Reynolds
number, correlations for a flat plate can be used to predict Nuae to within 5%. This
phenomenon is limited to this case. As S/W increases, the effect of curvature becomes
apparent and the difference between the flat surface correlation and the present convex
surface quickly increases. As Reynolds number Rewincreases, dramatic differences in
the curves can be observed, for example at Rew= 13,200 and S/W= 10 the present
correlation leads to a 41% improvement. As Y/W increases, the effect difference

becomes more pronounced.

In fact, Downs and James (1987) have described that the average Nusselt number value
for impinging hot jets is about 10% higher than surface cooling at a given Reynolds
number. But, Hollworth and Gero (1984) and Goldstein et al. (1990) addressed the
effect of thermal entrainment on impingement heat transfer depending on whether the
surface is heated or cooled. They showed that, for the same Reynolds number, hot jets
yield high Nusselt number however, if the adiabatic wall temperature is used to define
heat transfer coefficent, data can be used to describe either arrangement. The average
Nusselt numbers were also correlated in terms of Rew and Y/W over the

circumferential distance S/W as follows:
For 2< Y/W <8 and 0< S/W <13.6,

P N _ o« (7 e(sV ffs'S
W Iw 21wl +3vw] 41wl 5 "WJ 6*vW

where a= 1.068, b=0.310, c= 0.079, d= 1.154x10-2, e= 8.133x104 & f=2.141x10'5

(6.5)
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For 8 <Y/W < 10 and 0 < S/W < 13.6,

Yo S o ofst o dfsVooer sV

0.54 f
nime 75 Re o o20wl #3wl AIwl HSUWL 6w

where a= 1.016 b= 0.393, c= 0.1, d= 1.323x10-2, e= 8.503x10'4 & f=2.089x10'5

(6.6)
The above correlations are valid for 5,600< Re <13,200 to be within 14%.

6.3 Numerical Results

Using various CFD codes the k-s model, and other turbulence models, have been
examined by Craft et al. (1993), Seyedein et al. (1994), Sarkar and So (1997), and Lai
and Yang (1997). By comparison with these works, the commercial code PHOENICS
has been demonstrated in this study to predict jet impingement heat transfer to the
same level of accuracy and reliability as other available software codes using the
standard k-s turbulence model. In the stagnation region however, NuOis overpredicted
up to 190%. The inflection point that represents the end of impingement region is
predicted to be located at about 0.6< S/W< 0.7. In fact, the experimental results show
that the stagnation region can be extended up to 3.1 W from the centerline of slotjet. In
the wall jet (S/W>3), the local Nusselt number is predicted to within 29% of the
experimental data where the turbulent kinetic energy is reasonably predicted by the k-s
eddy viscosity model and the universal wall function is valid. It has been shown that
the selection of a near wall cell size within the viscous sublayer along the cylindrical
boundary layer is crucial in obtaining the best predicted Nusselt number. The
overprediction of the Nusselt number at the stagnation region is not only directly
related to the overprediction of turbulent kinetic energy, but also attributed to the
inaccuracies in the universal wall function used for predicting the momentum and heat

transfer processes near the wall in this region.
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Recently, it has been identified that near wall correction is of crucial importance to
calculations of near wall turbulent flows and the second momentum closures can

provide significant improvement in the prediction of anisotropic flows.

6.4 Practical Applications of the Results

New correlations of local and average Nusselt numbers with the jet Reynolds number
Rew and the slot jet-to-impingement spacing Y/W have been established for the
stagnation point and the circumferential distribution S/W along the semi-cylindrical
convex surface. At larger Y/W, S/W and Rew flat plate correlations become invalid,
and these new correlations should be used for optimum design. Detailed explanation
can be found to Section 5.3.4. These provide previously unavailable guidelines for

industrialists exploiting jet impingement for optimum heating/cooling applications.

The new experimental data obtained in the present study is valuable for the assessment
of turbulence models on surface heat transfer. It is important for users of CFD codes to
be aware of the capabilities and limitations of the codes they are using for design
purposes. This data is supported by two dimensional jet and flat exit velocity profiles

which provide known boundary conditions.

6.5 Recommendations for Further Work

A more detailed study of the stagnation region is necessary to assess the role of
turbulence flow structure on heat transfer, the interaction between the thermal and
hydrodynamic boundary layers as well as the wall jet region along the cylindrical
convex surface. This can be achieved in the first instance using a combined hot and

cold wire anemometery traversed through the flow structure.

The flow visualization study will provide insight into the flow structure of a slot
turbulent jet impinging on the convex surface at various slot jet-to-impingement
surface, slot width and surface curvature in regard to the rotating vortices on the

stagnation and the vortex formation in the downstream region.
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It is generally agreed that high turbulence production is associated with not only
increased fan power requirement, but also enhanced surface heat transfer rate. Their
relationship and optimisation can be further studied with the aid of hot and cold wire

anemometry system and the developed liquid crystal thermographic system.

The developed non-intrusive liquid crystal thermographic system based on colour
image processing and transient wall heating techniques can be used to determine the

transient heat transfer information with a high speed frame colour video camera.

The experimental data obtained in the present study is useful as an ideal test case for
assessment of any numerical or turbulence model on surface heat transfer. Although
beyond the scope ofthe present study, there is no question that the 3-D time-dependent
Navier Stokes equations (or Direct Numerical Simulation (DNS)) is the ultimate
solution to deal with the turbulence problems with the revolution of computing
capabilities and less computing cost in the near future. However, the k-s turbulence
model is still widely used in industry because of it is economy over more complex
solutions. The limitation of this model should be borne in mind when interpreting

results from commercial packages.
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Appendix A- Profile coordinates of slot nozzle contraction

Appendix A

TRUE LENGTH, L = 153.2375 mm
INLET WIDTH, DI =125 mm
OUTLET WIDTH, D2 = 6.25 mm
THE STREAM FUNCTION, PSI= 0.5
EPSILON = 0.6558857
Q (inlet) =-6.167054
Q (outlet) = 6.167077
TRUE LENGTH = 153.2375
REF. X VALUE, mm Y VALUE, mm
1 0 3.125
2 0.3851034 3.127484
3 0.7702118 3.135038
4 1.155336 3.147967
5 1.540483 3.1668
6 1.925667 3.192301
7 2.310909 3.225512
8 2.696236 3.267779
9 3.081692 3.320824
10 3.467344 3.38681
11 3.853288 3.468416
12 4239667 3.568964
13 4.626696 3.692539
14 5.014703 3.844162
15 5.404164 4.029986
16 5.795807 4257542
17 6.190705 4.53603
18 6.590483 4.876665
19 6.997531 5.293109
20 7.415435 5.801919
21 7.849541 6.423106
22 8.307732 7.180673
23 8.801705 8.103127
24 9.3486 9.22383
25 9.973322 10.58088
26 10.71159 12.21622
27 11.61359 14.17318
28 12.74763 16.49175
29 14.2028 19.20067



Figure A. 1

30
31
32
33
34
35
36
37
38
39
40
41
42
43
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45
46
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48
49
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omm. T T

125mm

16.08794
18.52413
21.62834
25.49002
30.14828
35.58062
41.70959
48.42327
55.59974
63.1256
70.90601
78.86707
86.95383
95.12692
103.3587
111.6301
119.9279
128.243
136.5691
144.9018
153.2375

Appendix A

22.30618
25.779
29.5444
33.48182
37.43946
41.2613
44.81583
48.01469
50.81624
53.21741
55.24107
56.92378
58.30705
59.43161
60.33445
61.04741
61.59674
62.00327
62.28279
62.44619
62.49996

6.25mm

Schematic diagram of the slot nozzle contraction in horizontal direction.
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195 mm
125 mm

F77z

153 mm

Section A-A

12 mm

J

Elevation

Appendix A

Figure A.2  Schematic diagram of the slot nozzle configuration in vertical direction.
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Appendix C

Appendix C - Data reduction equation and propagation of uncertainty for the

determination of heat transfer coefficient.

Equation (3.13) gives the solution to the one-dimensional transient conduction

equation subject to the stated boundary and initial conditions, as

Tt TTmb =¢ =1-e"(l-erf (C.1)
~j amb
where A= _h?it = __}}_Q_I_ (C.2)
k kpc

simplifying Equation (D.l) by putting y = %/ leads to

6=1-e2(1-erf(y)) (C.3)

Applying the procedure of Kline and McClintock (1953) to obtain the error in h

propagated through these equations, gives

0.5
\2
Sh Oh
Oh = St + d-yfpck + ah ST,(O gy T ST% + ah
at aVpck VaT(o) VT, VaTab

(C.4)
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Appendix C

Since, the partial derivatives with respect to t and x/pck can be found directly by

differentiating equation (C.2):

ah  y*pck h
~dt~  2tl5 7 ~2t

d-jpck Vt -v/pck

and the partial derivatives with respect to the measured temperatures are expressed as:

ah ah ae
aT@Op) «“ ae ar(X)

ah _ah ae
alj ~ ae dT.
ah _ah ae where 3L ah ay
S5Tab aeai” ae ay ae
The first derivative term é} can be found as follows:
ae
l-erf
& dy [ $2]1))
—2ye2 [l —erf(y)]
2-2V7ry(l-e)
Vu
Hence _a2y_: -L

26 2- 2vrey(l- 6)

(C.6)
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Differentiating 0 with respect to the measured temperature leads to,

30

30 (TOH Tab)
3T (Ij-Trab)*

30 TOHm Tab

(C.8)
STab (Tj “ Tanb):
Substituting the partial derivatives into Equations (C.5):
3h h
5T(0,, P(TW~ Tanb)
3h  “ h(T(Ot) ~TO)
P(TW” T0)2
3h A —
(T(0.) —Tanb) where p=2y[rc 05—y(I —0)]
3TO  p(Tw-T 0)
(C.9)

By substituting these derivatives into Equation (C.4), dividing by h and replacing y

with Jr\, yields the uncertainty ofheat transfer coefficient:

0.5

3h 6(Veck' 7/
, O(VPekt (5T t) + (e -1) 28T b+ 028 TR)
h Vpck )
where p=2"\[n 5- ¥\ (1-0)] (C.10)
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Appendix D - CCD video camera viewing angle analysis in slot jet experiment

CCD Color

Video Camera
Slot Jet

Acrylic Semi-Cylinder
Surface —v

Figure D.1 The geometry of video camera viewing angle on the target surface.

The point A is taken as an example to calculate its corresponding viewing angle. The

focal length, 1000 mm ofthe CCD video camera is fixed at the location B.

Radius of semi-cylinder surface =r = bl+b5 = 75mm D. 1
sin(al) =b3/r (D.2)
Hence, al =sin""bS/r) (D.3)
bl = >p2-(b3)2 (D.4)
b5S=r-bl (D.5)
b6 = b5 + 1000mm (D.6)

tan(a2) = b3 / b6 (D.7)
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Hence, a2 =tan1(b3 / b6) (D.8)
b2 = 7(b6)2+(b3)2 (D.9)
tan(a2) = b4 / b2 (D.10)
Hence b4 = tan(a2) x b2 (D-11)
cos(a3)=b3 /b4 (D.12)
Hence a3 =cos'l® /b4) (D.13)
As result, the video camera viewing angle = al + a3 (D. 14)

At 65° angular line and 0° stagnation line are equivalent to 0° and 68.7° of video

camera viewing angles as shown in Figure D.2.

Slot!Jet

O’ line

(Stagnation line) . Impingement specimen
Centre line

(Acrylic semi—cylinder)

Centre point

657 line

Figure D.2  Schematic diagram of the representation of video camera

viewing angle on the semi-cylinder specimen, R=75 mm.
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Appendix E - A typical PHOENICS data input file, Q1 and GROUND.for coding
for computing the heat transfer and flow characteristics on a
semi-cylindrical convex surface due to an impinging slot jet.

E.l QI file

TALK=F;RUN( 1, 1);VDU=VGAMOUSE
GROUP 1.

TEXT(POLAR GRID, Z/W-2, Vexit=35.8m/s, 0.8% turbulence intensity)

**Vexit is mean flatjet exit; IX1 is edge ofjet.

**Router is semi-cylinder outer radius +2SLOTW (for ZW-2 case).

**FUNNER is a PHOENICS variable that allows the y extent to be
measured form the surface of the semi-cylinder.

**angU and angV are the angles of the velocity components which
constitute the mean jet exit velocity. Since in polar
coordinates, X is measured in radians, the magnitude of the
angles for each inlet cell is equal to XULAST*XFRAC(I) where
ILis the X cell. Remember that velocities are store data the
upstream side of the cells, not at the cell centres. This
means that the inlet velocity components (which make up the
resultant jet exit velocity) are calculated using different
values of XFRAC.

REAL(angU,angV,Vin,Uin,Router, TKEin,EPSin, GFRAC)
REAL(Tin, Tsurf, GK,SLOTW,CP,Vexit)
INTEGER(RZW)

* INLET TEMPERATURE
Tin-40

* SURFACE AMBIENT TEMPERATURE
Tsurf-17.1

* CONDUCTIVITY OF AIR AT Tin
GK-0.02724

* WIDTH OF THE SLOT JET NOZZLE
SLOTW-6.25E-3

* SPECIFIC HEAT OF AIR AT Tin
CP-1005.6

* EXIT VELOCITY
Vexit-35.75

* SLOT JET-IMPINGEMENT SURFACE RATIO
RZW-2

* INNER RADIUS -RADIUS OF SEMI-CYLINDER
RINNER-0.075

* OUTER RADIUS - MEASURED FROM CENTRE OF CYLINDER TO NOZZLE
Router-RINNER+RZW* SLOTW

** Egde ofjet is IX1
** NO. OF CELLS IN THE FIVE REGIONS
INTEGER(IX 1,1X2,1X3,1X4,1X5)
1X1=8
1X2-16
1X3-8
1X4=54
1X5-24

158



GROUP 3. X-direction grid specification

**QUADRANT ONLY modelled = 0.51Pi
CARTES=F

* TOTAL NO. OF CELLS IN THE WHOLE DOMAIN OF X-DIRECTION
NX=IX I+IX2+IX3+IX4+IX5

* NO. OF REGIONS IN X-DIRECTION
NREGX=5

** First region (IX1 cells) is the jet inlet, IX=1 to IX1:
IREGX=1;GRDPWR(X,IX1,0.003125/Router, 1.0)

** Second region covers the shear layer:
IREGX=2;GRDPWR(X,1X2,0.00625/Router, 1.0)

** Subsequent regions gradually enlarge the cell size for the
remainder of the domain:
IREGX=3;GRDPWR(X,1X3,0.00625/Router,1.0)
IREGX=4;GRDPWR(X,1X4,0.0625/Router, 1.0)
IREGX=5 ;GRDPWR(X,IX5,0.0625/Router, 1.0)

Group 4. Y Grid
**NQO. OF CELLS IN THE WHOLE DOMAIN OF Y-DIRECTION

INTEGER(Y 1,1Y2)
IYi=14
1Y2=40
* RADIUS OF CYLINDER
* RINNER=0.075
* TOTAL NO. OF CELLS IN WHOLE DOMAIN OF Y-DIRECTION
NY=IY1+Y2
* NO. OF REGIONS IN Y-DIRECTION
NREGY=2
** First region covers near wall region. The number of cells
should be varied in order to find the best near
wall cell size that will give a reasonable value ofy+.
IREGY=1;GRDPWR(Y,IY 1,0.14* (Router-RINNER), 1.0)
** Second region invokes a uniform cell size over domain.
IREGY=2;GRDPWR(Y,1Y2,0.86*(Router-RINNER),1.0)
GROUP 5. Z-direction grid specification
GROUP 6. Body-fitted coordinates or grid distortion
GROUP 7. Variables stored, solved & named
NAME46)=BLOK ; NAME(47)=DEN 1 ; NAME(48)=PRPS

SOLVE(P1,U 1V 1,TEM 1,BLOK,DEN 1,PRPS)



STORE(ENUT,BLOK,DEN 1,PRPS)

CREATE STORAGE FOR SELF-DEFINED VARIABLES
C1=HEAT TRANSFER COEFFICIENT

C2=NUSSELT NUMBER

C3=STANTON NUMBER

* %k % %

STORE(C 1,C2,C3)
SOLUTN(P 1Y, Y, Y,N,N,N)
SOLUTN(U L,Y,Y,N,N,N,N)
SOLUTN(V LY,Y,N,N,N;N)
SOLUTN(TEM LYY, Y,N,N,Y)
* K-E TURBULENCE MODEL IS USED IN THIS CASE
TURMOD(KEMODL)

IVARBK=-1
1SOLBK=1

GROUP 8. Terms (in differential equations) & devices
DIFCUT=0.5

NEWRHI1=T
NEWENL=T

ISOLX=0;1SOLY=0;ISOLZ~0
GROUP 9. Properties of the medium (or media)

**Typicai thermophysical property data may be expressed as
the function of temperature within the range from
273 to 300 deg C as given below:

RHOI=1.177-((1.177-L284)*((300-(Tsurf+273))/(300-273)))
ENUL=1.568E-5-((1.568E-5-1.343E-5)*((300-(Tsurf+273))/(300-273)))
PRNDTL(TEMI)=0.707-((0.707-0.713)*((300-(Tsurf+273))/(300-273)))
PRT(TEM1)=0.9

GROUP 10.1nter-phase-transfer processes and properties

GROUP 11. Initialization of variable or porosity fields

** FOR THE FIRST RUN ONLY make initial guesses:
FIINIT(Ul) = Vexit/10.0 ; FIINIT(V]) = Vexit/50.0;
FIINIT(TEMI) = Tsurf ; FIINIT(P]) = Vexit*RHO 1/1000.0

FUNIT(EP) = EPSin/2 ; FIINIT(KE) = TKEin/2
FIINIT(BLOK) = 1.0
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** For RESTART runs tell PHOENICS to read data from PHI file
and invoke RESTRST(ALL) command
*FIINIT(U1) =READFI ; FIINIT(V]) =READFI
*FIINIT(TEMI) =READFI; FIINIT(Pl) =READFI
*FIINIT(EP) =READFI; FIINIT(KE) =READFI
*FIINIT(BLOK) =READFI
*RESTRT(ALL)

GROUP 12. Convection and diffusion adjustments

GROUP 13. Boundary conditions and special sources

** GFRAC = XFRAC(I-]), ie. the distance to the cell before last.
GFRAC=0

** Define jet inlet velocity**

** X1 denotes as the edge of the jet, then IX1 can be
set to any value, as long as it is defined as that value in
Group 1, and the following DO loop will work satisfactorily,
ie. A PATCH will be created for every 1X1. This would allow
you to define a non-uniform inlet velocity.

** Notice that the V velocity is defined as -V since the y
grid is measured from RINNER.

DO 11=1,1X1

** X velocity component of Vexit:
angU=XULAST*XFRACI)
Uin=Vexit*SIN(angU)

** Y component of Vexit:
IF(II.EQ.I) THEN
angV=0.5 *X ULAST*XFRAC(I)
ELSE
angV=angU-0.5*XULAST*(XFRAC(I)-GFRAC)
ENDIF
Vin=Vexit*COS(angV)

** Assuming turbulence intensity(TI)=1% of inlet velocity and
that TI is equal in three-dimensions ie. isotropic, then for
flow from Shaw (1992) :TKE=0.5(u'**2 + v'¥*2)

TKEin=0.5%((0.008*Uin)**2+(0.008*Vin)**2)

** EPSin BASED ON Lmix=0.1W, where W is jet width, according to
Launder and Spalding (1972, 1974).

EPSin=0.1643*(TKEin**1 .5)/(0.1*SLOTW)

INLET(JET:II: NORTH,:I1:,:11:,NY,NY, 1,1,1,1)
VALUE(JET:IL:,P 1,Vin*RHO 1)
VALUEWJET:II:,V1,-Vin)

VALUEWET:II:,U 1,Uin)
VALUEWET:II:,EP,EPSin)
VALUE(JET:II:,KE,TKEin)
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VALUEJET:II:,TEMLTin)
** Set GFRAC to be old value of circumferential(X) distance:
GFRAC-XFRAC(II)

ENDDO

** Set the cells near the jet exit to be wall cells, to approxi
the thickness of the nozzle.

PATCH(NOZZLE,NWALL,IX I+1,IX +1X2,NY,NY, 1,1,1,1)
COVAL(NOZZLE,U 1,FIXVAL,0.0)

COVAL(NOZZLE,V 1,FIXVAL,0.0)
COVAL(NOZZLE,TEM LFIXVAL,Tsurf)

** Set outlet boundary conditions
By using the SAME argument, we ensure that if there is any
inflow on these outflow boundaries, its properties will be
equal to the outflow (ie. will not be set to zero as default).

** Qutflow**: Upper entrainment boundary

PATCH(ENTRAIN,NORTH,IX 1+1X2+1,NX,NY,NY, L,I',1,1)
COVAL(ENTRAIN,P 1,FIXVAL,0.0)

COVAL(ENTRAIN,U 1,ONLYMS, SAME)
COVAL(ENTRAIN,V 1,0ONLYMS,SAME)
COVAL(ENTRAIN,EP,ONLYMS,SAME)
COVAL(ENTRAIN,KE,ONL YMS,SAME)
COVAL(ENTRAIN,TEM 1,0NEYMS,SAME)

** Downstream outlet

PATCH(OUTLET,EAST,NX,NX, L,NY, 1,1,1,1)
COVAL(OUTLET,PI ,FIXVAL,0.0)
COVAL(OUTLET,UL,ONEYMS,SAME)
COVAL(OUTLET,V 1,ONLYMS,SAME)
COVAL(OUTLET,EP,ONLYMS,SAME)
COVAL(OUTLET,KE,ONLYMS,SAME)
COVAL(OUTEET,TEMI,ONLYMS,SAME)

** Impingement surface

GRND?2 sets the logarithmic law-of-the-wall as defined in
Rosten and Worrell (1988):
PATCH(IMP,SWALL, 1,NX, 1,1,1,1,1,1)
COVAL(IMP,U 1,GRND2,0.0)
COVAL(IMP,V 1,GRND2,0.0)
COVAL(IMP,EP,GRND2,GRND2)
COVAE(IMP,KE,GRND2,GRND2)
COVAE(IMP,TEMI,GRND2,Tsurf)

EGWF=T
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GROUP 15. Termination of sweeps
LSWEEP=8000

RESREF(U 1)=1.E-8
RESREF(V 1)=1.E-8
RESREF(PI)=LE-8
RESREF(KE)= .E-8
RESREF(EP)=T.E-8
RESREF(TEM1)=1 .E-8

GROUP 16. Termination of iterations

GROUP 17. Under-relaxation devices

** ]t is necessary to start with FALSDT relaxation for the vectors
to allow them to fluctuate. Once stability has been obtained
then this can be changed to LINRLX for all variables.

RELAX(P1,LINRLX,0.1);RELAX(TEM1,FALSDT,0,1)
RELAX(U 1,FALSDT,0.1); RELAX(V1,FALSDT,0.1)
RELAX(EP,FALSDT,0.1 );RELAX(KE,FALSDT,0.1)

GROUP 18. Limits on variables or increments to them

GROUP 19. Special calls from EARTH to GROUND
ACOMMUNICATE WITH OWN GROUND.FOR PROGRAM

PATCH(HEATLOSS,SWALL,# LANREGX,# L# 1,4 1,#1,1,1)
COVAL(HEATLOSS,TEM 1,GRND, Tsurf)
“END

USEGRD=T

*COMMUNICATE WITH OWN GROUND.FOR PROGRAM
RG( 1)=Tin
RG(2)=Tsurf
RG(3)=GK
RG(4)=SLOTW
RG(5)=RH01
RG(6)=CP
RG(7)-Vexit
RG(8)=RINNER

*END

GROUP 20. Preliminary print-out

ECHO-=T
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GROUP 21. Print-out of variables

OUTPUT(PLY,Y,Y,Y,Y,Y)
OUTPUT(U 1,Y,Y,Y,Y,Y,Y)
OUTPUT(V1,Y,Y,Y,Y,Y,Y)
OUTPUT(ENUT,Y,Y,Y,Y,Y,Y)
OUTPUT(EP,Y,Y,Y,Y,Y,Y)
OUTPUT(KE,Y,Y,Y,Y,Y,Y)
OUTPUT(TEM 1Y,Y,Y,Y,Y,Y)
OUTPUT(BLOK,N,N,Y,N,N,N)
OUTPUT(DEN L,N,N,Y,N,N,N)
OUTPUT(PRPS,N,N,Y,N,N,N)

WALPRN=T
INIFLD=T

GROUP 22. Spot-value print-out

* MONITOR POINT IN X,Y,Z-PLANE
1XMON=12;1YMON=20;1ZMON=1

TSTSWP=-1

GROUP 23. Field print-out and plot control

* IXPRL VALUE IS CHANGED IF NX IS CHANGED

IXPRF=1 ;IXPRL=NX
IYPRF=1 ;IYPRL=NY
NXPRIN=1 ;NYPRJN=1
NPLT=20
1TABL=3
NUMCLS=6

GROUP 24. Dumps for restarts

SAVE=T
STOP
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E.2 Extract from GROUND.for for computing the heat transfer and flow
information

CFILE NAME GROUND.FTN--------=--=-=memem - 130995
SUBROUTINE GROUND
INCLUDE '/d_phoe22/d_includ/satear’

INCLUDE '/d_j>hoe22/d_jnclud/grdloc'

INCLUDE Vd_phoe22/d_includ/grdear’

INCLUDE Vd_phoe22/d_includ/grdbfc'

COMMON/GENI/NXNY,IGFIL 1(30),IPRL,IBTAU,ILTLS,IGFIL(15),ITEM 1,
1ITEM2,ISPH1,ISPH2,ICON LLICON2,IPRPS,IRADX,IRADY,IRADZ,IVFOL
COMMON/DRHODP/ITEMP,IDEN

CXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX USER SECTION STARTS:

C

C 1 Set dimensions of data-for-GROUND arrays here. WARNING: the

C corresponding arrays in the MAIN program of the satellite

C and EARTH must have the same dimensions.

PARAMETER (NLG=200, NIG=200, NRG=200, NCG=200)

C
COMMON/LGRND/LG(NLG)/IGRND/IG(NIG)/RGRND/RG(NRG)/CGRND/CG(NCG)
LOGICAL LG
REAL Tin,Tsurf, GK,GSLOTW,GRH01,GCP,GVexit, XCRAD,XRAD,XANGLE
REAL XRARCW,RAD
CHARACTER*4 CG

C

C2 User dimensions own arrays here, for example:

C DIMENSION GUH(10,10),GUC(10,10),GUX(10,10),GUZ(10)

C

DIMENSION GTEMP(200,200),GDIST(200,200), GHTC(200,200)
DIMENSION GNU(200,200),GST(200,200),GU1(200,200)
DIMENSION GV 1(200,200),GP 1(200,200), GEP(200,200)
DIMENSION GKE(200,200),XCRAD(200,200),XRAD(200,200)
DIMENSION RAD(200,200),XANGLE(200,200),XRARCW(200,200)

C3 User places his data statements here, for example:

C DATA NXDIM,NYDIM/10,10/

C

C4 Insert own coding below as desired, guided by GREX examples.
Note that the satellite-to-GREX special data in the labelled
COMMONS /RSG/, 1SG/, /LSG/ and /CSG/ can be included and
used below but the user must check GREX for any conflicting

uses. The same comment applies to the EARTH-spare working
arrays EASP1, EASP2,....EASP20. In addition to the EASPs,
there are 10 GRound-earth SPare arrays, GRSP1,....GRSP10,
supplied solely for the user, which are not used by GREX. If
the call to GREX has been deactivated then all of the arrays

may be used without reservation.

oNoNoNoNoNoNoNoNoNe!

EQUIVALENCE (Tin ,RG(1))
EQUIVALENCE (Tsurf,RG(2))
EQUIVALENCE (GK ,RG(3))
EQUIVALENCE (GSLOTW ,RG(4))
EQUIVALENCE (GRHOI ,RG(5))
EQUIVALENCE (GCP ,RG(6))
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EQUIVALENCE (GVexit,RG(7))
EQUIVALENCE (GRINNER,RG(8))

IXL=TABS(IXL)
IFIGR.EQ.IS) GO TO 13
IF(IGR.EQ.19) GOTO 19
GO TO (1,2,3,4,5,6,25,8,9,10,11,12,13,14,25,25,25,25,19,20,25,
125,23,24),IGR
25 CONTINUE
RETURN

C
C— GROUP 1. Run title and other preliminaries
C

1GO TO (1001,1002,1003),ISC

C *e—— GROUP 1 SECTION 3
C— Use this group to create storage via GXMAKE which it is not
C necessary to dump to PHI for restarts
C
1003 CONTINUE
GO TO 25

C
1001 CONTINUE
¢ CALL MAKE(DYV2D)
CALL MAKE(DYG2D)
¢ CALL MAKE(DXG2D)
CALL MAKE(XG2D)

User may here change message transmitted to the VDU screen
IFAIGR.EQ.LAND.ISC.EQ.]) THEN
CALL WRYT40('PHOENICS VERSION NUMBERIS : 2.2 )
CALL WRYT40('GROUND CALCS HEAT TRANSFER COEFFICIENTS.
ENDIF

oNoNoNoNoNoNe!

RETURN
1002 CONTINUE
RETURN
c
C— GROUP 2. Transience; time-step specification
C
2 CONTINUE
RETURN
N e
c
C— GROUP 3. X-direction grid specification
C
3 CONTINUE
RETURN
C
C— GROUP 4. Y-direction grid specification
C
4 CONTINUE
RETURN

C %k % ko kR ok K R R K R R K K R R R R R R K K R R R R R R R R R K K K R R R R Rk R R R K K K R R R R R K R R R K K K R R
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C
C— GROUP 5. Z-direction grid specification
C
5 CONTINUE
RETURN

C
C— GROUP 6. Body-fitted coordinates or grid distortion
C
6 CONTINUE
RETURN

C * Make changes for this group only in group 19.
C— GROUP 7. Variables stored, solved & named

C

C— GROUP 8. Terms (in differential equations) & devices

C
8 GO TO (81,82,83,84,85,86,87,88,89,810,811,812,813,814,815,816)
use

81 CONTINUE
c * SECTION 1
C For UT1AD.LE.GRND— phase 1 additional velocity. Index VELAD
RETURN
82 CONTINUE
Cc *-— w——————-SECTION 2

C For U2AD.LE.GRND— phase 2 additional velocity. Index VELAD
RETURN
83 CONTINUE
C ¥ e SECTION 3
C For VIAD.LE.GRND— phase 1 additional velocity. Index VELAD
RETURN
84 CONTINUE
c * SECTION 4
C For V2AD.LE.GRND— phase 2 additional velocity. Index VELAD
RETURN
85 CONTINUE
C ¥ SECTION 5
C For W1 AD.LE.GRND— phase 1 additional velocity. Index VELAD
RETURN
86 CONTINUE
¢ *---—m——- SECTION 6
C For W2AD.LE.GRND— phase 2 additional velocity. Index VELAD
RETURN

87 CONTINUE
C ¥ e SECTION 7 — Volumetric source for gala
RETURN
88 CONTINUE
C * e SECTION 8 — Convection fluxes

C— Entered when UCONYV =.TRUE.; block-location indices are:
LD11 for east and north (accessible at the same time),
LD12 for west and south (accessible at the same time),
LD2 for high (which becomes low for the next slab).
User should provide INDVAR and NDIREC IF's as appropriate.
RETURN

89 CONTINUE

C ¥———— SECTION 9 — Diffusion coefficients

aaaan
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C— Entered when UDIFF = TRUE.; block-location indices are LAE

C for east, LAW for west, LAN for north, LAS for
C south, LD11 for high, and LD11 for low.
C User should provide INDVAR and NDIREC IF's as above.
C EARTH will apply the DIFCUT and GP12 modifications after the user
C has made his settings.
C
RETURN
S10 CONTINUE
C * - SECTION 10 — Convection neighbours
RETURN
811 CONTINUE
C ¥ SECTION 11 — Diffusion neighbours
RETURN
812 CONTINUE
C *e————e SECTION 12 — Linearised sources
RETURN
813 CONTINUE
C *——————— SECTION 13 — Correction coefficients
RETURN
814 CONTINUE
C *e————e SECTION 14 — User's own solver
RETURN
815 CONTINUE
C Fe———————— SECTION 15 — Change solution
RETURN
816 CONTINUE
cC * SECTION 16 — Change DVEL/DPs
RETURN

C

C * See the equivalent section in GREX for the indices to be
C  used in sections 7 - 16
C
C

* Make all other group-8 changes in GROUP 19.

(@]

C— GROUP 9. Properties of the medium (or media)

The sections in this group are arranged sequentially in their
order of calling from EARTH. Thus, as can be seen from below,
the temperature sections (10 and 11) precede the density
sections (1 and 3); so, density formulae can refer to
temperature stores already set.
9 GO TO (91,92,93,94,95,96,97,98,99,900,901,902,903,904,905),ISC

oNoNoNoNoNe!

900 CONTINUE

¢ * -—————————-SECTION 10
C For TMP1.LE.GRND phase-1 temperature Index TEMPI
RETURN
901 CONTINUE
¢ *----—-——-—-—- SECTION 11
C For TMP2.LE.GRND phase-2 temperature Index TEMP2
RETURN
902 CONTINUE
C F e SECTION 12
C For ELI .LE.GRND-—--——-- phase-1length scale Index LEN1
RETURN
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903 CONTINUE

c * SECTION 13
C For EL2.LE.GRND-—-—-- phase-2 length scale Index LEN2
RETURN
904 CONTINUE
¢ *-—————————SECTION 14
C For SOLVE(TEM 1)-—— phase-1 specific heat
RETURN
905 CONTINUE
c *--————————-SECTION 15
C  For SOLVE(TEM2)-—— phase-2 specific heat
RETURN
91 CONTINUE
c * SECTION 1
C For RHO1.LE.GRND— density for phase 1 Index DEN 1
RETURN
92 CONTINUE
c * SECTION 2
C For DRHIDP.LE.GRND— D(LN(DEN))/DP for phase 1
C Index D1DP
RETURN
93 CONTINUE
c * SECTION 3
C For RH02.LE.GRND— density for phase 2  Index DEN2
RETURN
94 CONTINUE
c * SECTION 4
C For DRH2DP.LE.GRND— D(LN(DEN))/DP for phase 2
C Index D2DP
RETURN
95 CONTINUE
C ¥ SECTION-5
C For ENUT.LE.GRND— reference turbulent kinematic viscosity
C Index VIST
RETURN
96 CONTINUE
C  F e SECTION-6
C For ENUL.LE.GRND— reference laminar kinematic viscosity
C ! Index VISL
RETURN
97 CONTINUE
C ¥ e SECTION 7
C For PRNDTL( ).LE.GRND— laminar PRANDTL nos., or diffusivity
C Index LAMPR
RETURN
98 CONTINUE
C ¥ e SECTION 8
C For PHINT( ).LE.GRND— interface value of first phase
C Index Fill
RETURN
99 CONTINUE
C ¥ SECTION 9
C For PHINT().LE.GRND— interface value of second phase
C Index FII2
RETURN

K K R kK kR R R ok ok ok ok ok kR R ok R R ok R ok ok ok ok ok ok Rk ok ok R ok sk R kR ok ok ok ok ok R ok Rk ok R ok R ok ok ok ok ok ok R kR kR R Kk

C
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C— GROUP 10. Inter-phase-transfer processes and properties
C

10 GO TO (101,102,103,104),ISC

101 CONTINUE

¢ *-————————— SECTION 1 -
C For CFIPS.LE.GRND— inter-phase friction coeff.
C Index INTFRC
RETURN
102 CONTINUE
C ¥ - SECTION 2
C For CMDOT.EQ.GRND- inter-phase mass transfer Index INTMDT
RETURN
103 CONTINUE
C F SECTION 3
C For CINT( ). EQ.GRND— phase 1-to-interface transfer coefficients
C Index COI1
RETURN
104 CONTINUE,
Cc *-——————-— SECTION 4
C For CINT().EQ.GRND— phase2-to-interface transfer coefficients
C Index COI2
RETURN
C
C— GROUP 11. Initialization of variable or porosity fields
C Index VAL
11 CONTINUE
RETURN
C
C— GROUP 12. Convection and diffusion adjustments
C
12 CONTINUE
RETURN
C
C— GROUP 13. Boundary conditions and special sources
C Index for Coefficient - CO
C ' Index for Value - VAL
13 CONTINUE

GO TO (130,131,132,133,134,135,136,137,138,139,1310,
11311,1312,1313,1314,1315,1316,1317,1318,1319,1320,1321),ISC
130 CONTINUE
(O ———— SECTION 1 - coefficient = GRND
IF(ISWEEP.NE.LSWEEP-1) GOTO 131
OPEN(UNIT=20,STATUS-UNKNOWN"FILE-ALL.DAT)

IF(NPATCH.EQ."HEATLOSS’) THEN
IFINDVAR.EQ.ITEM 1) THEN

CALL GETYX(C 1,GHTC,200,200)
CALL GETYX(C2,GNU,200,200)
CALL GETYX(C3,GST,200,200)
CALL GETYX(ITEM 1,GTEMP,200,200)
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CALL GETYX(DYG2D,GDIST,200,200)
CALL GETYX(XG2D,RAD,200,200)
CALL GETYX(U1,GU1,200,200)

CALL GETYX(V1,GV1,200,200)

CALL GETYX(P1,GP 1,200,200)

CALL GETYX(EP,GEP,200,200)

CALL GETYX(KE,GKE,200,200)

ENDIF
ENDIF
WRITE(20,1199)
1199 FORMATCIX7 XCRAD XRAD 7 XANGLE',
1 1 XRARCW7 GHTC7 GNU’,
1" GST7 GUI 7 GVI',
1" GP1 7 GEP 7 GKE
1" GTEMP")
DO 1Y=1,NY
WRITE(20,1990)1Y
1990 FORMATCIY="I3)
DO IX=1,NX
XCRAD(IY,IX)=RAD(Y,IX)
IF(IX.EQ.]) THEN
XRADIY,IX)=2*RAD1Y,IX)
XRARCW(IY,IX)=(RG(8)/RG(4))*XRAD1Y,IX)
ELSE
XRADIY,IX)=2*RADIY,IX)-XRAD(Y,IX-1)
XRARCW(IY,IX)=(RG(8)/RG(4))*XRADIY.,IX)
ENDIF
XANGLE(QY,IX)=(XRAD(1Y,IX)/3.141592654)* 180
WRITE(20,1200)IX,XCRAD(Y,IX),XRAD(Y,IX),XANGLE(Y,IX),
1 XRARCW(Y,IX),GHTC(Y,IX),GNU(IY,IX),GST(IY,IX),GU1(1Y,IX),
1 GVIQY.IX),GP1(1Y,IX),GEP(IY,IX);GKE(Y,IX),GTEMP(Y.,IX)
1200 FORMAT(3,’'F10.6, ' F10.6, \F8.4,”\F8.4,"",
1 F12.4, 'F124, ''F14.6,”'F12.4,°\F14.6,",
1 FI2.4, 'F14.4, 'F12.4,' ° F12.4)
ENDDO
ENDDO
RETURN
131 CONTINUE
-------------------- SECTION 2 coefficient = GRND1 '
RETURN
132 CONTINUE
-------------------- SECTION 3 coefficient = GRND2
RETURN
133 CONTINUE
-------------------- SECTION 4 coefficient = GRND3
RETURN
134 CONTINUE
-------------------- SECTION 5 coefficient = GRND4

171

Appendix E



Appendix E

135 CONTINUE

C SECTION 6 - coefficient = GRND35
RETURN
136 CONTINUE
(O ———— SECTION 7 coefficient = GRND6
RETURN
137 CONTINUE
(O — SECTION 8 coefficient = GRND7
RETURN
138 CONTINUE
Commmmmmmm e SECTION 9 coefficient = GRNDS8
RETURN
139 CONTINUE
(O ———— SECTION 10 coefficient = GRND9
RETURN
1310 CONTINUE
(O ——— SECTION 11 coefficient = GRND10
RETURN
1311 CONTINUE
C == SECTION 12 value - GRND
RETURN
1312 CONTINUE
c SECTION 13 value = GRND1
RETURN
1313 CONTINUE
c SECTION 14 value = GRND2
RETURN
1314 CONTINUE
c SECTION 15 value - GRND3
RETURN
1315 CONTINUE
C SECTION 16 value = GRND4
RETURN
1316 CONTINUE
Crmmmmmm e SECTION 17 value = GRND5
RETURN
1317 CONTINUE
c SECTION 18 value = GRND6
RETURN
1318 CONTINUE
C SECTION 19 value = GRND7
RETURN
1319 CONTINUE
o] SECTION2 0 e == — value = GRNDS
RETURN
1320 CONTINUE
c SECTION 21 --—-—--—-————————value = GRND9
RETURN
1321 CONTINUE
o] SECTION 2 2 -=—=-====meem———-value = GRND 10
RETURN
C
C— GROUP 14. Downstream pressure for PARAB=.TRUE.
C
14 CONTINUE
RETURN
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C* Make changes to data for GROUPS 15, 16, 17, 18 GROUP 19.

C

C— GROUP 19. Special calls to GROUND from EARTH

C
19 GO TO (191,192,193,194,195,196,197,198,199,1910,1911),ISC
191 CONTINUE

7 R — SECTION 1— Start of time step.
RETURN
192 CONTINUE
C F e SECTION 2 — Start of sweep.
.RETURN
193 CONTINUE
[ O SECTION 3 — Start of iz slab.
RETURN
194 CONTINUE
C  ® e SECTION 4 — Start of iterations over slab.
RETURN
1911 CONTINUE
C ¥ e SECTION 11— After calculation of convection
C fluxes for scalars, and of volume
C fractions, but before calculation of
C scalars or velocities
RETURN
199 CONTINUE
Cc = SECTION 9 — Start of solution sequence for
C a variable
RETURN
1910 CONTINUE
[ @ — SECTION 10— Finish of solution sequence for
C a variable
RETURN
195 CONTINUE
C % -~ SECTIONS5— Finish of iterations over slab.
RETURN
196 CONTINUE
[ O — SECTION6— Finish of iz slab.
RETURN
197 CONTINUE
[ O — SECTION7— Finish of sweep.
RETURN
198 CONTINUE
[ O — SECTION8— Finish of time step.
C
RETURN
C
C— GROUP 20. Preliminary print-out
C
20 CONTINUE
RETURN
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C* Make changes to data for GROUPS 21 and 22 only in GROUP 19.

c
C— GROUP 23. Field print-out and plot control
23 CONTINUE
RETURN
)
o
o— GROUP 24. Dumps for restarts
o
24 CONTINUE
END
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