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ABSTRACT

. The object of thévprésent study was to compare the

~effect of various factors. on the local heat ‘transfer

SN—

-

distribution around.an isothermal cylinder in crossflow.

a “ . r

To this end, a laboratory apparatus onstructed to
determine the loc%l\Nusselt number and ifs distribution
around: a cylinde;. Tests~ ﬁ?wev performedv -Reynoldsv 
numbefs of 40 OOO; 80 C{0, and 120 000 to determine the
ihfluenée of three sizes of surfacé roughness, aé well as
the inf&uence of water spfa? cooling with various
airstream liquid ‘water contents. The results pf tests
performed by gthers examkning "the effecti of free stream
turbulence and crOSSuSectipnal shape on the average heat
transfer were also examined. )

Exposing a cyi}nderVLO water spray cooling results
in the largest increase 1in average heat transfer around
the upstream side of a cylinder. Althoug% heat transfer
coefficients up to 3Q times higher than those for single
component (air) flow «can be obtained with high liquid
water contents, the measured increase can be explained or
predicted using evaporation,ycoﬁveétion, and other héat
transfer terms contained in é surface energy balance, ﬁ No
o‘hebu;iechaniém for enhanced heat transfer occurs with
water spray cooliné,

Free stream turbulence and croés—sgctional shape

both exhibited the smallest influence on the average heat

iv
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transfer. A rime “icing shape .produced the lérgest
increase (22%) in/ average heat transfer  over the
Torresponding heat !pralsfer from a smooth, circular
cylinder. yFree’ stream tﬁrbulence, with turbulent
intensities up to 57, can also increase the avefage heat
transfer by approximately QOZ. fo 30%. ., This measured
increase is virtually unifgfm- o&er éhe perimeter of the
cylinder for the fegidh. 00. to SOOI%rom the stagnation
line. |
s ‘ N .

It was difficult to establish the relative effect

of surface roQghhess, dueito the limited range of Reynolds
& . e

numbers exam}ned in the preséhf‘ study. Roughness
parameters, such as the _size, ne, and surface
distribution df‘roughness elemengi, alsb differed between
gtudies,'(iprecluding, any | genéralizations'-‘about’ the
influence of roughness. Results by o&hers suggest that
the effect of surface roughness may produce the largest
increase in the heat transfer distribution around ';
cylinder, wespecially at higher Reynolds numbers. To
determiﬁe the relative contribution of roughness in an
iq;ng‘model,‘more tests should be conducted using surfaces
‘which more accurately simulate the rough surfaces
assoclated witﬁiatmospheric icing. The rénge of Reynolds
nambers examined shoﬁld also be ‘restricted. to the
conditions expected for the particﬁlér type ' of icing being
modelled.

.
An analysis of the data obtained for all water .



. *,
spray tests, conducted for the present study, indicated
that the. horizontal distribution of yatér 'spray was not
uniform across Lhé test ‘gection. Calqalations comparing
the evapo;éervg mass flux with the mass influx of’ wa&g;
Proplets impacting on the m%ﬂel fndicated that the data
obtained for the measured 1liquid water contents may be
que;£ionable. A variation 1in water content along the
horizontal length of the test model heaters would produce

lower average li»rid water —contents than reported in the

present study.

. &t
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_ ’ . Units
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thermal diffusivity. | [(m2/s] -
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adjacent heaters. ‘ [m]

" specific heat capacity at constant

pressure. [J/kg-K]
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-diffusivity of water vapour in air. ‘ ‘
(Appendix F) : . [m2/s]
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mass transfer coéfficient. jg”' [m/s]
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-

numerical grid coordinate in the radial "direction.

numerical grid coordinate in the

circumferential (y) direction. - . W%E;
thermal conductivity. J [W/m-9C]
conductivity of epoxy. (Appendix D) [W/m-°C]
thermal conductivity of epoxy. - v [W/m-OC]
thermal conductivity of foam. ' ‘[W/m-OC]
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Re

RH

Pvs

Pva

Units

latent heat of vaporization. ’ [J/Rg]
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liqhid wéter céntenf in the airstream. ‘ [g/mg]
positiVeu:ootstf equation 3.3 dimensionless
mass flux per ﬁnit time. ) [kg/s]
mass. ‘M”M/s | [kg ]
molecular weight. - ‘ "v [g/mol]"
specific volume. | ' [m3/kg]
Nusselt nﬁmuér. dimensionless
Prand£1 number for air. dimensionless
partiai“pressure. . ‘ [Pa]
-electrical power. ' [W]
-air pressure. ' [Pa]
heat flux. - [W]

heat flux (total or per unit area). [W] or [W/m2]

‘.—electriéal resistance. ) [ohms ]
-universal gas constant. = 8.31441 [kJ/kg-K]A
Reynolds number. ' dimensidnless~
relative humidity. dimensionless fraction

specific gas constant for water vapour. [J/kg-X]
specific gas constant for dry air. o . [J/kg-X]

water vapour density at the cylinder

surface temperature. [kg/m3]
water vapour density at ambient

air temperature. [kg/m3]
density. - o [kg/m3]

Xv
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Sxmbol Units
© Sc Schmidt number for water vapour in air.
dimensionless
T temperature. - : : : [oC]
T, temperature normalized with respect to
ambient temperature. (T - T,) [oC]
up mean velocity. ' : [m/sj
v air velocity. o ' - [m/sj
V‘ total volume. | " [m3]
W Rumidity ratio. dimensionless
‘% mole fraction, dimensioﬁless
X coordinate in the radial direction. (Appendix D)
y coordinate in the circumferential
direction. (Appendix D)
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stagnation point non-dimensionalized by .
dividing by the diameter D. dimensionless
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. sen sensible heating compoﬁent per unit areéx
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total totai conditions.
g local position (angle) on the cylinder measured
from the stagnation line.
a ambient air.
c convective component. .
d dry air.
e evaporative compoﬁent.
gap region between beaters at the cylinder surface.
h clectrical heater on the cylinder. 
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CHAPTER 1

INTRODUCTION

“y

4

1.1 Background Information \>
A field of étudy receiving increasing attention in

recent years 1is the’.prediction of atmospheric ‘ice
‘

accretion on surfaces. Atmospheric idcing occurs‘when

supercooled water droplets, sSuspended in the air, imgact

on a surface wh;ch is colder than the freezing point of

water. The wager droplets may be suspended in the air in

<

the form of a cloud or generated by the wind as in sea

spray. Significant accumulations of ice <can occur on
ships, off-shore structures, power lines, etc. causing
structural damage. Helicopters and small aircraft are

especially susceptible to icing problems since thgy fly at
lower altitudes where they «can be exposed to ice clouds.
A knowledge wvf the anticipated additional loéding.due to
ice accumulation "must be incorporated into the initial
design to avoid these potential problems.

| Several attempts have been made to model the icdf'
accretion process on structu{eé.to provide preeictions or\\\

, 3\
estimates of the increased loads and the effects of these

,

loads. Computer programs have been developed for
helicopter blades (Stallabrass, 1957, Cansdale and Gent,
1983) and airfoils (Lozowski';nd Oleskiw, 1981); however,
mosf of the current work is concentrated on modelling ice

1



accretion on circularicylinders. Cylinder icing has been
investigated by'Lozowski, Stallabrass and.Hearty (1983i,
Makkonen (1981, 1984), Ackley and Templeton (1979), and
McComber (1982).

An  analytic icing model is comprised of two
distinct components. One éomponent is purely dynamical,
dealing with the airflow around the body;' droplet
trajectories, and the physics of impacting drops such as
deformation and splashiné. The oLher component accounts
for the thermodynamics occdring at the surface, and 1is
-necessary to determine the local rate . of ice accretion.
In the icing models, a steady state energy balance is
carried out at the surface to determine the fraction of

. \
the impinging water that freezeg. This. energy balance -is
comprised of many diffegent terms (Lozowski, et. al.,-
A1983)‘inc1uding radiative, convective, and conductive heat
flux from the accretion to the airstream, evaporative heat
flux; latent heat flux to the accretion due to freeéing of
some, or all, of the impinging water, and the sensible
heat transfer between the impinging droplets and the
surface. If the surface energy balance predicts that all
the impinging water will freeze, the freezing fraction is
equal' to one. In this -~ case, the local rate qf'ice
‘accretion can easily be determiﬁed by uéing the local
impingement parameters. However, if ail the impinging
water does not freeée, the accretion is said to be "glaze"

"

or wet"

icing and a " liquid layer will form at the

o
o



surface. In this case the surface temperature is assumed
to be 00C, and the énergy balance then provides the
freezing fraction and the local ice accretion rate.

Jt is not necessary to account for every term in
the surface eﬁergy balance to obtain a good estimate of
the local ice accretion rate. In mosf icing <conditions,

the important terms in the energy balance are the

J

evaporative and convective terms.

The magnitudes o¢f the evaporation and convection
terms are directly dependent on the value of the local

convective heat transfer coefficient (h) at the surface,

s >

since Dboth terms are a linear functiqn of this
coefficient. A measure of the local heat transfer
coefficient and its distribution around a cylinder orr
profile is therefore required in an icing model to
accurately predict the local icing rate on a body. In
some systems the  quantity "h" can be calculated
analytically; -however, for most situations the = heat

b

transfer coefficient must be determined experimentally.

In order to make an icing model time dependent it

“is also important to account for any new surface or flow

conditions which may influence the magnitude or
distribution of the heat transfer coefficient at the
surface. The introduction of water spray into the
airstream and the presence of a 1liquid layer on the
surfage have been shown to greatly alter the heat traqsféf

distribution around a cylinder (Hodgson, et. al., 1968,
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Saterbak, 1967)1 Two other factors which also influence
the heat transfer are crossisectional shape and surface
roughness, As ice accumulates on a cylindef, the
cross-section of the profile deviates further and further
from a smooth circular cylinder. The %urface may remain
smooth or it may become very irregular and rough. The
presence of a rough surface can influence the iocal heat
transfer by changing the point at which the bound% y. layer
undergoes transition from 1;£inar to turbulent, é‘ow;“No

literature is available which <compares the combined or

| o
transfer from a cylinder. The relative effects of

piv

influence on the heat transfer distribution.
ice accretion rate, predicted by models incorporating a
surface energy balance calculation, may be in error if the
influence of these factors is not accounted for.
Therefore, an understarding of which factors have the
largest influence on the loqal heat transfer distribution
would increase the accuracy of many icing mode s presently

being developed.

1.2 Influence of Free Stream Turbulence

’

The level of free stream turbulence present in the
air stream can influence the heat transfer distribution

around a cylinder. No experiments were conducted in the
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present study to examine the effect of turbulence on the
heat transfer dispribution; however, the results of tesls
conducted by others are presented here.

Seban (1960) studied the effect of screen induced
free stream turbulence on" the local heat transfer
distribution around 32 mm and 48 mm diameter cylinders.
The turbulencé was induced using a 6 mm ‘screen mesh which
produced a scale of turbulence of(approximately 4 mm.
This size screen only produced Lurb'lent intensities as
high as 1.6% at 46 m/s. Although seban noted unusually
high turbulent intensities in his «clear wind tunnel

2

without any screens, his results indicate a definite
increase in the heat transfer in the‘region of laminar
flow. The maximum heat transfer occured at the stagnation
point and d;creased with position from the stagna%}on
ling. Seban conclﬁded that, although the heat Lransfe£ is
sensitive to variations in turbulence, only a slight
increase in free stream turbulence over the clear tunnel
value was required to increase the stagnation heat
tra;sfer by approximately 307. Thereafter, the heat
transfer increaseq only slightly wheg additional
turbulence was introduced into the test section.
Examination of data obtained by Seban showed that the
average heat transfer over the entire front face of the
cylinder increased by approximately 207 due to free stream

turbulence. This calculation was based on data obtained

over a range of Reynolds numbers‘érom 137 000 to 214 000.
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The influence of free stream turbulence on the heat

transter from an isothermal cylinder was also investigated
by Boulos and Pei (1974), Their results for three
“different levels of turbulence at a Reynolds number of

5300 are presented in Figure 1.1. The exact solution of

the laminar boundary layer equations for a cylinder with

no free stream turbulence (Frossling, 1958) is also
plotted in Figure 1.1, The results also indicate a
definite increase in the heat transfer immediately
downstream of .the stagnation point. The average heat

transfer for the region 0° to 60° from the stagﬁétion line
incroased by approximately 257 for a turbulence level of
5.287%. The stagnation line heat transfer increased
approximately 327 for this level of turbulence.

‘Boulos and Pei also conducted tests to determine
the inflﬁence of Reynolds number on the stagnation line
heat transfer for turbulence levels between 17 and 6%.
They found that the stagnation Nusselt number varied
linearly with Reynolds number with a positive slope of
0.5. This was based on data obtained at three Reynolds
numbers between 3000 and 9000, -

Tests were also performed by Van Fossen, et. al.
(1984) to study the influence of free stream turbulence on
the heat transfer from a circular cylinder. Heat transfer
tests, performed over the range of Reynolds numbers from

50 000 to 180 000, indicated that a 3.5% turbulence level

with a scale of 1 cm produced a 337 increase in average

6
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Figure 1.1 The influence of free stream turbulence on

the local Nusselt number around a cylinder
for various turbulence levels at Re= 5300.
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heat transfer for the region 09 to 50° from the stagnation
linc. Local measurements made by Van Fossen showed that
the increase in heat transfer was virtually uniform around
the perimeter of the cylinder for the region specified.
The results due to Seban (1960), Van ?Fossen.
et. al. (1984), and Boulos and Pei (1974) confirm that the
average heat transfer from a cylinder will increase by

approximately 20%Z to 3072 due to the influence of free

stream turbulent intensities up to 5%.

1.3 Influence of Cross-sectional Shape

" The local heat transfer distribution around
irregular cylindrical shapes has been investigated by Van
Fossen, et. al. (1984), and Arimilli, et. al. (1984). The
results due to Van Fossen are presented in‘ Figure 1.2.
The irregular cross-sections shown in Figure 1.2‘ are
typical of shapes obtained by accreting ice on a «circular
cylinder. The shapes correspond to 2 minute, 5 minute,
and 15 minute accumulations of icéxfin an ;cing wind
tunnel. )
The data plotted in Figure 1.2 was obtained at a
Reynolds number of approximately 136 000. It is evident
that the local heat transfer distribution around the
cylinder 1is a?tremely sensitive to the cross-sectional

shape. In order to effectively evaluate the influence of

shape, the Everage heat transfer for the region 00 to 65°

from the stagnation line was plotted versus the Reynolds

H



NUSSELT NUMBER

. ANGLE

'S

typical

>
o Wl
) -
o ~
o l
O ;
3 ! B T
2 fih SR U A
TN 4 V/r g
§ S - % %
1 // ‘ - ’ l{(/ . v\\q_//
o e o f oo /‘
QTS T 4L 7
< R s ‘
o ‘ ;\ , ) :
0 : :
5 | | AIRFLOW
S (/ / Rl A (typical) ~
o ’\ /\\_ ) ) S ¢ "
2= K‘ 17 N2
o 7 ' ,
O-
(o]
®] L
10 LEGEND _
N O0=2 min. Glaze, Re=136000
o . B =5 min. Glaze, Re=138000
3 (773 V7. A =15 min. Glaze Re=136000
- C=15 min. Rime, Re=138000
=
wn ~
‘o . — o p— — :
0 10 20 30 40 60 . 60 70 80 90
(degrees) o

ice dccretion

Figure 1.2 Heat transfer distributions around

shapes.

© . (Van Fossen, et. al., 1984)

~ : P



number for each micing shape. The results from tests
performed over a’ range of Reynolds numbers from 50 000 to
180 000 are plotted 1n Flgure 1.3. VFigure 1.3 shows data

obtained for each icing shape as well as a smooth aircular

cylinder. The average heat transfer for the smooth

tircuiar cylinder was cons1§WEnLly higher than both the

-~

“ o

.

5 minute and 15 minute glaze',};e shapes at all Reynolds
numbers. |

At a dReynolds numberfdgf %50§%g%,'othere . was no
‘ lr'ansfe-‘r compar‘* with

circular cylinder. results for eithe? the 2 minute glaze or

noticeable increase in average heat t

15 minute rime icing shapes. Results indicated the
average heat transfer .for .the region 009 to 65° from the
stagnation line decreased by up to 20% with the 5 and 15

minute rime dicing shapes; however, these Shapes showed

little or no difference from smooth cylinder heat transfer |

1

at the highest Reynolds number tested. The 15 minute rime
ice shépo exhibited the highest inorease in@a‘Frage_ heat
transfer forithe entire range of ngnolds numbers tested.
A 22% average increase ‘was obtained for this 'shape for the

range of Reynolds numbers between 50 000 and 180 000.

10
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1.4 Present Investigation

The purpose ‘of the present investigation was to
compare the relative effects of the féllowing foﬁr factors
on the local heat transfer distribution around an
isothermal cylinde;:

1. Water spray cooling.

2., Surface roughness.
3. Cross-sectional shape.
4 ree stream turbulence.
The re. .ive magnitude of the influence of each factor was

examined to determine which \factor or factors have ‘the
largest effect on the heat transfer distribution.

A test «cylinder was constructed for the present
study to expefimeﬁtally determine tHe influence of water

i
spray cooling and surfacq@ roughness ,“on the local heat

transfer distribution around.a cylinder for the isothermal

region 09 to 90° from the stagnation line. Results of
“tests conducted by others were also included to compare
the effects of free stream turbulence and <cross-sectional
shape.

It has been suggested that the relatively large

heat transfer rates associated with water spray cooling

. . e
can not be predicted simply using terms contained in a

standard surféce ‘heat balance foamulation such as
evaporation, convection, and gﬁPsible heat. transfer.
. fhj'

Another objective of the present investigation was to

determine if an additional heat transfer mechanism occurs

v
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in two component'(watef—in:air) flow due to splashing into
a liquid‘layer on the surface. Results are presented as
the local Nusselt number versus the aﬁgle from the
stagnation line. Tﬁe effect of Reynolds number on the
average Nusselt nﬁmber is also presented for some data.
Noﬂ attempt was made to produce <correlations for the
results obtained in this study.

Conclusions and recdmmendations for further study

are included in Chapter 6.

13



CHAPTER 2
H4

EXPERIMENTAL APPARATUS AND TEST PROCEDURE

-
i\

All heat transfer tests were conducted in the FROST

2.1- The FROST Icing Wind Tunnel

icing wind tunnel located in the Mechanigal Engineering
Bﬁilding at the University of Alberta.\b FROST is an
acronym for Fundamental Research ~on Solidification and
Thawing.' A schematic of  the FROST tunnel is shown in
Figuré 2.1. -

The FROST tunnéi is a closed loop wind tunnel with
a direct drive akial flow fan driven by a 22 kW constant
speed electric motor. The fan (model V 421 - X 42) was
.designed by .AEROVENT FAN Co., Inc., Pigua, tho, U.S.A.
and manufactured under license by POWLESLAND ENGINEERING
LTD., WoodBridge, Ontario. Air speed can be varied from
10 m/s to 40 m/s by ‘adjusting a SeF of. ﬁotorized dampefs
mounted directly upstream of the fan.

The air in thé‘wind tunnel can be cooled down to
-159C if cold air temperatures‘are required. Cooling 1is
provided by a 30 kW refrigeration system connected to
cogling coils mounted in_ the tunnel. The refrigeration
equipment was ﬁot utilized during any tests in this study
sinée all tests were conducted with ‘ambient air at room
temperature. |

A 16:1 area contraction rgtiovacéélerates the air

14
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entering the high velocity test section - (see Plate 2.1).
The test section has an octagonal cross-section with a
width of 460 mm. Siﬁgle component air temperature in the
test section was measured using - a coppef;constantan
?hermocouple mountedl335 mm downstream of thé model. To

monitor the temperature with the spray nozzle operating, a
, SR gt

copper-constantan thermocouple was mounted upstream of the

Y

spray nozzle in the low velocity section of the wind

tunnel.

21
e

The velocity in the.gest sectio% was determined by
measuring the static pressure drop across the contraction
‘entering the test se}tion. The methodfused to establish
the aif vélocity is discussed in detail in Section 2.5.2
entitled "Air velocity measurement".

‘Tests were conducted by Sroka (1972) to detérmine
the velocity ﬁrofile in the working section of the wind
tunnel. His tests indicated .a uniform velocity profile
over the working range of ’the tunnel with less than 0.2%
variation from the mean velocity ét 40 m/s. Sroka also
determined the turbulence intensity at the centreline of
the working section using a constant tempefature hot wire
anemometer. The turbulence intensity was found to be
between 0.037 - 0.08%Z over the working range of the

tunnel.

2.2 The Test Model

All heat transfer tests in this study were carried

16



Plate 2.1 Photograph of the wind tunnel
test section and associated
test instrumentation.
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out using a 60 mm diameter. foam cy}inder mounted
horizontally in the tunnel (see Plate 2.2). The model was
constructed of polystyrene foam and was 455 mm long (see
Plate 2.3). Since the foam is very light, prototype
models experienced &i?ration problems at higher veloéitiés
in the wind tunnel. \\To rectify this, a 25 mm diameter
plexiglass tube with a 3.2 mm wall thickness was installed
in the core of the foam cylinder for additional stiffness
(see Figure 2.2). The tube was filled with eXpan%ed
polyurethane foam to minimize the heat loss to the cent&e
of the model.

An isothermal surface was simulated by attaching 12
electrically heated nichrome metal strips to the cylinder
surface. The strip heaters were mounted with epoxy around
the éircumference from -10° to +100° from the. stagnation
line as shown in Figure 2.2. Each nichrome strip was
3.2 mm wide, 152.4 mm long, and 0.2 mm thick. To evaluate
the local heat transfer coefficient éround the cylinder,
the . heaters were mounted on the ,foam at 10 degree
increments around the circumference of the cylinder. The
heaters located at -10° and +100° from the stagnation line

served as guard heaters to minimize the circumferential

heat loss from the 0© and 900 heaters. After installation

of the heaters, the gap between adjacent heaters at the
surface was filled with an epoxy having a thermal
conductivity of 1.13 W/m+°C, and the entire cylinler was

sanded smooth and round - to eliminate any surface

18



Plate 2.2

%hotogﬂdph showing the test model
installed in the wind tunnel. Side
window has been removed for clarity.

19



Plate 2.3 The test model.
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Figure 2.2 Model construction detail and
location of strip heaters.
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irregularities,.
i

The temperature of each heater was monitored using

36 gaupe (0.127 mm) teflon coated copper-constantan
thermocouples., Each thermocouple junction (one for each
- A

heater) was positioned at the center of the heater and

attached to the wunderside with epoxy. To electrically

isolate the thermocouple junctions from the electric

N e,

7heaters, a thin layer of epoxy was applied to each heater

before attaching the thermocouples (see Figure 2.3). The

method used to calibrate the thermoéouplesvis described in

hY

Section, 2.5.1, A description of the power supply and

Lemper'ture controller for the electric heaters is
;o

inc%ﬂded in Section 2.5.3. Two pairs of wires were

3

connected to each heater. One pair supplied the heater
current while the second pair was attached to measure the
voltage drop across the heater. The wires were run

through’ the center core of the cylinder and out one end.

o

ro
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THIN LAYER OF EPOXY

COPPER-CONSTANTAN ‘
THERMOCOUPLE JUNCTION

+ Figure 2.3 <Cylinder surface showing typical heater
' and thermocouple installation, ’

1.

~

2.3 Artificial Surfacé Roughness

¥

The influenée of & rougH surface’ ‘on thevlpcal

k4

conyective ‘heat transfer around - the c¢ylinder was

‘imwestigated. inv this stﬁdy,. Three diffé}eht-scalgs of
.artificiai surface roughness were tested.usihg,’removablg
fabric écﬁeens.

To simuiate'vsméll s;ale roughness eléments,-‘a
fabric screen d£65 mm lbng and 0.3 mm thick was 'wrapped
around'ﬁhe-model. A mesh ‘was used siﬁce it Qas‘ a simple

N ’ . v .

method of creafing- a three—dimehsional';oughhéss element
with minimal resistanée'to cohvéctive heat tranéfer at the
surfaée>'(see Plate Z.Z).' Two 25vmm wide velebwétrip
fastenefS»QEre“glued to-the‘edges ;ofbthe §cfeen ito'ioin

@

23
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screenﬂsimw%ates

\.ﬁ“}’, N

the screen at the downstream. side of the cylindér and also

ﬁ@‘facilitate e%éy removal (see Figure 2.4). The 0.3 mm

a surface roughness element corresponding
i y .

0N

P

*to 0.57Z of the bare cylinéer diameter. The average

spacing between roughness elements is .approximately 1.6

" times the jelement height (screen thickness). The screen

was cut to extend approximately 55 mm beyond the ends of

-~ \

he heaters.

Medium and iarge surface roughness elements were
simulated by attachiﬁg two different size beads to the
fabric screen: A slightly lérger fabric mesh was used to
ease instaliéfion of the large beads on the screen- This

screen was referred to as the "coarse screen"

study, while ‘the screen used with the small roughness

elements was referred to as the "fine" screemn: Onlx_the

~the data obtained using the fine fabric n@sh was ‘reported

for the small scale roughness, since both screens produced
approximatély the same results. The clear space between
beads in ,Ehe axial direction was chosen to - be
approximately one element diameter for both the medium and
large roughness elements.

To simulate medium scale roughness, 2.1 mm plastic

 beads (see Plate 2.5) were attached to the screen to cover

an area thaf ‘extendéd 40 mm beyond both ends of tﬁe
heaters (see FigUre 2.5). . average surfate,density of

medium, roughness . elements was 8.6 dlements/cm?. Using

y

this method’ of constructing surface koughness, both the-

B

\in this
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Plate 2.4 ~Fabric screen used to simulate
o -
small scale surface roughness.
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Figure 2.4 &ma]l,sca]ég!urface roughness, )
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screen and the heads contribute to the increase in local

%

convective heat transfer, To only consider the cffect due

to the plastic beads, the influence on the heat transfer

due to the ‘bare screens was subtracted from the overall

results. See Section 3.4 for details of these
calculations. The 2 mm element diameter simulates a

s

surface roughness corresponding to 3.5% of the bare

cvlinder diameter.

Large 'scale surface roughness was constructed

1

"similar to the medium roughness, using 4.u mn diameter
glass beads to represent large rcughness elements (see

‘Plate 2.06). Lach bead was approximately hemispherical in

shape as shown in -Figure 2.6. . A sufficient number of

elemernts were used to cover an area which extended 50 mm

Levond -both  ends  of  the heaters., The 4.6 v element

diameter sinulates a three-dimensicnal  surface rtouvhness

o
/

corresponding to 7.77 of the bare cylinder diametcer., - The

averape surface density of large scale roughness c¢lenents

vy B il N ~
was 2.0 elements/cm=<. A summary  of the three !ilferent

surface roughnesses tested is shown in TabF{ 2.1,

Plate 2.7 is a photograph showing the med ium
roughnesé screen with the white velcro strips attached to
each side. This photo also shows the large roughness

screen wrapped around the test model.

|
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2.4 Water Spray System

The influence of water spray cooling on the local

conveftive .heat transfer was aléo investigated.in this
study. A single pneumatic atomizing spray nozzle
manufactured by - SPRAYING SYSTEMS COMPANY was used to
infroduce water droplets into the airstream for éll spray
cooling tests. JThe_nozzle was equipped wiﬁh a type 2050
fluid "cap and air cap number‘120 also manufactured by
SPRAYING SYSTEMS Co.

The spray nozzle was mounted on the tunnel
centreline at the entrance to the test section 220 mm
upstream of the «cylinder. Water was supplied to the
nozzle from a reservoir maintained at 275 kPa. After
filtering, the water was »passed through a GILMONT
rotameter to monitor the flow rate. The liquid water
content.in the airstream was measured using a CSIRO—KINE
liquid water "céntent probe manufactured by PARTICLL

MEASURING SYSTEMS, INC..  The air pressure supplied to the

nozzle was set for different tests between 138 kPa and

345 kPa to wvary the droplet size distribution. The oil-

slide method wutilizing microphotography was used to
determine the associated water droplet size distribution
for each flow setting. _Thié method is discussed in detail

by Golitzine (1951).
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‘.5 Instrumentation
-

Q

2.5.1 GCylinder temperature measurement and thermocouple
calibration

The temperature of each heater cylinder was
‘monitored using copper-~constantan thermocouples as
described in Section 2.2 labelled "The Test Model". The

output from each of the 12 thermocouples was fed into an
amplifier with an inLegral cold junction. The
precalibréted amplifier and electronic ice p%int reference
were both contained in an integrated circuit manufactured
by ANALOG DEVfCES, Massachusetts. Each chip (one for each
thermocouple) provided a high level output of 10 mV/OC
"from the thermocouple signal.

Afﬁer all the thermocouples were mounted on ‘the
heaters,.kﬁe thermocouples were immersed in a ROSEMOUNT
Model 910Avaépnstant temperature calibration bath. The
.output ffom‘igach - thermocouple amplifiér was calibrafed
" against a FLUK£~ 2180A» RTD digital thermometer wiég a
resolution of 0.01°C and a system accuracy of +0.15°C.
Céiibration was - ‘performed from 20°C to 45°C in 2.50C

Y

increments.

2.5.2 Air velocity measurement

The velocity of the test section was determined by
measuring the static pressure drop across the —contraction
enterigg the test section. In order to compare tests at

the same Reynolds number, a program was written to

32



calculate the required contraction pressure drop
corresponding  to any desired Reynolds number. At any
given Reynolds number , the pressure drop * was not
necessarily the same for all tests since the _  air

temperature ande.barometric pressure changed bét&een tests,
The air velocity (pressure diop) was adjusted to
compensate for changes in air density due to changes in
temperature and preésﬁre. vThe FORTRAN computer program
entitled FROST, detailing the‘ algorithm, is included in

Appendix A.

2.5.3 Heater power supply and temperature controller

During each Leét, the power to each -€vrip heater
was' adjusted to maintain all heaters at the desired
setpoint Lémpcrature. To obtain an equilibrium setpoint
temperature for all 12 heaters is difficult and time
consuming if all heater gurrents are adjusted manual]y.
As each heater temperature is adjusted, it influencés the
temperature of the heaters immediately adjacent to it on

the model. To overcome this problem an electronic

‘

feedback control «circuit was constructed to reduce the

time necessary to attain equilibrium during a test. A
feedback cont;ol circuit as shown schematically in
Figure 2.7 was constructed for each of fhe 12 heaters and
thermocouples on the model. The .output from the
thermocouple amplifier was compared with a reference

setpoint wvoltage, which was adjustable to set the desired
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Figure 2.7 Schematic of the heater

feedback control circuit.
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heater temperature. The difference between these two
voltages was amplified and this siénal was used to control
the current through the heater. A constant voltage (+5V)
power supply provided up to 30 amps.of current (total) to
all heaters if required. The overall amplification from
the ‘thprmocouple output voltage to the heater current
controller was 200 000, An electr. al schematic diagram
for the 12 channel temperature controller is included in
Appendix B of‘ this thesis. - Interploation between
calibration points was not required since the exact
calibratioh temperatures chosen, during thermocouple
calibration, could be used. - }

An extra pair of wires was connected to each heater
to measure the voltage drop across each heater during each

test. The resistance of each heater was measured prior to

installation, thus the electrical power dissipated in each

heater was easily calculated using the relation:

P = — " S (2.1)



2.6 Test Procedure

The procedure followed for each heat transfer test

consisted of adjusting the‘ air 'speed through the test
section to obtain the chosen test Reynolds number,
ensuring that the system had reached steady statk
operation, and cqlculating the heat flux from the
cylinder.

All tests were run with\“)ambient - air at--
5 T
approximately room temperature. Since the FROST wind

+

tunnel is a closed loop wind tunnel, the air temperature
in the tunnel gradually increases during operatioﬁ due to
internal friction and ‘heat imparted by the fan.
Preliminary tests indicated that the air tempefature in
W,
the test section would increase from room temperature
(200C) to over 40°C after 3 hours of operation and the
temperature would continue to increase at a rate of 0.3°C
every 5 minutes;

order to keep the airstream

temperature consta Bring tests, 1t was necessay to

remove . a section o he wind tunnel. The straight
diffuser immediately upstream of the fan was removed for
all subsequent tests. By removing this section out of the
circuit, the tunnel:air‘was allowed to mix and recirculate
with the room air. With the open circuit, the air

temperature in the test section was found to increase from

20°C to only 240C after 2 hours of operation. The maximum

steady state air temperature achieved varied with the air

velocity; however, the rate of increase was limited to
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‘abproximatelyeﬁ.loc every 10 minutes at any speed.
. v

The three Reynolds number; chosen gfor tests were
40 000 , 80 000, and 120 000. These Reynolds ﬂﬁmbe%s
correspon&gi;to aif veiocitiés of approximately 12 m/s,
24 m/s, and”36t'm/s respectively. Water spray tests were
Lbnly carried out at ReYﬁo%ds numbers of 40 000 and 80 000
"since.the heater temperature eoﬁtroller wés\limited to 30
amps bf. total ‘current sqpplyl The heat transfer
associated with bgigher Reynolds numbers and ‘wa£er spray
cooling required ‘higher heater éurrents to »maintain the
heater setpoint temperapufe; .. )

After allowing the wind tunnel to reac a:steady

{

state operatin% “temperature ‘(appfoximately 2-3 hoursj;,

measurements of1 barometric = pressure, test‘%se:tion air

temperaturé,“ arnld  contraction pressure grop (air speed)

ensured that the required Reynolds‘ﬁumber wa's sét for each

test. The conditions=meésured for gach heat‘transfer test

are shown in Appendix C of ‘this thesis. To establish the
v C "

’Beynolds numbef, the density of air was evaluated at t

cylinder film temperature apnd static pressure in the test

section. Since the static pressure was not measut?d,

‘Bernoulli's equation.foriincompressible flow (Equation 2.2

below) was used to estimate the' static pressure.

Pstat = Ptotal - ;‘%sz (2%2)

i
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Iteration of Equation 2.2 was,required sincgh“the density
f

is a function of the static pressure Pgrap. ~ The total -

3

pressure Pporq] 'was assumed to be the local ‘barometric
. : ] ' / »
pressure. The method used to measure the velocity in the

test séction was described in Section 2.5.2.

The nichrome strip heaters _wgre maintained at a

©

temperature approximatély 15°C warmelr than the free stream
’ ./ ' :

. i :
air temperature. All smooth and rough cylinder tests were

carried out using a* 15°C temperature differential. Since

'

the heater currents increased ,substantially with ‘water

°©

“spray cooling, the temperature differential was decreased
. : a . «

‘to approximately 5°C for all water spray tests. This was
done to ensure that the heater temperature controller had

sufficient power to maintain the heaters at the desired

setpoint temperature, After - the —-desired setpoint

“tfemperature was chosen, the heaters attained cequilibrium
after approximately 2 minutes. The heat flux at each

ang}e was then determined by recording the voltage drop

acr;§§“each heater.



o CHAPTER 3

DATA REDUCTION

[

3.1 Calcuiafion of the Nusselt.Number

“Tﬂe_main objective of this study was to determine
the variation of the local heat transfer with position
around the upstream half_Qf a smooth and*rough. isothermal
cylinder; as weli.as a smooth cylinder exposed‘to é water
in air spray. This. chapter details the calculations
required to conveft the fecorded vbltage drops acrpss’each
heater to dimensionless valueé of _thev‘Nuséelt number
corresponding to the actugl heat flux from the surface.

By definition:

hgD
Nug = —— : (3.1)
ko :
&)
where D = cylinder diameter. [m] a
: kg = thermal conductivity of air at the film
temperature. [W/m-°C] : g
h@ = local heat transfer coefficiént, [W/m2-°C]

L :&

The Nusselt number was calculated‘ﬁsing Equation 3.1, with

it .
the thermal conductfvity“of air for all tests.
. ;) '

o

3.2 Heat Loss in the Gaps Between Adjacent Heaters
. - o

o
R x S : ‘ .
glagwgmder 4o evaluate the Nusselt Number at any

o

- P
angle, thedlocal convective heqt transfer coefficient (hg)

v
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is required. The convective heat transfer coefficient can

be calculated using:

P, - Q
SO L)) G
i \ A(Th- Ta)
where anp = Correction for the heat 1loss . from

the sides of the heater, dissipated via
copvection at the surface of the gap
between adjacent. heaters. [W]

P = electrical power dissipated in the
heater. [W] :

A = exposed surface area of the heater. [m?]

Th =jhﬁaterhtpmpen@ture. [oC]

T, = amBienyg- . temperature. [©OC]

@ )

"¢N1ly to convection at the heater
13

Y - "');' A £
o
The heat transfer-" wéx

surface was desired; therefore, a correction was made for

‘the convective heat loss in the gap between adjacent

heaters.- Corrections for the heat loss due to radiation

were not included in Equation 3.2. Neglecting - the.
radiation component may influence the results for wsingle’
component (air) flow tests by up to 87. Calculations

revealed the radiation contribution for water spfay tests

was approximately~3%. Using Equation‘ZwQ, the electrical

power dissipated in any heater. could easily be calculated 3 o

using - the measured voltage drop (E) across the

-

heater.'v This ele;trical power dis dissipated as heat
enefgy lost through convectioﬂ at the surface as well as
conductién through\the edges énd.bottom of the heater. In
order to estimate the conQective heat loss at the surface

. * N
of the heater, a correction was made to subtract the



conduction losse§ within the cylinder. As deéqribed in
Chabtef 2, the heaters were‘mounted on a polystyrene foam
cylinder and'the é mm gap between the heéters was filled
with epoxy élue. Since the %géfmél conductivity of epoﬁy
is 40 times .greater than the ‘conductivity df foam, this
study assumed that the ﬁeat loss from the underside of the
heaters was mnegligible compared with the  heat loss frﬁm
the edges. To verify thié assumption, a finite difference
analysis of the heat condu;tion‘ in a typical cylinder
'ﬁchtor Qas carried out. The calculations are included in
Appendix D of this thesis. Typical test conditionsawefe
used as constants in the fin%te difference anqlxﬁis. .The
constants as well as. the results of the analysis are
sﬁmmarized in TablebD.l in Appendix D. They show that the
heat loss from the bottom of the heater represents.
approximately 9% of the total conductive heat kpSs within
the cylinder, 'and approximately 3% of the total heat
dissipated in the hggpér.

A finite difféf;nce soluticn is not required if the

heat loss from the » bottom of ‘'the heaters 1is neglected.

@l

The steady state conduction heat loss from the edge% of
the heaters can be estimated analytically by solvinéL the
Laplace equation for two dimensional 'temperétufe
distributibn‘in the region betweénradjécent heaters. The
'region represents a rectangle with a constant temperature .

. boundary (the edge of the heater), two aHjacent insulated

boundaries, and‘ a convective boundary (see Figure E.1).
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The solution assumed that the value of the local
convective heat transfer coefficient at the surface of the

gap was the same as the heat transfer coefficient at the

heatér surface. The heat loss from thé ends of_each“

heater 1is also idignored since the area was negligible

compared with the surface area of the heater. The total

steady state heat loss from both sides of a heater through

two semi-gaps is given by:

o

- T) tanx a tanha b (3.3)
n=1 {x,2 + (h/K)2}a + h/K

-1 8

Q = 4Lh(T

gap h

gap = correction for the gap heat loss. [W]
= length of gap between heaters. [m]
= depth of heater. [m]

semi-gap width. [m]

local heat transfer coefficient. [W/m2:0C]
ambient air temperature. [OC]

heater temperature, [OC] . '

thermal conductivity of epoxy. [W/m:0C]
positive roots of equation 3.5. -

where

-

>3 o0 O
oW -
o 1]

=

The complete 'd;rivatiOnL bf - Equation 3.3 is. given in
Appendix E of this thesis.  The test paraméters used in
fhé' finite difference analysis were ‘éubstituted inté
Equation 3.3 to cdmpére the exact solution with the finite
differencé solution. Using a heat transfer coefficient of
132.6 W/m2-°C, the exact solution yielded a gap heat léss
of 491 mW which differed from the finite difference

solution by 4%.
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3.3 The Local Convective Heat Transfer Coefficient

An  iterative solution is 'required to solve
Equation 3.2 since anp (FEquation 3.3) is also a ‘function

of the 1local convective heat transfer coefficient "h".

The Gauss-Seidel method of diteration was used with
relaxation. A relaxation factor of 1.0 proved adequate
for fast convergence, so essentially no relgxation was

used during iteration.

To solye Equation 3.2 at any angle, anp was
initially assumed to be zero. The initial value of ' "h"
calculated with anp = 0 was used din Equation 3.3 to
calculate a value for Qpap. The value of "h" was then
recalculated in Equation 3.2 using this updated value for

Qgap- This sequence was repeated until the value of e M

differed from its previous value by less than a specified
! . A}

R

tolerance of 0.001: : g
ie. |h(r+l) - n(x)| < 0.001 (3.4)

After the specified tolerance was obtained, the associated
Nusselt number was /caiculated using Equation 3.1. The
FOéTRAN computer program entitled "QGAP" cénpaihing these
'algorithms is included in‘Appendix A,

It should be noted ‘that the expression for anp

.

(Equation 3.3) is a series solution requiring the positive

roots A, of the equation:

€,



h .
Aptan(Apa) = — (3.5)

-~

a = depth of the heater. [m].
K conductivity of the epoxy in the gap. [W/m:©C]

Equation 3.5 is ‘the trancendental equation derived in
Appendix E. Tteration using Gauss-Seidel with relaxation
was élso required to solve for the positive roots (Ap) of
Equation 3.5, This process is carried - out in the
subroutine called "BETA" which is part of the FORTRAN
program "QGAP" included in Appendix A. Only the first
three positive'roéts were calculated since the inclusion
of higher roots did not significantly improve the accuracy
of the final solution. A check cgrried out- at the highest.
Réynolds number using only the first two roots  confirmed
that the final calculatéd value of the Nusselt number
changed by 0.00S% when the third root was included in the
solution. ”

To begin the Gauss~Seidel iteratioﬁ of
Equation 3.5, an initial guess for each of the first three

4

roots was required.- For small angles (Aja), tan(\pa) . can

PIRS]

be approximated by (Apa). In general, for any interval:
téﬂ(xna) = Apa - (n=-1)7 n=1,2,.
or Aptan(Apa) = Anza -~ Ay(n=1)nx : (3.6)

4
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Combining Equations 3.5 and 3.6 yields:

h
ar? - (n-1)rAf - — =0
: K
The solution to this quadratic equation gives an

approximate value for the first three roots of

4Equation 3.5 with n=1,2, and 3:

(n-1)n (n=1)2z2 h |
Ay = —— + —_— (3.7)
2a 4 a? ak

3.4 Heat Transfer Calculations for Smooth and Rough'
Cylinder Tests

After obtaining the voltage drop measurements for

each tes{, the data was reduced to values of the Nusselt

number at each angular position around the cylinder.. This

procédure was described in detail in the previous

Sections 3.1 to 3.3. The results of this data reduction
"

are summarized in Appendix C entitled "Experimental Data".
Tests carried out on bogh smoéth.and rough cylinders were
designated as test numbers lvthrough 15.

No further calculations were required to reduce the
Nusselt number data forl the smooth <cylinder tesfs. The
results obtained for each rough sufface test required some
additional manipulation to determine the actual heat
transfer due only to the rough surface elements. Thé

construction of each scale of surface roughness was
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|

described in Section 2.3. Nusselt pumber data for the
i .

medium ﬁnd lifge roughness tests reflects the influence of
“both tﬁF rohghness elements and the fabric mesh. To
determinge LHQ heat transfer due only to the roughness
élements, the influence of the bare gcreen was subtracted
from the overall results. This difference was then added
Lo‘ﬁhe Nusselt number data obtained fof the corresponding
smooth cylinder test. It would be expected that the heat
transfer at the cylinder stagnation point should be thé
same for both a'smooth and rough cylinder since‘the flow
is still laminar. Theréfore, afﬁer subtracting the bare

screen data Qrom‘ the medium and large roughness data, a
* .
further correction was made to shift the entire curve

| @

‘ . o ) .
vertically such that ‘the value at the 00 position-

(stagnation  point) coiﬁcided with the smooth cvlinder

Staén@fion fvalue. A  summary of the data reduction
. , .

perfo%med on the surface roughness tests at each Reynolds

numbe} _jg shown in Table 3.1. No aétempt was made to

gnormalize the small roéghness data with respect to the

smooth cylindér stagnation value. The correspomding

depression which results at the stagnation  point 1is

discussed in Chapter 4.
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Table 3.1

3
Re=40 000

Summary of tests performed and
data reduction for the smooth
and rough cvlinder tests,

o
Corresponding

A

Add Smooth Cylinder

Medium roughness
Large roughness

Test#4 — Test#?2
Test#5 - Test#3

Tests Data and Correction
Smooth cylinder Test#l n/a
Small roughness Testi?2 n/a

+ Test#1l + 0.73

"Re=80 000

Corresponding

} Test#1 + 10.53

Add Smooth Cylinder

Medium roughness
Large roughness

Test#9 - Test#7,
Test#10 - Test#8

Tests Data and Correction
Smooth cylinder Test#6 ' n/a
Small roughness Test#7 n/a

+ Test#6 - 2,11
+ Test#6 + 4.26

Re=120 000

Corresponding

Add Smooth Cylinder

Medium roughness
Large roughness

Test#ld - Test#l12
Test#15 - Test#13

Tests Data and Correction
Smooth «cylinder Test#11 n/a
Small rocughness Test#12 n/a

.+ Test#1l + 10.49

+ Test#l1l 4+ 16,01
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CHAPTER 4

PRESENTATION OF RESULTS

»

The experimental  tests performed. for this study
were classified iﬁto two separate groups. The first
series of tests was cénducted to determine the effect of
su: ace roughness on the local heat transfer around the
isothermal test model, The local heat trsqsfer
distribution around a smooth «cylinder with no roughness

“elements added was also obtained during these experimcnts.

The second series of tests was carried out with the smooth

cylinder exposed to a two-component (water-in-air)
crossflow. A data sheet for each, test. performed is
included in Appendix C of this thesis. Fach data sheet

lists the test conditions and the reduced Nusselt number

data for the respective heat transfer test.

4.1 Heat Transfer Results. for Smooth and Rough Cylinders

Figures 4.1, 4.2, "and 4.3 show the experimentaf‘

results obtained for both a smooth and rough cylinder for
the isothermal region 00 to 90° from the stagnation line.
Results ére presented for three dif%erent Reynolds numbers
(40 000, 80000, and 120 600). T All figures plot the
dimensibnless Nusselt number as a function of the angular
position measured from the stagnation line. The Nusselt
numbers were caléuléted using Equation 3.1 with the

48
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c§linder diameter and the thermal conductivity of air. An
anaiytical solution of the laminar boundary layer
equations for the heat transfer from a smooth cylinder was

%éveloped by Frossling (1958); Frossling's exéct solution

given by Equation 4.1 was also plotted for-each Reynolds

N

number.

Nu

= 0.9449" - 0.5100 29
\/Re :

Frossling's solution was 'shdwn. plotted only up to 80°
since the 'exact . solution is not valid for the transition
to a turbulent boundary la&er brAfor a éepérated boundary
layer. Expefime[tal data ‘obtained by Van Fossen, et. al.
. &)
(1984) for a smooth, circular cylinder ip crossflow was
also plotted for comparison. - The method used by Van
Fossen to measure local ﬁhe heat transfer was descriﬁéd in
.Section 5.1. Smooth cylinder‘dafa were compéfed with Van
lFossén\s data to. verify the accuracy of the experimental .
, ’ s
technique employed. o
The method wused to determine the final Nusselt
number data'for the rough 'cylinder tests was described in
detail in Section 3.4. A g smooth, best-fit curve was
generated for each group of data. Experimental data
obtained from the smooth tést model showed a continuously
decreasing trend for angles greater than 100, The data
obtained at the stagnation poithwas consisteﬁtiy lower

¢

than the value obtained at the 109 position adjacent. to

IR R



it., .Due to symmetry, .the heat transfer distribdtion must
be continuous about thé'sfagnation point; therefore, the
stagnation.data point was ignored tolplét the curves. It

would be expected that the heat®®ransfer at the stagnation

¢

point should be the same Jor *both,a smooth and rough

cylinder; .therefore, the data ‘obtained for medium and

large surface roughness was shifted vertically to include

the stagnation value for the smooth cylinder curve. The

maximum cbrrection’-fequired at ‘the stagnation point was

7.0Z2, 2.1%Z and 6:92 -for ‘ReynOIAS numbers of 40 000,
, ; 1 o :

SO 000, and 120 000 respectively. Tﬂé medium and large

roughness data was obtained by subtracting the bare screen

data from the results obtained with roughness elements

glued on the screen. These calculatiods were described in

detail in Section 3.4, The. measured difference between

the smooth and rough cylinder data at the stagnation point

can be attributed, in part, to . the insulating effect  of

the roughness elements attached to the screens. Nusselt

number data for small surface rohghness was obtained by

using the fabric screen alone without any roughness

2

‘elements attached. ‘The datd lobtainedvin this manner was

not normalized™ with respect tgF "

7

the smooth ‘cylinder
stagnation values as was done with the medium and “la:ge
roughnesses. The " corresponding lower vagyes can . be

attributed to the insulating effect of the fabric screen

covering the heaters.
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4.2 Influence of Water Spray Cooling

Figures 4.4, and 4.5 show the results with water
spray cooling on ghe smooth iéothermal cylinder.
Figure 4.4 shows the résults at a Reynolds number of

y40 000 for three different liquid waker contents in the
airstrean. '.Figure 4.5 shows the results at a Reynolds
number éf 80 000 with a liquid water content of 0.1 g/m3.
Both figures also include the data obEained with no liquid

water entrained in the airstream. A spiihe curve was

fitted through all data points for the spray cooling data.
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CHAPTER 5 .

DISCUSSION

Icing models presently being developed rely on a
surface energy balance calculation to determine the 1local
rate of 1ice accretion on the body. Many factors can
influence tﬁe local heat transfer rate at the surface of a
cylinder or ice profile. For example,vthe presence of a
rough surface can glter the heat transfer by changing the
point at which the Dboundary layer undergoes fransition
from laminar to’ turbulent fldy} ‘ An ~dncrease in heat
transfer is also reélized{%ith'an increase in the level of
free—st;eam turbulence or the introduction of water spray
intc the airstream. The purpose ' of the present
investigation was to compare the relative effects ofA the
following four factors on the local heat transfer
distribution around a cylinder: !

1. Surface roughness.

Water spray cooling.

%]

(&%)

Free stream turbulence.
4, Cross-sectional shape.

The 1local ice accretion rate ‘predicted by models
2]

’ -
incorporating a surface energy balance calculation may be
’ v

in error if the influence of these factors is not

o

actcounted for. It dis desirable to knbw_the relative
effe_,ct?,é of each factor, as well ‘as their limits of"
y . . . 57 v,

3
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influence, to increase the accuracy of icing models
presently being developed.

An apparatus was constructed fdr the present ‘study
to experimentally determine the influence of spray cooling
and surface rgughness. the heat transfer distribution
around the upgtream half 9f a cyiinder in crossflow. To
bbtain data for comparison, the results of other
investigations were reviewed to examine the ‘inf%uence of
free stream turbulence and cross—sectioﬁal shape\ on the
.local heat transfer dfétribution around a cylinder.
R;;ults due to Sebén (1960) and Boﬁlos and Pei (1974) for
airstream turbuleﬁc%‘ and(Van Fossen, et, él. (1984) for
ifreguiar_cylindrical shapes were examined. Results due
.to Hodgson, et. al; (1968) for water spray coéliné with
very high airstream liquid'water céntents, and Achenbach

(1977) for suéface roughness are also presented to

supplement the experimental results ‘obtained for the

present study.
For all tests  performed without water _ spray
cooling, the most predominant heat transfer mechanism was

forced convection. With the addition .of spray cooling,

evaporation became the dominant mode of cooling. The

surface energy balance calculation incorporated in icing
modéls c&ntqins both the evaporative and conveéﬁive heat
transfer terms. Bth terms are a linear function of the
local heat transfer coefficient (h); thereforé? a measure

of the heat transfer coefficient is required to determine

'
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the icé accretion rate at the surface. The variation of
the ‘local convective heat transfer coefficient around the
upstream half of a cylinder was determined fpr the preéent
skudy.

| All results were plotted shéwing the variation of
the local Nusgelt number versus the angle from the
stagnation line. The effect of the Reynolds number on the
average Nusselt number was also presented.

~

5.1 Smooth Cylinder "

Figures 4.1, 4.2, and 4.3 show the experimeﬂtal
results obtained for a smooth cylinder at Reynolds numbers
of 40 000, 80 000, and 120 000 respectively. Also plotted
in each figure 1is the exact solution of the laminar
boundary layer equétiops due - to Frossliqg (1958) -and
experimental data ogtained by Van'Fossen, et. al. (1984).
Van Fossen measured the local heat transfer by using
electrically heated <copper strips embedd%§‘in a wooden
cylinder similar to the method used for the present study.
The heat flux gauges were-md%nted/at 109 intervals around
the circumference of thg cylinder ub to 500 from the
stagnation line. Smooth cylinder daté obtained for the
present stde showed good agreement with Van Fossen's
results; however, the experimental data was consistegééi
lower «+than both Van Fossen's data ‘and Frossling';
analytical solution. Experiﬁental results differed by

less than 157, with the maximum difference occuring near

Wy -
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the stagnation point., .

For a smooth cylinder in cross flow, maximum heat
transfer occurred at the.stagnation point and decreased to
a minimum at the point of laminar boundary layer
separation.. The subsequent increase 1in convective heat
transfer féllowing flow separation was observed to occur
at,approximately 80°:for the range of Reynolds numbers
téstedi This agrees.with results obtained by Aéhenbach
(1975)iand Giedr (1949).

EThe average begf transfer or 'Nusselt number over
the frént half of thg\cylinder was plotted - versus each
testi Reynolds numbe;. The results are shown in
Fiéufe S.l. The exact solution due to Frossling (1958)

: 1 i
was -alsoyplotted in Figur% 5.1.

?

5.2 Influence of Surface Rod%hness
— ‘

The influence of surface roughnesslon the local
heat transfer As also . presented in Figures 4.1, 4.2, and
4.3. Three different. sizes of artificial surface
roughness were tested at three -different Reynolds numbers.

The méthod used to simulate a ropgh cylinder
surface was described in detail in Section 2.3. A  major
difficulty wencountered with wusing a removeable, screen
type, artificial surface roughness was attempting to
measure the effect due only to the rough surface and not

the effect of the screen itself. The calculations carried

out to overcome this problem were described in
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Figure 5.1 Averagé -heat transfef from a chinder

comparing vdata obtained for a- smooth, rough,
,and water sprayed cylinder for the isothermal
region 0° to 909 from the 'stagnation line.
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Section 3.4. The medium and large scale roughnesses were
constructed by attaching two different size beads to a
fine fabric mesh. In order to subtract the - influence of
the screen, a series of heat transfer tests were conducted
using the bare screen with no roughness elements attached.
This‘erCCdure worked well for the medium and large scale
roughness; however, this correction could not be applied
to- the small scale roughness, since the small scale
roughrness was simulated using the fabric screen alone. An
estimate of the error incurred by using the fabric screens
wés obtained from the stagnation point>data. It would be
expected that the heat transfer at qghe stagnation point
should be the same for ©both a smooth and rough é&linder,
since the flow is still laminar. The measured differ?nce
between the stagnation values for the smooth and‘ rough
cases was attributed, in part, to the insulating effect of
Lhe‘ roughneés elements (beads) .attached to the fébric
screen. The finite width of the electrical heater moqnted
on the cylinder would also affect the data at the
stagnation point. The data for medium and large scale
roughness in VFigures 4.1, 4.2, and 4.3 was shifted
vertically to coincide with the smooth cylinder databpoint
at the 'stagnation point. Maximum corrections of 6.67%,
2.1%, and:/6.4% were required at Reynolds numbers of

40 000, 80 000, and 120 000 respectively. No attempt was

made to shift the data obtained for small scale roughness,

thus the data presented in Figures 4.1 to 4.3 includes any
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g,

insulating effg of the fabric scre@hﬁnaﬁééuiﬂs ghown in,

Figure 5.1 ind \'roughness

’ ’n% ? ‘&b}#q‘u‘ .

produced a higher average heat tranafér“ tham mhé largc
s B ‘Q W‘V ?5‘ i

scale roughness at all three Reynolds numberss Alth&ﬁgﬁ

,A.

the“-dlameter of the large roughnes ”.eleméhta .w‘g

significantly larger than the medium elemen%s,wh bo'th e
o ~ ’ - LA W
- N N ¢

roughnesses had  approximately the same height. Ap-,

' “‘%’ iy
alternate method of defining the three- d1mens1onal ?i
. ~ s
B '_“l,é‘:"

roughness scale is the =surface density or spacing of%&he

roughness elements. The higher heat transfer associated

with the medium scale roughness could be attributed to the
larger number of roughness elements per unit area on the
surfac:. Table 2.1 also includes the calculated increase
in surfa&e area due to the addition‘of roughness elements.
The medium and large roughness elements increased the
surface area‘by 70%Z and 307 respectively. The increased
heat transfer associated with the smaller (medium scale)
roughness elements may be attributed, in part, to the
corresponding increase in surface area.

Figure 4.1 shows the results for a rough cylinder

at a Reynolds number of 40 000. The results using small

scale rourhness at this Reynolds number have the same heat

transfer characteristics as those associated with a /
laminar boundary layer. At higher Reynolds numbers, the
: 4

transition from a laminar to turbulent boundary layer

occurred further  upstream. Figure 4.2 shows a distinct

£}

transition at 400 for a Reynolds number of 80 000, while



3

]

SRRN

[

the transition poiﬁt appears to occur almost immediately
downstream of the stagnation point for a Reynolds number
of 120 000, As the Reynolds number increases, the
transition from a 1aminar’ to- turbgleht boundary layer
approaches thé stagnatioﬁ point. ﬂ*‘Eese results are
consistent witglboundary layer theosy. At lower Reynolds
numbers, thé“;yhoundary" quer thickness increases;
therefore, the relative height of the small roughness
elements®# does ‘not affect the transition to turbulence,.

Within the turbulent bbundary la&er, the heat

: “w ¥
transfer increased with'positién from the stagnation line.

- Maximum heat transfer occurred approximately 40° to 500

»

'€reb?esehtinga ice accretion shapes on cylinders. It is
IR ‘ v

4

o difﬁicult to compare results , with other investigations

t
1

e

6

[

from the stagnation point. This trend compares favorably
4

~with results obtained by Achenbach (1977). 'The maximum

values attained also increased with increasing Reynolds
'umber .
number

W . , The effect of surface roughness on the heat

transferp: from a circular cylinder has also been
P ' -

v
i

V;Pvestigated by Van Fossen, et. al. (1984), Arimilli, -

‘t. al. (1984), and Achenbach (1977). Van Fpssen and

¢

R .o . B ~
. Arimilli also reported the influence of surface roughness

”

" on L,the theat - transfer from dirregular cross—-sections

&

R

‘ éince the roughness parameters are defined differently in

’1:eéch investigation., Van Fossen applied a thin layer of

‘sand to his test models to simulate small scale surface

-

5
]

L

A

o4



roughnesé associated with ice accretion. This prodﬁced
roughnes; eleménFs with an av%§age height of 0.33 mm.
CArimilli, | et. él. ’ (1984) Tchose to créate wa
’"two—diménSional" roughness element by attaching wires

(2 . I ;
axially to the cylinder surface, equally spaced around: the

“circumference. Achenbach manufactured a rough surface by

"knurling the surface of his topper test cylinder. This

technique producéd:a regular‘a:réngement of pyramids, each

having a rhomboidal‘base. In this study, imdividua} round

L

-

beads were- utilized as medium and large roughness
L . = ) . > . g

~elements, to simulate ‘@ "three-dimensional" " roughness

-

.roughness elements was defined  in terms of their

Y

'width (or diameter), ‘and the aVerage spécinglbetweéq“

]

elements (pitch). - A éyﬂikry of the parémeters uséd‘for
‘each éizé -~ of ’roughnesé _was-mprgsénted in Table 2.1.
Figure 5.2 shows the results obtained. by Van Fossen and

res\lﬁs"gbtained by Achenbach - (1977) for two sizes of

surface roughness. The.avefage'heat‘transfer from a rough

-

cylinder, for: Bhe region 00 to 500 from thekstégnation:;

line, is presented és a funCtioq»of the Reynqldg number.

.The results o%t%iped from the ,present study and the exact
) N 3 : + i“ k b o : e

solution for -
. . . hd . . e . Py
,are also reproduced .in Figure 5.2 for comparison. S

ot

! - . L . o
examined in the. present study, the ﬁedihm scale roughness
. 3 ' N ' it '\..‘u}} i
increased the average heat  transfer.from the cylinder by

N ®
. O . , .
-, - .

-

-

typical of . atmospheric ice accretion. Theg’siz7 of the

height, 

a smooth cylinder due to Ffbssling (1@@8),

For® ‘the .sizes. and 6 types of surface roughnesses g
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4&%., This average is‘bésed on the data b%iéiﬂéd for the
region 00 to éOO from the stagnation‘line atiall three
Rgvnolds numbérs ‘tested, The Hlarge scale surface
roughnesé increased the average heat 'transfer by
;aﬁproximately 32%. Th@g value apr;oiimately corresponds
to the“SO%'incréasé in 8urface'a£ea of the eylinder due to

the 9addition of large scale"roughness elements. This
suggests that the . increase in " surface area due to the

’ o

roughﬁ?és elements may- be a“parameterlrequdred to quantify
the effect of roughness on the‘heap transfer.

The results shown in Figufe 5.2 can nét be compared
directly since test; parameters were different for each

investigation. The results suggest that others parameters,

©

in addition to Reynolds number, ‘may be important when
comparing %r écaling, results for surface roughness. The

éize;' shape, and surface dig%ribution ~of  roughness
elements should all be considered to sp&ify the ‘type of

s
¢

roughness being examined. In brder to inCorﬁdrape the

1

influence of surface rouéhnéss into an' ic;ng modél: it
.would be’ highly desirable: to attempt to more closely,
simulate ‘the actual fohghuvsqrfaces  hssociated with‘
agmosphe;ig ice acqretié&%{$ It should be' noted that

Achenbach's results were obt&jined using a 150 mm diameter
S ' 2/\. . : :

cylinder. It  is diffictilt to make quantitative

. A 1'<I ' ' :

comparisons with Achenbach's results since the - test

fcylinder 'usgd' for the  present studyu was much smaller

(60 mm diameter). ‘ - ' A . ‘ v
b . ) . '
7 ‘ ‘



only conducted g,

< The™limited range of Reynolhs numbers examined in

the present study also precluded any useful comparison

With’Achénpach's results. Achenbach's ngst's, performed .

at much hi%hér keynolds numbers (ﬁb‘to 40 000), dindicate

that the influence of surface roughn%sg on the. average

heat transfer increases with increasing Reynolds number.’

This suggests that the effects of surface roughness may
constitute the largest influence on the heat transfer . at
higher Reynolds  numbers. . :

5.3 Influence of Water Spray Cooling

[

IS

5.3.1 Introduttién

Heat traﬁéf@r tests with water spray ' cooling were
. * . L .

 Reynolds numbets of 40 000 and 80. Q00

(5 " y ) '

since the hea®#pN

. [ : : , S
jower supply was limited in' the total

heater current / ava lable. » The temperature differential

. B . .
betweengs the  cwlinder

—~— s
aifstream was' also ,sdegreased to approximately 5°C to

surface (heaters) and the ambient

P ) e ,
ensure that ~the hgatey - temperature coptrolfer had

~

sutficient power 7to maintain all the heaters . at the

‘desired setpoint gtempe:ré'.ture. ‘e to - these equipment

- ‘ Lo

restridtions,fonly relaﬁively low .airstream 1iduid Yater |
' ’ . E ! . . A . ¥ w7

% :
contents could be examined in this study. Max@mum'tliguid

W? e

water contents of 0.6 g/m3 and 0.1 g/m3 Qere possible at

»

Reynolds ﬁumbérs~oﬁ 40 000 and 80 000 respéétivély,

"The introduction of water spray into the airstreanm

S
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can significantly increase the local heat transfer around

.8 cylinder. The energy balance calculation, used in icing

L

models to determine the local surface ice accretion rate, .

-

is strongly" dependent om. additional terms due to the
M \
presence of water drops or a liquid layer at the surface.

b4

The energy balance must account for evaporative heat
- ‘

transfer, as " well as other possible heat transfer

mechanisms not explained by mass transfer. It has been

suggested by Launiainen and Lyyra (1985) that an

¢
A - \
additional heat transfer mechanism may occur ‘with water

spray cooling-that,can not be explained simply using terms
contaipned, in a standard surface energy balance. 'Heat
tﬂéﬁéfer terms including”evaporgﬁgbn.and convection , could

»

'noL‘éXplaiﬁgthe expérimental ice growth they observed on

! ' N . ‘

”?theirﬂ?ﬁgst  gy%im@er. They 'have speculated that heat
LE o ' )

- '\‘y;xi . - )

splashing into a liqu#d layer a%@th% surface may account

o ¥

- T
transfer -mechanlsgﬁ

for ‘the ‘high‘ﬂﬁocal. ice ‘45Crét49n rates obser&ed; mhé
: . S . C g
validify of these assumptions are examineﬁghaterd$n thios
chépter using rgsults from the present inv;stigétion.and
results due to Hodgson, et. al..(1968). }

Evaporagion was the most  sfgnificant mechanism for
, e . . ‘ :

heat transfer present during. all water spray <tests
ondugcted for 'this.stuﬂy.‘z The expression for the heat

.

S‘

transfer per unit area due to evaporation of water .vapour
e , . .

f

rom the cylinder surface can be expressed’ as:
. : .

-
~

. v ‘. ' A }

i,J: ¥ i
.such as those assoeiate‘@BJ aydth
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-the ambient air

multiplied by the.

-

Pr\g/3 ely

. . Sc : CpaP

Equétion 5.1 was derived.in detail in Appendix»F,of this
study. A descriptioﬂ of each of the variables: used in
Eqﬁation 5.1 islalso‘included_in‘APpEndix F. It shomgbpe
noted that tﬁié'4de{ivation assumes that the relét;;e

humidi%y of the air immediately adjacent to the cylinder

[es - (RH)e,] sy
‘ Rl ﬁ‘\

70

surface is 1007%; gﬂerefore,v the saturated value for the

'vapour- pressure L 33 water (eg) 1is used at the surface.’

Since they " wind  tunnel was operated in an open circuit

3 - PN

ix with the

room air. As a result, it was impgkP A 'saturate’ the

. : 3P . £ . . .
S , : -~ o
air_before it entered the test sec Ce the air was
- > - ) 4 " » " 2

not saturated, the ed vapour pressure bfhwater at

&

}ure‘ (e in .Equation 5.1) was

ve humidity.

&
-

- _"‘l;'-*
.The total heat

tests included the sensible heat flgx required to warm up

o)

the impinging droplets from ambient-air temperature up “to

the cylinder surface temperatite. The sensibie heat flux

: : T i
per unit area was calculated using:
e
: ? Qsen = my(C w)(Th - Ta") (5.2)
o ) p ‘ . v
weo gL v |
S s : : , -
. }@B‘ &,

. o . . -

. ’ -
ytransfer measured during all spray



*

B

- . . . R .

where Qgep = sensgble heat flux pér unit area. - [W/m?]
My = mass flux of .water drdplets impinging on the
cylinder surfae fiper unit area. [kg/m s
pr = specific heat ’apac1ty of water at constant
pressure and film temperature. [J/kg- K]
Ty = heater temperature. [OC]
T," = ambient air temperature. [©C]

L 7 ¥
The mass £flux of water droplets peruunfﬁ”;area (my) in

Equafion 5.2 was calculated using:

m, = (v)(LWC)(overall'colliéﬁéﬁ#freqdénqy) 'wfiﬁ.B)
N FOREN

airs’tream@liquid water content. '[g/mv3"]"’.‘;'
air velocity. [m/s]

‘ "
E . »
" .

where LWC
v

The overa11‘co11isioh frequency‘reqﬁired~in "Equation 5.3

. [
was calculated using corrélatid%s%ﬂdé to Lozowski, et. al.
; . . : SRR ;

(1983). e
The relative magnitu&ésﬁ@kof _»the" 'sensible,
convective, and evaporati?é hgat transfer.cbmpernts verTe
calculat%'forl one .spray tenst. condlict;ed w the p'resent
ginvestiggfion: The results&are‘preseﬁfeﬁ an diséu;sed in
SectionES.B.Z. :
5.3.2 Discussion of Spray Cooling Results, g%
, v - 5
o~ Figures 4.4 and 4?% showdthe experimental results

for a smooth cylinder expg§ed tb'a water-in-air crossflow.
. : i ¢ . : -

The local Nuséélt number fsﬁplotted versus the anélé from

S/

the stagnation line. for various liquid water contents.

P ’ ) -

. Both’ fﬂgures ‘also include data obtained for a smooth’

9 -

71
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‘the stagnath

R A

cylinder without spray cooling. Although the median

volume droplet diameter of the water spray varied between

.QSnn and g49pmnfron test to test, the effect of droplet

diameter -on the heat transfer. was, not included in the

scope of this investigation. The present study was

»

limited to examining the effects of different liquid water

contents .on the local heat transfer. The Nusselt number

Q\“\

“ : " A~ ' ! .
in both figures was calculated usimng” the cylinder diameter

.

and the thermal ¢onductivity of air et the film

‘temperature. , A summary of the test conditions recorded

A o i ':’i

for each test run is included in Appendix C of this study.

hater ;spray _tests were designated as test numbers 16

The heat transfer measured w1thﬁwater Spray coollng

J

.1s extremely sen51t1ve to the*ﬂlquld water content "4 the%

e
alrsteam. " Small cha%ﬁes in the watier flow rate to. the

spray nozzle were ‘detected by the . heater temperature

controller. With spray cooling at a liquid water content

of 0.6 g/m3, the average heat transfer over the upstream

face of " the «cylinder was 10 times higher than without

-

R Reynolds rum eor of 40 000. Both ‘Figures 4.4

spray-agr
and 4.5%:“‘

on point reaching a maximum value’ at . the 100

- position. This trend is misleadimg due to the uncertain;y

of the stagnation data \point. Results preséntedrfor. a

smooth cylinder in Ché&pter 4 indicated that. the data .

obtained using the stagnation 1line heater was much lower

P

an increasing trend ‘immediately downstream of

]
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than expected. This concluéion[was drawn from comparisons
~made between the smooth «cylinder data and Frossling's..
exact solution. For this reason and bécause of the
inherent symmetry of the préblem, it was deduced that the
maximum heat transfer for spray cooling also occurs at the
stagnation point and decreases with position around the
cylinder. At higher angles,l the measured heat transfer
differed very little with water spray cdoling. Thus, at
any given Reynolds number, the heat transfer was almost
in?ependent of the liquid water content: for éngles_greater

tQ@m L approximately 70° from the stagnation line. This

agréés,with“results'obtained by Hodgson, et. al. (1968).

. <
A

‘ ‘w,Hddgson,.ét:ﬂal. (1968) conducted tests usi:g very
L‘ai".‘ f?% o ’@ s . ' i ’ V‘ J . :

high Lliqu%g ;waterl contents 1in the airstrean. Thii
: B kA AT , ) -

prd&moéﬂ a continuous liquid layer on the gsurface. of his

% M '

tesx dlllnder Relatively 1low airstreanm liquid ,water
- ."‘ £ '

conffégsl were studied. in the present investigation;

Nk ' . o '

coulﬁquently, no continucus liquid film was present on the

\‘ .

¢psurface of the cyllnder durlng any spray tests., Only some
“)’ 4 . ’

A T .

o cattered beadlng of water droplets was observed on the

11 /A‘k':‘f

'» %y éder at a Reynolds number of 40 000. "At this Reynolds

numbér spme ‘accumulation of water was observed on the

A i ’ w

cylindér 909" from the stagnation line where some shedding
(AR

of droplets was occuring

. .
- . . . r -
o 4 » . . M ‘

Since it was  impossible to saturate the air
[ 2 ‘ ’/r‘
entering . the test section, the .amount . of evaporatlve

cooling was strongly dependent on the relatlve humidity of
K A



the airstream. To demonstrate the importance of the
relative humidity on the probortion of heat transfer due
to evaporation, a sample calcuiation is presented using
data from test #18 (Re = 40 000, LWC = 0.6 g/m3). The
‘results of this ;esb yielded the highest increaselin
average heat transfer with spray cooling. The average
heat transferﬂggntribution per unitvarea due to convection
alone was obtained frqm test #1 at the same Reynolds
number without spfay cooling. This'was calculated to ge
267 W/m2: 'Thé sensible heating component required to wafm
up the impacting water droplets Qa? calculated to be
A P
62 W/m2 based“on an overall collisipn efficiency of 0.48.
The .FORTRAN computer program entitled EVAP'detaiiing these

calculations is included in Appendix A. The values

calculated for convective, evaporative, and sensible heat

Y : . ..
‘transfer are summarized in Table 5.1. Values for each

E ] -
heat transfer mechanism were calculated in an attempt to

s

Nn_,

81

evaporattion component varies 31gn1f1cantlx,overwthe "ange

of relative humidities chosen. This is expected since
~ .

~ high ambient temperatures (289C) were used in the presént
v, :

study. The influence of airstream reljtive humidity on
the evaporative <component is' much wsmaN ler at lower
temperatures associg#ed with atmospheric i ng. Using the

- ) .
sare test conditions, with a surface emperature of 0°C
) g v

o
s

.

and an ambient temperature of -100C,- the evaporative

L)

‘explain or prédict the total measured heat~transfer. 1t

qufte, cleafly from -Table 5.1 . that™* the

74




Table 5.1 The effect of relative humidity
on the evaporation heat transfer,

-

\ - " Calculated heat fluxes: [W/mZ)
' A RH of the airstream

o ' N 0% 507% 70% 1007
Qe (evaporation) 5375 . 3272 2442 1180
Qc (convection) 267 267 267 267
Qsen (sensible heating) | | 62 62 62 62
Total [W/m2] 5704 | 3601 2971 1509
Total measured heat flux = 2770 W/mZ2

component only varied between 620 W/m2 and 330 W/m? for

relative humidities between 0% and 100% respectively. ft

is impogtant to note that the values listed for the

. evaporative heat flux in  Table 5%71. were calculated
- -, . .

L e , : v
© -assuming that the relative humidity of the air immediately

~adjacent to -the cylinder surface was 1002. Since the
cyyinder surface ;as not fl.oded durin "ény spray tests
Lcont Ced :gor the present study, surface Qapour
pressure term. in :Equat%QQ 5.1 shoﬁfd be<-corr§ctea &2:1

include the RH at the cylinder surface. ,
. - "o e "

The average -measured heat flux per unit area for
test #18 with a//iiquid water content of 0.6 g/m3 was
277O.W/m2, . By tr;él and error, it was, deﬁermined that'a
relative humidity of 707 would generate a total preQicted

(calculated) heat flux equal to the measured value. NRH

N

;f\~ e '
measurements made in the test section confirmed that the
. )

relative humidity was approximately 657 during this test.

D B



Thus, for this test, nearly all the measured heat tfénsfer

can be explained or predicted by the calculated valug§j?df

n
- Mo

. | b
the convective, evaporative, and sensible heat trénsfer

occuring at the cylinder surface. , C e
’ .
The effect on the local heat transfer due to-. spray
cooling with much higher liquid water contents was stqdieﬂ

by Hodgson, et. al. (1968). His results for three

different Reynolds numbers and various water—-to-air mass

760

flow ratios are presented in Table 5.2. Hodgson studie%ww

liquid water contents up to 100 times higher than those .

‘Table 5.2 Average heat transfer from a spray
cooled isothermal cylinder for the
region 0° to 900 from the stagnation

line. (Hodgson, et.al., 1968)
Note:
Water-to-air mass | Nusselt ,
flow ratio »number 1. Nusselt numbers were
* calculated based on
Re = 30 000 ' the cylinder diameter
0.0 - 143 and the conductivity
"0.028 B 1722 . of air at the film
0.057 2682 ‘ temperature.
0.097 . 4020 . ‘ :
0.13 1 5512 2. Average Nusselt
; numbers corresponding
Re = 75 000 ' o to a water-to-air
0.0 A 225 - . mass flow ratio = 0
0.013 2853 were calculated using
0.024 4225 . the exact solution
0.045 K 5422 due to Frossﬁ!ng
0.061 5748 (1958). .
» “ W
Re = 118 000 !
0.0 283
: 0.012 : 3793 '
GcLhid . 4526 :
0.024 5227
0.036 6623
+  0.044 7643 J

h P
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used in the pres&’ study. These very high water cont'entvs-. ‘

N

. resulted in a flooded <cylinder surface for all hisysprayb
cooling tests., Based on data from Table 5.2, Hodgson's
results indicate the average heat transfer with spfdyﬁ

cooling: may be up to 30 times higher than the,

~corresponding single component (air) heat transfer.

Icing tests on circular cylinders. have Be&p’
‘conducted by Launiainen and Lyyra (1985) to study-hci‘..b

transfer coefficients associated with atmospheric ic!

The ice accretion rates they observed were signifiea

higher than those predicted wusing a standard su

‘ - F
. energy balance formulation. They have suggest? . that
N - ‘;M‘ . :‘:.
“those

additional heat transfer mechanisms such as

sbtiated with splashing into a liquid film at the

%y%face may account for these unusually high heat transfer

coefficients,. To examine .this hypothesis, a sample

cajculation 1is presented here using data obtained from

@

iteﬂfs - performed by Hodg'son, et. al. (1968). For

Hodgson's, test performed at a Reynolds number of 30 000
B ’ & «
and a water-to-air mass flow ratio of 0.13, the average

5i¢

measuréd heat transfer per unit area for the upstream side
"‘ .

of his test «cylinder was 65 000 W/mZ. Using test data

reported by Hodgson, ,the /heat transfer Qontribution due to

4 rs

convection and evaporation were calculated to be
' , >~ o 4
approximately 800 W/m? and 4000 W/rZ.respectivelw haced an
" o
#n airstream relative humidity of 93%Z. The sensible heat
e -

, g %
flux was calcuMted to be . approximately 55 000 w/m< based

Al T
.
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on a local collision efficiency of 75% calculated using

vco;relatjons éue ;Ld_Lozowski, et, al. (1983). Thus,'for

this test, nearly all the measured heat transfer can be

explained using the conwective,»evaporatiie, and sensible

3

heat flux® terms. ihese results indicate -that no other

. : . - BN ‘
» . - R " . wt P .
significant mecnéni§m for enhanced " heat transfer is

v’«

. S Y
associated - with water A?'ray coolipg - for the range of

airstream ‘liquid water c¥ntents examined in the present

study. The sensible heating term, ©calculated in this
example, is much larger than the ,evaporative and
convective terms. Under normal icing <conditions, the

contribution of the sensible heating term in the surface

energy balance is usually negligible.

5.3.3 Measurement of the Airstream Liquid Water donifnt
The relative contribution of the sensaple heating
. " ‘n
term was small for alle water spray tests, since ‘low liquid
. . *
water contents were examined in the present study.
Therefore, if the relative humidity of the air immediately
adjacent to the cylinqer surface was 1007, the' evaporative
heat transfer would not vary with airstream quuia w?ter
content, and the total measured heat transfer would- be

approximately constant at all,'liquid water contents

examined. This was not observed during any spray tests.’

The measured heat transfer for liquid water contents of
. » p

0.1 g/m3 énd 0.3’§ék3ﬂwai much  lower than the data for a

liquid water content of 0.6 g/m3, which suggests that » the"

- \, .
(( - N ¥
oy
S

A
¥ m .
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air at the'd@lénder surface was not saturated,- Sinds no

liquid laje? Wasbpfesent at the'cylinder surface, all Ehe
weter droplets impacting at the surface . should evaporate
immediately. Caleulations showed that the nass trensfer
associated with the evaperative heat transfer did not

entirely account for the mass influx of_water droplets

o

impacting at the surface. This,disc;epancy suggests that .

A . .
the data obtained for the measured liquid water contents

\e

reported d4n the present study' may be questionable.‘

Further tests should be condﬁcted to determine if the

horizontal distribution of ‘water spray is uniform across

‘

the test section. The technique wused to meaSure‘ﬁhe
airstream  liquid water .content was - described in
Section Q.A; Sincelghe CSIRO-KING liquid water content

'probe was - mounted vertically on "the centreline of the

tunnel, .measurements were only obtained at the centre of

the test model. A variation in water content along the

‘horizontalﬁlength of the test model heaters would produce

lower average ' liquid water contents than reported in the

present study.
N

.5.4 Heat Traﬁsfer"Correlatibns for an Inclined Flat Plate

Analytical modelling of the heat transfer from

irregular shaped profiles can sometimes be simplified by
applying heat transfer correlations for simple shapes such
%311pses, hekagons,‘ or flaf plages. ' To illustrate

this, the results for a flat plate exposed to g_ﬁgzossflow

'
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are presented here.' The average jsheat transfer from flat

plate for various angljs of attack was calculated using

.

cor}elations due to Lessmann and Test (1984). The/ results

a direct
o b
comparison with Figure 1.3, the average Nusselt number in

are plotted in Figure 5.3. - In order to mak

Figure 5.3 was plotted versus the sReynolds number using

“ 1

the same horizontal .gnd vertical scales. .The average heat

transfer for san ‘inclined flat'bplate also sincreases

o . o
linearly with incrgésing Reynolds number. - Since the slope
. Y
2

of the ~curves for the flat ‘pfépe afe f%pproximétely the
same as the heat transfer curves for the ice éccretion
shapes% the £esu1ts for a flat plate inclined at 300 éduld
" be used, for example, to predict theléverage heét transfer
\from‘; and 15 mihuﬁé glaze idce sgapéé for -the range of
ngn@ids ﬁumbers presentea: 7 ' |

.

A &
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REYNOLDS NUMBER

'Figure 5.3 Average heat transfer from an inclined

flat surface for various angles of
attack. (Lessmann and Test, 1984)
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5.5 Summary

The influence of various factors on ¢the heat

. N - ’ J . . '
transfé? distribution, __arpund an isothermal, circular
e - (S

' T

‘eylinder was examined in the present study. Althougﬁfmany

different parameters can influence the heat transfer, the
presenf investigation was limited to examining the effects

of surface roughness and water 'spray cooling.' Results of
. N .

tests conducted by others were also included in the

present study to compare the relative influence of free

stream turbulence and cross-sectional shape on the heat

o -

transfer distribution around a cylinder.'

Exposing the test cyliniqr to. a waierf spray
resulted in the largest increase in éverége heét transfer.
For the range of liquid water contents examined_'in the
present‘studf,‘the feasured average heat tranéfer was 10

times higher than single component (air) flow. These

figures pertain to the upstream (forward) half of the

cylinde} surface, since measurements were only made in the
region 0° to_9OO"fromrthe stagnation line., " Average heat
transfer céefficients up to 30 times higher vese obtained
by Hodgson, et. al. (1968) by using much higher aiistream
liquid water contents.

Alfhough the ‘influence of water- spray cooling
produced significantly hiéher heat tragsfer coefficients,
the’ measured increase can be -entirely exblaihed or

predicted using the " calculated values for the

corresponding evaporative, convective, and sensible.heat

82



&;f_ transfer. "The evaporatiue coﬁponent was the predominant

©

s

term in the energy balance for water spray tests conducted

for the present study., With T}gherfliquid/water oontenss,

such as those examined by Hodgson, “et. al. 1968),‘§the

sensible heating term was the most significant mode .of
. )

heat transfer In both cases, it was aetermined that no

-ty

other complé& mechanlsm for enhanced heat transfer occurs

[

with yater spray coollng, ‘and all measured heat transfer

could be accounted for ysing mass transfer, convection,

etc.. This result. can be readily incorporated into',an

icing model to account for the® influence of water spray
. i

cooling on the local ice accretion rate. T*e»/need still

eéxists to compare the ‘relative influence of surface

roughness, free streanm turbulence, and cross- sectlonal'

shape on the heat transfer dlstrlbutlon around a cyllnder

4

It was ;determined from the present investigation

that other parameters are yequired to adequately quantify
ghe influené¢e of surface roughness on the heat, transfer
“from a cylinder. Although the rough surfaces tested for

the present study increased the average heat transfer

coefficients up to.45%, this figure is specific to the
types of ‘roughnesses tested and the limited range of
Reyrolds numbers examined. No_eomparisons were madewﬁwith
other investigations since roughnessl parameters such~‘a%
the. size, " shape, and surface distribution ofbroughness

elements or cylinder diameter differed between studies.

The limited range of Reynolds numbéiix~examined in

83,
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the present study also precluded any wuseful comparisons.

Results due to Acghenbach (1977) for higher Reynolds

‘numbers indicated that the influence of surface roughness

on the average heat transfer from a cylinder increases
with ihcreasing Reynolds = number. This suggests that the

influence of surface roughness may represent the largest

contributing factor at higher Reynol nymbers. . To
, . . :

determine the relevant  contribution of surfade roughness

. ! A ' ‘

in an  dicing ~model, more tests should be do;}\using

surfaces which more accurately simulate the rough surfaces

associated with_agmospheric icing. The range of Reynolds.

numbers examined should also be “rgstricted to the
conditions expected for thg paréicular typeﬁof,iciné being
modélledf / |

Calculations comparing the evaporative mass flux
with tﬁe-influx of wab?r dFOple}s impactiﬁg on the ‘test

model indicated that the data obtained for the measured

liquid water —contents may be ques;ionable.\\ Since no
p ‘

.

continuous liquid- layer was presénf“*?t the <cylinder
surface during any spray tests, the massv transfer
associated with the evaporative heat transfer should be
approximafeiy equal to the mass influx of water droplets
impacting at the surface. .The .liquid water'contenps,
meaéu{edf for ﬁﬁe present study, were much higher tﬁan
those:predictéd by the calculated mass transfer associated
with the evaporative heat tr;nsfer. This suggests that

o .

the horizontal distribution of spray was not uniform
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across the test section. A Qariation in liquid water

L , . ‘
content along the length of the test model would produce
lower average liquid wap@r }conténts than reported in the

(

present study.
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CONCLUSTONS AND/RECOMMENDATIONS

A

PN

6.1 Present Investigation " .

+ The puTrpose of this study was to experimentallsy

. ! “
determine the relative influence of surface roughness and

water spray cooling on the heat transfer distribution

around an isothermal cylinder. The influence‘of free

-

stream turbulence and <cross-sectional shape was also

. . ' v . . .
examined using *results from other : investigations.
"Results ffom ‘this study and other investigations
suggest that surface roughness produces the: adiigest

ﬁ':t:.""“ﬂiu\ k>
: . My N AT
increase in heat  trandfer around a cylini

influence of roughness increases with increasing Reynolds

number; thereforé;\the effects may become very significant

at highed‘ Réynolds numbers. Although water spray tests

with both low’ and high 1liquid water contents produced
significantly higher heat transfer coefficients, the

measured increase could be entirely explained or predicted

using evaporation, counvection, and ofher heat transfer
terms contained in a surface a£at balance formulation. No

other mechanism for enhanced heat transfer occurs with
water - spréy‘ cooling"for the range of\airstream liquid
water contents examined. To determine th; codtribution of
surface roughneés in an icing model, more tests should be

done using surfaces which more accurately simulate the
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roughnesses associated with atmospheric icing. - The range

cof  Reynolds nubbers should ®also be restricted to the
p .

conditions expected for the particular type\df icing being

modelled. i

Due to equipment limitations, relatively 1low
airstream liquid water cbntents 'were’ examined in the
present study, -Tests‘ using highaé;}ﬁquid wat&r contents
should be conducted to determine the ﬁpper limits of heat
transfef associated with water spray cooling. For some of

the facfors examined in the present 'study,: it was also

complex\.and difficuLi to detdrmine the local effects on

’,

the heat transfer coefficient. More studies should be

made to examine the effects on the avefagé or overaLl heat
etransfef from~éﬁcylindef.
\ y

Calculations comparing the evaporative mass flux
with the mass influx of water droplets impacting on the
test model indicated that the da;a’obtained for the liqﬁid
water contents may be questionable. The measured liquid
water ;ontents were higher .than those pigdicted by the
calculated mass transfer associated with the evaporative
heat transfer, This suggests that "the horizontal
distribution of water spray was ﬁot uniform across the

N

tes{&section. A variation in liquid water content along
the horizontal length of , the test model would produce

lower average water contents than reported in the present

study.
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6H..) Tests Performed by Others

v

¥

Shape vffvcﬁs and free st}vaﬁ Lurbu]énco effects
produced‘tHb smallest increase in local and averaype heat
transfer from a cylinder. [t was determined that
turhulent intensitjés up to 5% can increaselthe average
heat transfer by approximately 20Z to 30%Z over the
upstream per.imeter of the cylinder. It Qas difficult to
summarize the effects of shape®since the heat transfer
data wasy limited to the particul?r profiles examined. An

- analysis of the overall , heat transfer qgom an inclined

Co

flat plate indigéted the=t heat transfer —correlations for
symmetric bluff bodies gan be used to predict the average
heat transfer from irregular profiles associated with
atmospheric icing.

More studies ,are also required to examine the
combined influence of factors examined in the present

investigation,

8
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. APPENDIX A

COMPYTER PROGRAM LISTINGS

* [-2d
ThiS‘appendix contains the lislings of the

FORTRAN computer programs used in this thesis.



C************************************f*********************

FILENAME: HEATFLUX

THIS PROGRAM READS A DATA FILE CDNTAINING THE
SOLUTION FOR THE TEMPERATURE DISTRIBUTION IN THE
319 x 53 GRID (QUTPUT FROM THE PROGRAM "COND.B").
THE PROGRAM THEN CALCULATES THE FOLLOWING HEAT FLUX
DATA USING THE GRID TEMPERATURES: '
1. THE HEAT LOSS FROM THE SIDES OF THE HEATER..

2. THE HEAT LOSS FROM THE BOTTOM OF THE HEATER.

3. THE HEAT LOSS AT THE GAP SURFACE {BY CONVECTION).
4. THE HEAT LOSS AT THE SURFACE OF TH%MTEATER.

EXECUTION COMMAND :
$R -LOAD# T=1 2=INPUTFILE 3=QUTPUTFILE

*********************************************************

© CONSTANTS AND VARIABLES USED IN MAIN PROGRAM:
) = NODAL TEMPERATURES. (C)
SQUARE GRID SPACING = .50.80 microns
AMBIENT*TEMPERATURE .. (C)
HEATER TEMPERATURE. (C) ' ‘
THERMAL CONDUCTIVITY QF EPOXY. (W/m-C)
THERMAL CONDUCTIVITY QOF FOAM. (W/m-C)
SPECIFIED LOCAL CONVECTIVE HEAT TRANSFER
'COEFFICIENT. (W/m*xx*2-C)~
TOTAL NUMBER OF NODES “IN THE "I1" DIRECTION.
N =- TOTAL NUMBER OF 'NODES IN THE "y" DIRECTION.
QHTSUR =._HEAT LOSS AT HEATER SURFACE. (mW) - U
HTFLXI HEAT LOSS FROM THE BOTTOM OF THE HEATER. (mW)
HTFLXJ HEAT LQOSS FROM THE SIDES OF THE HEATER. (mW)
HTFLXT HTFLXI + HTFLXJ
HTFLXR HEAT LOSS TOWARDS THE CYLINDER CENTRE. (mW)
QSUR GAP HEAT. LOSS (BY CONVECTION). (mw) :
PER = RATIC OF THE HEAT LOSS IN THE GAP TO .THE HEAT
’ ‘ LOSS AT THE SURFACE OF THE HEATER.

3 ok 2k oK K 3k ke K 3R o ok Ok 3k Sk 3k ok Kk 3K ok ok 3K 3K K ok 3K ok 3k ok K ok sk ok vk kK ok ak 5K ok ok ok kK %k K dkesk kK ok kK K ok Kk

—
=
—_

T TR TR TR T T

=
1]

—
—
[l

SUNE A I I A S R S O R U S S

DIMENSION T(319,53) ;
DATA M/319/,N/53/,TK1/1.1344/,TK2/0.026/ H/132. 623/

@ TA/23.8/,TH/38.0/,DX/50.80E-6/ ,
@ SUM1/0./,SUM270. /kSUM3/O /,SUM4/0./ //
C READ DATA FILE CONTAINING NODAL TEMPERATURES: //
C mmmmmmmmmmmmoes Tt STTToTTTToTT T /
READ(2,1000) ({711, SURNES TS EE T R

C CACULATE THE HEAT LOSS AT THE SURFACE OF THE HEATER:

C mmmmmmmmm e m e e o i ,
QHTSUR=H*0.003175¥O.1524*(TH—TA)*?EBU>\\

3
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C CALCULATE QSUR, HTFLXI, HTFLXJ, AND HTFLXR:

g T JTTTTTTTTTT |
/ DO 100 J=2,20 | | :
. 100 SUMi=SUM1+(T(1,J)-TA LT
QSUR=H*DX*0. 1524 (SUM1+0.5% (T (1,1)-TA))*2.%1000.
DO 200 1=2,4 - | B
200 - SUM2=SUM2+TH-T(1,20) o - o

DO . 300 Jy=22,52
300 SUM3=SUM3+TH-T(6,J)
HTFLXI= TK2*(SUM3+O 5x(TH-T (6, N)+TH T(6, 21)))

@ *(0.1524%2,%1000. :
HTFLXJ=TK 1% (SUM2+0.5% (TH-T(1,20)+TH-T(5,20)))
@ - %0, 1524%2.%1000. ,

HTFLXT=HTFLXI+HTFLXJ

DO 400 J=2,52 v -
400 SUM4= SUM4+T(318 J)-T(319,J) : )

HTFLXR=TK2*0. 1524%2 . *1000. % (SUM4+, 5*( 7(318,1)-

@ : T(319,1)+7(318,53)-7(319,53)))

E QSUR/QHTSUR*1OO ) | -
M ITE(3,2000)H, TA  TH,TK1,TK2,QSUR HTFLXI, 5
HTFLXJ HTELXT HTFLXR, QHTSUR, PER

C FORMAT STATEMENTS

C mmmmmmmmmmmm e ,

JOOO FORMAT(53F10 5) '
2000 . FORMAT(/////QX ’FINITE DIFFERENCE SOLUTIDN '/
. @gx, 270" -"),//

@9X,’ CONVECTIVE HEAT TRANSFER COEFFICIENT ; F7 2

. @ W/mex2-C'/ | .:,
@9X,  AMBIENT TEMPERATURE - -fqWTi“‘
@, F5.1, “C'/ : N
©9X ’HEATER TEMPERATURE »f?‘:7“W;Tf
6,F5.1," C'/ R
@9X ’GAP THERMAL CONDUCTIVITY (EPOXY) = 2, FB.3,
@/ w/m_cl / U B .

1 @9x,’ CYLINDER THERMAL CONDUCTIVITY (FOAM) =", FB6.3,
e’ W/m-C'// , Seo
@9Xx, ' HEAT LOSS SUMMARY"/ gx,18(" -"1),/ o '
@9X,’ A. SURFACE (GAP HEAT LOSS) = ' (F8.3," mW'//
@9X,’B. HEAT LQSS FROM BOTTOM OF HEATER = CLOF8.3, amlW /o
@9Xx,’C. LOSS FROM SIDES OF THE HEATER = ' F8.3," mW/

- @9Xx,'D. TOTAL = ' ,F8.3," mW //.
@39x,'E. LOSS TO INTERIOR OF THE CYLINDER =/ ,F8.3," mW /ﬂw*
®9X,'F. LOSS FROM SURFACE OF THE HEATER = ' ,F8.3," mW' /7

T

@9X,  GAP. LOSS REPRESENTS' ,F6.2," % OF HEA
@, L0SS.")
STOP - - T
END .

ERS SURFACE’

f“&.
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C**********************************************************

FILENAME: COND

C
C
C THIS PROGRAM SOLVES FOR THE STEADY STATE TEMPERATURE
C DISTRIBUTION IN A TYPICAL 5 DEGREE SECTOR OF THE
C CYLINDER. THE TEMPERATURE DISTRIBUTION IS OBTAINED
C 'NUMERICALLY USING THE METHOD OF FINITE DIFFERENCES.
C THIS PROGRAM UTILIZES A ROUGH GRID OF 296 x 27 NODES.
*C SRECIFIED TOLERANCE FOR T(I, d) = 0.0005>
C :
C
C
C
C
C
C

$R -LOAD# T=10 3=0UTPUT

******************************************ﬁ&*************

*
*
*
*
*
*
*
*
EXECUTION COMMAND . - o
S 3
*
*
CONSTANTS AND VARIABLES USED IN MAIN PROGRAM *
————————————————————————————————————————————— *
C T(I Ql, = NODAL TEMPERATURES (C) AFTER ITERATION *
C NUMBER r. - *
C TEMP(I d) = NODAL TEMPERATURES.AFTER ITERATION (r+1). =
c DX = SQUARE GRID SPACING = 101.60 microns :

c TOL SPECIFIED TOLERANCE USED FOR THE DIFFERENCE

C (T(I,J)-TEMP(I1,d)).

C RELAXATION FACTDR USED WITH GAUSS- SEIDEL

C ITERATION.

C AMBIENT TEMPERATURE. (C)

C HEATER TEMPERATURE. (C) :

C THERMAL CONDUCTIVITY OF EPOXY. (W/m-C)

C TK2 THERMAL CONDUCTIVITY OF FOAM. (W/m-C)

C H SPECIFIED LOCAL CONVECTIVE HEAT TRANSFER

C COEFFICIENT. (W/m**2-C)
C

C

C

C

C

C

C

C

C

C

C

C

C

W

TA
TH
TK1

*
*
*
*
*
*
*
*
*
*
*
M TOTAL NUMBER OF NODES IN THE "I" DIRECTION. . x
N TOTAL NUMBER OF NODES IN THE "J" DIRECTION *
*
i*
*
*
*
*
*
*
*
*
*

MM = M-

N- 1
NUMBER OF ITERATIONS COMPLETED.
T(1,J)-TEMP(L,J) CALCULATED FOR EVERY NODE
AFTER EACH ITERATION.
DIFFL= LARGEST ITERATION DIFFERENCE "“DIFF". -
(IL,JL) = NODAL COORDINATE OF DIFFL.
FLAG

NN
ITER
DIFF

0.0 (OFF) WHEN "DIFF" IS LESS THAN TOLERANCE.
1.0 (TURNED ON) WHEN "DIFF" IS GREATER THAN
TOLERANCE.

*********************************************************

=

DIMENSION T.(296,27),TEMP(296,27)

DATA M/296/, N/27/ DX/101.60E-6/,TOL/.0005/,TA/23.8/,
@ TH/38. O/ TK1/1. 1344/,7K2/0.026/,H/132.623/

MM=M- 1

NN=N- 1



e ‘
N

T

C READ IN VALUE FOR THE RELAXATION FACTOR:

C

100
C

300

400

OO0

500

600

READ(5, 1000)W

INITIAL GUESSES FOR T(I,d): //,/ff

DO 100 J=1,N
DO 100 I=1,M |
T(1,Jd)=TA —

SPECIFIED BOUNDARY TEMPERATURES:

ITER=0
WRITE(6,3000)

920 DO-LOOP IS A GLOBAL DO-LOOP WITH AN QUTPUT
STATEMENT WHICH PRINTS EVERY 5 ITERATIONS.

910 DO-LOOP ALLOWS 5 ITERATIPNS BEFORE

ENCOUNTERING THE 920 DO-LOOP OUTPUT STATEMENT. 2
NEW VALUES FOR -

FOR EACH ITERATION IN THE 910 DO-LOOP,

THE NODAL TEMPERATURES TEMP(I,J) ARE CALCULATED USING
'THE PREVIOUS VALUES T(I,J) FROM THE PREVIOUS ITERATION; °

96

DO 920 KK=1,5000 N
DO 910 IT=1,5
ITER=ITER+1
DIFFL=0.0
FLAG=0.0
TEMP(1,1)=(T(2,1)+T(1,2)+H*TA/TK1*DX)/
(2.+H/TK1%DX)
DO 500 U=2,10° -
TEMP (1, d)=(T(1,J+1)+T(1,d- )2 (T(2,40)4
@ TA*H/TK1%DX) ) /4. +2 . *H/TK 1%DX)
TEMP (2, 1)=(T(1,1)+T(3,1)+2.%T(2,2))/4.
DO 600 U=2,10
TEMP(270)=(T(3,d)+T(1,d)+T(2,4+1)+
@ T(2.d-1))/4.0
TEMP (3, 1)= (TK1*(T(2,1)+T(3,2))+TK2%
@ ~ (T(8,2)+T(4,1)))/(2.%(TK1+TK2))
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DO 700 J=2,10 - |
700 TEMP(3,d)=(TKI1*(T(2,d)+0.5%(T(3,J+1)+
@ - T(3,d-1)) )+TK2*(T(4,J)+0.5%
@ (T(3,d+1)+T(3,d-1))))/
@ T (2.%(TK1+TK2)) .
DO 900 I=4,MM T ,
‘ TEMP(I,1)=(T(I-1,1)+T(I+1,1)+2.%T(1,2))/4.
v DO 800 J=2,NN .
800 TEMP(I,d)=(T(I+1,J)+T(I-1,d)+T(I, u+1)+'
@ | T(I,d-1))/4.
TEMP(I,N)=(T(I-1,N)+T(I+1,N)+2.*T(1I, NN))/4.
900 CONTINUE
C COMPARE TEMP(I,J) WITH PREVIOUS -VALUES FOR
C T(I,J). CHECK IF T(I,J)-TEMP(I,d) IS
C GREATER THAN TOLERANCE FOR ANY NODE (I,4):
C __________________________________________
CALL DIFF(T,TA,TEMP,M,N,I,J,IL,JL,
TOL,FLAG,DIFFL,W)
IF(FLAG.EQ.0.0) GOTO 10
910 CONTINUE
WRITE(6,4000) ITER, IL, dL DIFFL
920 CONTINUE

10 WRITE(3,2000)((T(I,d),d=1,N),1=1,M)
C FORMAT STATEMENTS:
1000 FORMAT(F15.5) ' '

2000 FORMAT(27F10.5)
3000 FORMAT (/' NUMBER OF ITERATIONS',h6X,

/.54(" %" ), /)

@ ' MAXIMUM ITERATION DIFFERENCE

4000 FORMAT(I11,20X,’ (' ,13,",",12,") = 0.5)
STOP \ | _
END

(C 3 >k ok 3k 3 % ok 3 3 5k 3 3k K ok K ok ok ok ok kok ok sk ok odkokokokokokokk CONTINUED  kkokokokokskoskskokoskkdkesk

~
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C S/R° TO EVALUATE THE LARGEST ITERATION DIFFERENCE, T0O =
C COMPARE THE CURRENT ITERATION DIFFERENCE TO TOLERANCE, =
C AND TO RELAX THE NEW CALCULATED VALUE OF TI(I,d). =

C********************'**************************************

SUBROUTINE DIFF(T,TA, TEMP,M,N,1,J, IL,JL,

- @ TOL,FLAG,D L,W)
REAL. T(M,N), TEMP(M,N) -

DO 100 I=1,M
DO 100 J=1,N

.GT.3)GOTO 10 “ ¢

GE.11)GOTO 100 o Y e

10 ABS(T(I,J)-TEMP(I,J))

FF.LT.DIFFL)GOTO 20

OL)FLAG=1.0
J*W (TEMP(I,J)-T(1,J))

20 FF.GT.
)=T(1I

c —

100
RETURN
END
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C**********************************************************

FILENAME: COND.B

THIS PROGRAM READS A DATA FILE CONTAINING A 296 x 27
TEMPERATURE MATRIX (OUTPUT FROM PROGRAM "COND").
THIS PROGRAM THEN SOLVES FOR THE STEADY STATE
TEMPERATURE DISTRIBUTION USING A FINER GRID SIZE.

THE, FINER GRID CONSISTS OF A 319 x 53 MATRIX WHICH
REPRESENTS 160 x 27 NODES OF THE GRID USED IN “COND".
COLUMN 319 OF THE FINE GRID 1S SPECIFIED BY COLUMN
160 (23.8780 C) OF THE 296 x 27 ROUGH GRID.

‘SPECIFIED TOLERANCE FOR T(1.J)= 0.0005

EXECUTION COMMAND: :
R -LOAD# T=10 2=INPUT 3=QUTPUT

*********************************************************

CONSTANTS AND VARIABLES USED IN MAIN PROGRAM:

OO0

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*
T(I,J) = NODAL TEMPERATURES (C) AFTER ITERATION *
NUMBER r.. *
NODAL TEMPERATURES AFTER ITERATION (r+1). =
NODAL TEMPERATURES OF THE 296 x 27 ROUGH *
GRID OUTPUT FROM PROGRAIM "COND" . *
DX = SQUARE GRID SPACING 50.80 microns *
= *

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

*

SPECIFIED TOLERANCE USED FOR THE DIFFERENCE \
(T(I,J)-TEMP(I,J)). ‘
RELAXATION FACTOR USED WITH GAUSS-SEIDEL
ITERATION.

AMBIENT TEMPERATURE. (C)

HEATER TEMPERATURE. (C)

THERMAL CONDUCTIVITY OF EPOXY. (W/m-C)

THERMAL CONDUCTIVITY OF FOAM. (W/m-C)
SPECIFIED LOCAL CONVECTIVE HEAT TRANSFER
COEFFICIENT. (W/m*x2-C)

TOTAL NUMBER OF NODES IN THE "I" DIRECTION.
TOTAL NUMBER OF NODES IN THE "J" DIRECTION.
M--1 S

N-1

=
1

—
=
L 1 N I R ]

TK2

- MM
NN

=
" un

ITER = NUMBER OF ITERATIONS COMPLETED.

DIFF = T(I,J)-TEMP(I,J) CALCULATED FOR EVERY NODE
- AFTER EACH ITERATION.

DIFFL = LARGEST -ITERATION DIFFERENCE "DIFF"
(IL,JL) = NODAL COORDINATE OF DIFFL.

FLAG

0.0 (OFF) WHEN "DIFF" 1S.LESS THAN TOLERANCE.
1.0 (TURNED ON) WHEN “DIFF" IS GREATER THAN
TOLERANCE . -

*********************************************************

QOO0 O0O0O0
I

DIMENSION T(319,53),72(296,27),TEMP (319, 53)
DATA M/319/, N/53/ DX/50. 8OE 6/,T0L/. 0005/ H/132.623/,
@ TK1/1. 1344/ TK2/O 026/, TA/23 8/, TH/38 0/



5,
-2
3

100

MM=M- 1
NN=N-1

[

C READ IN VALUE FOR THE RELAXATION FACTOR

READ(5, 1000 )W
C READ DATA FILE AND SPECIFYuT-(I,d):

C __________________________________
READ(2,2000) ((T2(I,d),d=1,27),1=1,296).
DO 100 II=1,160
DO 100 dJu=1,27
[=2.%11-1.
J=2.*xJdd-1.
100 _ T(I,d)=T2(11,JJ)
C SPECIFIED BOUNDARY TEMPERATURES:
C ~r--mrmmmmmmsmsmmmmmmmmm s i
DO 200 J=1,N ‘
200 T(M,J)=23.8780
DO 300 J=21,N
DO 300 I=1,5
300 T(I,J)=TH
: DO 400 I=1 M
DO 400 J=1,N.
400 © TEMP(I,d)=T(I,d)
ITER=0

WRITE(6,4000)

930 DO~LOOP IS A GLOBAL DO-LOOP WITH AN OUTPUT
STATEMENT WHICH PRINTS EWERY 5 ITERATIONS.

920 DO-LOOP ALLOWS 5 ITERATIONS BEFORE ENCOUNTERING
_THE 930 DO-LOOP QUTPUT STATEMENT.
EACH ITERATION IN THE 920 DC-LOOP, NEW VALUES FOR
THE NODAL TEMPERATURES TEMP(I,J) ARE CALCULATED USING
THE PREVIOUS VALUES T(I,J) FROM THE PREVIOUS ITERATION:

OOO0OOOO
mal
o
X

DO 930 KK=1,5000
DO 920 1T=1,5
ITER=ITER+1

- DIFFL=0.0
FLAG=0.0
TEMP (1, 1) = (T( L1V 4T (1,2) +H*TA/TK1%DX )/
@ (2.+H/TK *DX)
| DO 500 y=2, 20 .
500 CUTEMPIL, ) =TT, g+ AT (1, J- 1) +2. % (T(2,0)+
@ *H/TK1*DX))/4 +2 . %H/TK1*DX)
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\
N
DO 700 ¥=2,4
TEMPOL 1)=(T(I-1,1)+T(1+1,1)+2.%T(1,2))/4.
DO 600 J=2,20 ¢
600 TEMP (1, d)=(T(I+1,0)+T(I-1,J)+T(1,J+1)+
@ T(1,d-1))/4.
700 CONTINUE
O TEMP(5, 1) = (TKI*(T(4,1)+T(5,2))+TK2%(T(5,2)+
@ T(6,1))) /(2. % (TK1+TK2})
DO 800 J=2,20 |
800 TEMP (5, U)=(TK1*(T(4,0)+0.5%(T(5,J+1]+
@ T(5,d-1)) )+TK2*(T(6,4)+0.5*
@ (T(5,d+1)+T(5,d=1)1))/
@ (2 % (TK1+TK2))
DO 910 1=6,MM '
TEMP(I,1)=(T(I-1,1)+T(1+1, 1)+2 *T(1, 2))/4
DO 900 J=2,NN
900 e oINS (T (11, 0)+TLI-1,d)+T (1, u+ﬂ)
. @ : T(1 ,d1))/4 :
TEMP (I, N =(T(I-1, N +T(I+1,N}+2.*T(I, NN) /4.
910 CONTINUE | k“
C COMPARE TEMP(I,J) WITH PREVIOUS VALUES FORY. -
C T(1,d). CHECK IF T(l,J)-TEMP( ) £§ﬁ'
C GREATER THAN TOLERANCE FOR ANY NODE . ;
C __________________________________________
L DIFF(T,TA,TEMP M N, I,J,IL, J&7
@ Cﬁx\ 0L, FLAG, DIFFL, Wi ‘
IF(FLAG.EQ.0.0) GOTO 0
920 CONT INUE
WRITE(6,5000)ITER, IL,JL ,DIFFL
930 CONT INUE

10 WRITE(3,3000)((T(I,J),d=1.N),I=1,M)

C  FORMAT STATEMENTS:

C __________________
1000 FORMAT(F15. 5)
2000 FORMAT(27F10.5)
3000 FORMAT(53F10.5)
4000 FORMAT (/' NUMBER OF ITERATIONS',6X,
@ "MAXIMUM ITERATION DIFFERENCE /,54("*"),/)
5000 FORMAT(I11,20%," (' ,I3,",",12, ') = ' ,F10.5) '
STOP ) ‘ '
END

C***************************** CONTINUED o ok ok ok ok o ok oK K e kK KK K K K

B
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C S/R TO EVALUATE THE LARGEST ITERATION DIFFERENCE, TO =
C COMPARE THE CURRENT ITERATION DIFFERENCE TO TOLERANCE, *
C AND TO RELAX THE NEW CALCULATED VALUE OF T(I,d). =

C***************************************************W******

SUBROUTINE DIFF(T,TA,TEMP ,M,N,I,J,IL,JL;

© TOL,FLAG,DIFFL,W)
REAL TIM,N),TEMP(M,N)
DO 100 I=1,M
DO 100 J=1,N
IF (Ir.GT.5)GOTO 10
IF(J.GE.21)GOTO 100
10 DIFF=ABS(T(1,J)-TEMP(I,J))
IF(DIFF.LT.DIFFLIGOTO 20
DIFFL=DIFF v
IL=1 )
JL=y [
20 IF(DIFF.GT.TOLIFLAG=1.0 ‘
T(1.d)=T(1.u)+W*¢TEMp(1,u>-f}1,u>>
100 CONT INUE
RE TURN
END
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C*****************************************************\‘****

OO0

B

C
C
C

C*********************************************************

C
C

NeleleleleleleleieoleieieoleieleleielielvieielieieliieiniieielY

r

FILENAME: EVAP

THIS PROGRAM CALCULATES THE EVAPORATIVE HEAT TRANSFER
FOR A WATER-SPRAY COOLED ISOTHERMAL CYLINDER. THIS
PROGRAM ALSO CALCULATES THE TOTAL HEAT TRANSFER AS
WELL AS THE CONVECTIVE HEAT TRANSFER TO COMPARE TO
THE EVAPORATIVE COMPONENT.
TEST DATA USED: (REFERENCE: TEST #18)

RE= 40000

L.W.C.= 0.6 g/m**3

AIR VELOCITY= 11.9 m/s
AVERAGE HEAT TRANSFER COEFFICIENT = 636.73 W/m+*2-C
AVERAGE (DRY) HEAT TRANSFER COEFFICIENT

(REFERENCE : TEST #1) = 61.29 W/m**2-C

CONSTANTS AND VARIABLES USED IN THE MAIN PROGRAM:

= AVERAGE HEAT TRANSFER COEFFICIENT. (W/m**QXC)
HT = AVERAGE HEAT TRANSFER COEFFICIENT WITH SPRAY
COOLING. (W/m*x*2-C)

QC = AVERAGE HEAT FLUX PER UNIT AREA DUE TO
CONVECTION. (W/m*x2)

QE = AVERAGE HEAT FLUX PER UNIT AREA DUE TO
EVAPORATION. (W/m**2)

QT = QC + QE v

TA = AMBIENT AIR TEMPERATURE. (C)

TD = DROPLET TEMPERATURE AT CYLINDER SURFACE. (C)

RH- = RELATIVE HUMIDITY OF AIRSTREAM. (Decimal)

P = STATIC AIR PRESSURE. (Pa) '

EP = (EPSILON) = RATIO OF THE MOLECULAR WEIGHTS OF

WATER VAPOUR AND DRY AIR. (Mv/Md)
CPD = CONSTANT PRESSURE SPECIFIC HEAT CAPACITY OF
DRY AIR. (J/Kg-K)
CPM = CONSTANT PRESSURE SPECIFIC HEAT CAPACITY OF
© MOLST AIR. (J/kg-K)
W = HUMIDITY RATIQ FOR MOIST AIR.
RHOA = DENSITY OF MOIST AIR. (kg/m*#3)
CONDA = THERMAL CONDUCTIVITY OF MOIST AIR AT
AMBIENT AIR TEMPERATURE. (W/m-C)
CONDAF = THERMAL CONDUCTIVITY OF MOPST AIR AT
THE FILM TEMPERATURE. (W/m-C)
ALPHA -= THERMAL DIFFUSIVITY. (m**2/s)
DIFF = DIFFUSIVITY OF WATER VAPOUR IN AIR. (m**2/s)
VAP
LV

SPECIFIC LATENT HEAT OF VAPORIZATION. (J/kg)

sk %k 3k K 3k sk 3k %K %k K Xk %k ok ok ok ok ok ok ok ok ok ok ok ak sk 3k ok %K K %k ok ok 3K ok kK 3k %K ok K %k k3K XK K kK X kK ok 3k K kK K kK %

REAL*8 LV,COND

DATA HT/636.73/,HC/61.28/,TA/301.2/,
@ 7D/305.55/,RH/0.70/,P/92728.3/-

TFILM=(TA+TD)/2

SATURATED VAPOUR PRESSURE OF WATER VAPQUR. (Pa)

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
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RA=8314.41/28.9645
EP=18, 01534/28, 9645
CPD=1005.0

__________________________________________________

VAPTF=VAP(TFILM) -
CALCULATE THE MIXING RATIO FOR MOIST AIR (W):

C1=RH*VAP(TFILM)
W=EP*C1/(P-C1)

CALCULATE CP OF MOIST AIR:

- e e o wm o e m m om  w g A e e e e

CPM=CPD*(1.0+(1850./1005.-1. )« (W/(W+1.)))
CALCULATE THE DENSITY OF MOIST AIR:

RHOA=Px (1. +W) /(287 .055*TA*(1.+1.6078*W))

104

CALCULATE THE CONDUCT{¥ITY OF MOIST AIR @ TA AND TFILM:

CONDA=COND(TA,RH,P ,W)
CONDAF=COND(TFILM,RH,P, W)

CALCULATE THE DIFFUSIVITY OF WATER VAPOR IN AIR:

DIFF=O.211E-4*(101325.0/P)*(TFILM/273.15)**1.94

ALPHA=CONDA/ (RHOA*CPM)
C3=DIFF/ALPHA
C4=VAP(TA)

C5=VAP(TD)

C6=LV(TD)

WRITE (6,1D00)CONDA,CONDAF ,TA,TD, TFILM,VAPTF ,RH,EP

WRITE (6,2000)CPD,CPM,RHOA,P,W,DIFF,ALPHA,C3,C4,C5,C6

CALCULATE THE AVERAGE HEAT FLUX/UNIT AREA
DUE TO CONVECTION.:

QC=HC=*(TD-TA)
WRITE(6,3000)HC,QC



@TFILM
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=, F8.2,’

/)
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-1

-

Pa’'/

TLoF8.2,7 W/mxx2')

C
C CALCULATE THE AVERAGE HEAT FLUX/UNIT AREA
C DUE TO EVAPORATION:
C ........................................
C
QE=HC*(¢3**(2./3.)*EP*CB*(CS-(CQ*RH))/(P*CPM))
WRITE(6V4OOO)QE
C !
C CALCULATE ;THE TOTAL HEATFLUX/UNIT AREA DUE TO
C CONVECTION AND EVAPORATION:
C ____________________________________________
C
QCE=QCH+QE
WRITE(6,5000)QCE
C .
C CALCULATE |THE TOTAL HEAT TRANSFER/UNIT AREA:
C ___________________________________________
C
QT=HT*(TD-TA)
WRITE(B,B6000)HT,QT
C
C FORMAT STATEMENTS:
C ~m-rmmmmdmmmmm e _
C X
1000 FORMAT (/' THERMAL CONDUCTIVITY OF MOIST AIR @ TA
" @F8.5,1 W/m-C'/
@ /
@F8.5, W/m-C'/ ‘
@ AIR TEMP. = ' F6.1," K'/
@ WATER TEMP.:= ,F6.1 K’/
@ FILM TEMP. = ' ,F6.1," K'/
@ SATURATED WATER VAPOUR PRESS @TFILM
@' RH = ' F7.2,/
@' EPSILON . = ' FB8.5)
2000 FORMAT(’CP DRY AIR = ' ,F8.2
@ CP MOIST AIR = ' F8.2," J/Kg
@ DENSITY OF AIR = ' FB8.5," kg/m
@' STATIC AIR PRESSURE = ' ,F9.1,’ Pa'/
@’ HUMIDITY RATIO (W) = ' ,F8.5,/
@ DIFF= F11 8, mxx2/g'/
@ ALPHA= ’ F11.8,' m*x2/s'/
@ Pr/Sc= ' ,F11.8,/
@’VAP(TA)= * F10.3," Pa'/
@ VAP(TD)= ' ,F10.3," Pa'/
@ LATENT HT VAP Lg(TD)= COF11.1,! d/K
3000 FORMAT(’'HC= ' ,FB%2," W/m**2-C'/'QC=
4000 FORMAT (' QE= *?FB.Q,’ W/m**x2’ %,
5000 FORMAT('Q = % F8.2," W/ m**x2T
‘6000 FORMAT('HT= ' ,F8.2," W/m**2-C' /' QT= '

JF8.2,7 W/ mx*2' )
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. C FUNCTION SUBROUTINE TO CALCULATE THE SATURATION- - *
- C «VAPOUR PRESSURE OF WATER VAPOUR. (LOWE, 1977) = *
C - VAP = VAPOUR PRESSURE. *{Pa) : B o
c. . T- = TEMPERATURE . (K) - ~ *

C*********************************f*********%**************
REAL FUNCTION.VAP*8(T)
REAL*8 AQ,A1,A2,A3,A4, A5, A6,T
'A0=6984.505294
A1=-188.9039310, _
2%%,. 133357675 . S v
,A?ww1 2885809730D- 02 . 7 ,
AZ#4 , 393587233D-05 ° : i
A5=-8.023923082D-08 3
A6=6,136820929D-11

VAP= (AO+T*(A1+T*(A2+T* A3+T*(A4+T*(A5+T*A6))))))*100.
RETURN:
END -
C*****‘****************************************************
. C . FUNCTION SUBROUTINE TO CALCULATE THE LATENT HEAT *
'C . OF VAPORIZATION. (PRUPPACHER AND KLETT, 1978, P.89) - =~
- C - LV =:SPECIFIC LATENT HEAT OF VAPORIZATION. (J/kg) *
o C T' = TEMPERATURE. (K) ) *

- C********************************************************** e

REAL FUNCTION LV*8(T)

. REAL*8 T

LV=597. 3*(273 15/T)#%(0.167+3.67D-04*T)*4186. 84
 RETURN_
. END |

e
N

C**************#********##******** CONTINUED‘**************

. . .
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C**********************************************************

C FUNCTION. SUBROUTINE TO.CALCULATE THE CONDUCTIVITY OF
C MOIST AIR. (PRUPPACHER AND KLETT, 1978, P.418) *
c _COND.. = THERMAL CONDUCTIVITY OF AIR. (W/m-C) *
C DCOND = THERMAL CONDUCTIVITY OF DRY AIR. (W/m-C) =
c VCOND = THERMAL CONDUCTIVITY OF WATER VAPOUR. *
C " (W/m-C) | X
c RH = RELATIVE HUMIDITY OF AIRSTREAM. 5
'C -~ P = BAROMETRIC PRESSURE. (Pascals) o
C VAP = SATURATED VAPOUR PRESSURE OF WATER .
C | VAPOUR. (Pa) x
C W = HUMIDITY RATIO OF MGPST AIR. *
C T = TEMPERATURE. (K) = = *
C**********************************ﬁ***********************
REAL FUNCTION COND*8(T,RH,P,W)
REAL*8 T,W
DCOND=4. 186D-03% (5.69+0. 017 (T-273. 189)° S
VCOND=4. 186D-03% (3, 78+0. 020*(T-273. 15)) &
COND=DCOND* (1. -(1.17-(1.02%VCOND/DCOND) ) * - v
e (W/(O.62198+W)))

RETURN : ¢
~END | |
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THE

FILENAME: QGAP

THIS PROGRAM CALCULATES THE NUSSELT NUMBER AROUND A
CIRCULAR CYLINDER AT 10 DEGREE IWCREMENTS FROM THE
STAGNATION LINE. THE CONVECTIVE HEAT FLUX IS
CALCULATED USING THE YOLTAGE DROP ACROSS EACH OF 10
HEATERS MOUNTED FROM 0 TO 10 DEGREES. - THE HEAT
LOSS FROM BOTH SIDES OF EACH HEATER IS CALCULATED
TO CORRECT FOR CIRCUMFERENTIAL HEAT FLUX ERROR.

PRQGRAM READS A DATA FILE OF THE FORM:

DESIGNATED TEST NUMBER (I3 INTEGER)

REYNOLDS NUMBER, AIR VELOCITY (m/s)

BAROMETRIC PRESSURE ("Hg), REL. HUMIDITY (decimal)
SURFACE TEMPERATURE (C), AMBIENT TEMPERATURE {(C)
LIQ. WATER CONTENT (g/m=%3j, MEDIAN DROP DIA. (Pm)
ANGLE INDEX i, VOLT(i)

»

WHERE THE ANGLE INDEX i IS AN INTEGER
i’= 1 @ 0 DEGREES. .

i 10 @ 90 DEGREES.

SAMPLE DATA FILE:

22 _ -\/'

3
*
*
&
*
*
b 3
Y
*
*
*
b d
b
*
¥
*
*
*
*
*
¥
*
*
*
101300.,30.2 *
27.3,0.25 | 4
37.49,25.2 o *
*

E 3

*

*

%*

¥

*

b 3

*

*

*

*

*

*

¥

*

*

*

*

*

*

*

0.27,70.0

1,0.547 \ o

. 2,0.563

9.0.379

10,0.453 | o v

EXECUTION COMMAND:
$R -LOAD# T=3 5=DATAFILE 2= OUTPUTFILE

LR EEEEEEEREEEEEEEEESESEEESSESSEEEESIESEETEEE SIS ST EEEEEEEES

CONSTANTS AND VARIABLES USED IN MAIN PROGRAM:~

DEPTH OF HEATERS. (m]

WIDTH OF HEATERS. (mJ

LENGTH OF HEATERS. (m) ,

LENGTH OF GAP BETWEEN HEATERS.

GAP WIDTH AT SURFACE. (mm)

HALF THE GAP WIDTH AT SURFACE. {m)

THERMAL CONDUCTIVITY OF MATERIAL IN THE GAPS
BETWEEN THE HEATERS. (W/m-C)

3 oK ok o oK ok ok ok ok oK K ok ok koK KOk sk sk kok R ok sk skkokoksk ko okokkkok ok CONT INUED - ok oksksksksk sk



109

r

C**********************************************************
C ’ *
C CONSTANTS AND VARIABLES USED: (CONTINUED) *
C —---mmemms=-ssmssm-os-ooSoooSoSTmoTomEoTITT ' *
C - D = CYLINDER DIAMETER. (m) o _ *
C KA = THERMAL CONDUCTIVITY OF MOIST AIR AT THE FILM *
C TEMPERATURE . ‘(W/m-C) *
C RH = RELATIVE HUMIDITY OF AIRSTREAM. (Decimal) *
C RE = REYNOLDS NUMBER. : , *
C VEL = AIR VELOCITY (m/s) *
¢ NUM = DESIGNATED TEST NUMBER. . *
C ANGLE = ANGLE INDEX. : *
C : =1 @ O DEGREES FROM THE STAGNATION LINE. *
C =10 @ 90 DEGREES FROM THE STAGNATION: LINE. *
C ANGL = ANGLE FROM STAGNATION LINE. (DEGREES) : *
C TFILM = FILM TEMPERATURE AT HEATER SURFACE. (K) -k
C JF = FILM TEMPERATURE AT HEATER SURFACE. (C) *
C TS ‘ MPERATURE OF HEATER. (C) *
C TA "31ENT AIR TEMPERATURE. (C) *
C H(i) = .JCAL CONVECTIVE HEAT TRANSFER COEFFICIENT *
c . AT ANGLE INDEX i. (W/m**x2-C) *
c i=1 @ O DEGREES ) ‘ *
C i=10 @ 90 DEGREES *
C VOLT (i) = VOLTAGE DROP ‘ACROSS HEATER i,,i=1,2,..,10 *
C R(i) = RESISTANCE OF HEATER. i. (ohms) . *
C Q(i) = TOTAL HEAT FLUX (Watts).THROUGH SEMI-GAPS *
C FROM BOTH SIDES OF THE HEATER LOCATED AT *
Cs ANGLE INDEX 1. . *
C Z(i) = +ve ROOTS OF Z{i)*TAN(A*Z (1)) =H/K, i=1,2,3 *
C NU(i) = LOCAL NUSSELT NUMBER : ' *
C PRESS = BAROMETRIC PRESSURE.G%“H [ *
C WH - RELAXATION FACTOR FOR H. %GAUSS-SEIDEL) *
C LWC = LIQUID WATER CONTENT IN AIRSTREAM. (g/m**3) *
C MDD = MEDIAN DROPLET DIAMETER. {microns) ’ *
C**********************************************************

DOUBLE PRECISION Z(3),HT,DIFF »

REAL L,K,KA,H(10),Q(10),R(10),LWC,MDD,

@ NU(10),P(10),VOLT(10) :

CINTEGER ANGLE _
DATA HW/0.003175/,0/0.05997/,K/1.1344/,L/0. 1524/,

@ B2/2.0584/ ,WH/1.0/,A/0.0002032/
DATA R/0.2678,0.2697,0.2697,0.2713,0.2710,
@ ,0.2676,0.2711,0.2709,0.2688,0.2685/
C READ DATA FILE:
C e e e - — - m o ————
READ(5,6000)NUM - :
READ(5,7OOO)RE,VEL,PRESS,RH,TSBTA,LQC,MDD
DO 100 I=1,4 : Az
100 READ (5, 1000) ANGLE,VOLT (1) %7

k4



¢

C CALCULATE THE AIR THERMAL CONDUCTIVITY AT THE FILM
TEMPERATURE AND PRINT TEST DATA IN OUTPUT FILE.

C

OO0 ONO

OO0

OO0

200

OO0

TF=(TS+TA)/2.

TFILM=TF+273.

HW1=HW*1000.

B=82/2000.

A1=A*1000.

KA=COND(TFILM,RH,PRESS)

WRITE(Z, 4000)NUM RE,VEL,TA, TS, TF,PRESS,RH, KA, LWC,
mbD,D, K HW1 L,A1,B2

FOR EACH POSITION FROM 0 TO 90 DEGREES
(ANGLE INDEX = 1 TO 10), THE 400 DO-LOOP
CALCULATES THE FOLLOWING: ‘

1.
2.

CALCULATE THE HEATER POWER P(i).

CALCULATE -THE INITIAL GUESS FOR H(i)

BASED ON THE CALCULATED POWER P(i).

ITERATE TO DETERMINE THE VALUE OF H(i) THAT

SATISFIES ‘THE EQUATION H=(P-Q)/{(AREA*(TS-TA)), "

SINCE Q IS A FUNCTION OF H.
(AREA = HEATEH SURFACE AREA)
CALCULATE THE §LOCAL NUSSELT NUMBER NU(1i).

DO 400 ANGLE=1,10
P(ANGLE)=VOLT(ANGLE )**2/R{ANGLE)
H{ANGLE ) =P (ANGLE )/ (L*HW*(TS-TA))

CALL S/R BETA 70 OBTAIN THE 1st 3 ROOTS OF
Z*TAN(A*Z)=H/K USING THE CURRENT VALUE OF H:

B e e e o e e e e e m e o e === e ===

CALL BETA(Z,A,H,K,ANGLE)

 CALCULATE HEAT FLUX THROUGH ADJACENT GAPS
AT EACH ANGLE

SUM=0.0 |

DO 200 N=1,3
DEN=(Z (N)#*2+ (H(ANGLE ) /K)**2) *A+(H(ANGLE ) /K)
SUM=SUM+( (DTANH(Z(N)*B) )% (DTAN(Z{N)*A}))/DEN

Q(ANGLE )=4.*L*(TS-TA)*H(ANGLE ) *SUM

CALCULATE NEW UPDATED VALUE OF H (CALLED HT)
BASED ON THE PREVIGUS VALUE OF H.
(REQUIRED FOR GAUSS-SEIDEL ITERATION OF H):

HT=(P(ANGLE ) -Q{ANGLE) )/ (L*HW*(TS-TA))
DIFF=HT -H{ ANGLE ) ‘

110



OPTIONAL WRITE STATEMENT TO PRINT DIFFERENCE

CALCULATED FOR EACH "H" ITERATION.
(SPECIFIED TOLERANCE FOR H = 0.001)

WRITE(G, 2000)D1FF

IF(DABS(DIFF) LE.0.001)GOTO 20
H{ANGLE )=H(ANGLE) +WH*(DIFF)

. GOTO 10 .
CONTINUE

111

300 DO-LOOP 1S AN OPTIONAL WRITE STATEMENT
TO PRINT FINAL CONVERGED VALUE FOR THE 1ST
THREE ROOTS:

OOO0

300

400

DO 300 I=1,3
WRITE(6,9500)1,Z(1)
ANGL=(ANGLE-1)*10.
Q(ANGLE)=Q{ANGLE)*1000.0
P(ANGLE)=P(ANGLE)*1000.0
NU (ANGLE ) =H({ANGLE ) *D/KA

WRITE(2,8000)ANGL,P(ANGLE),Q(ANGLE),

@ NU(ANGLE)
WRITE(2,5000)

C FORMAT STATEMENTS

C __________________

1000 FORMAT(I4,f15.5)

2000 FORMAT(’H DIFFERENCE= ' ,F14.4)

3000 FORMAT(10X,F6.1,6X, F8 2 gx,F6.2,5%X,F8.2,1X,F8.2) -

4000 FORMAT(///// 1OX 59( ) /, 10X, 'TEST # / 13 //
@,10X,’REYNDLDS NUMBER =’,F9:1,/'
@,10X,’ AIR VELOCITY F6.1," m/s'//
@,10X,’ AMBIENT AIR TEMPERATURE =’ F6.2,’
@,10X, " HEATER (SURFACE) TEMPERATURE =’ ,F6.2,’
@,10X,' FILM TEMPERATURE =’ F6.2,’
@,10X, ’BAROMETRIC PRESSURE =’ ,F6.2,'
@/,10X AIRSTREAM: RELATIVE HUMIDITY =’ F6.3
@,9x,’ THERMAL CONDUCTIVITY =’ ,F8.5,
@’ W/m-C'/
@,9Xx,’ LIQUID WATER CONTENT =',F6.1,
@' g/mx3’ / | ,

<« @,9X, MEAN DROPLET DIAMETER =’ ,FB6.1,

@ microns’ /[l
@,10X," CYLINDER DIAMETER . =’ ,F8.5,
@,10X," THERMAL CONDUCTIVITY QF EPOXY =" F8.5,
@’ W/m c'/
@,10X,' HEATER WIDTH =' F6.3,’
@,9X,’ . LENGTH = F7:4,'
@,9X,’' DEPTH =’ F6.3,’

H({ANGLE),

~

OO0

I =
€ N
-~
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®/,10X,' GAP WIDTH AT SURFACE = ,F6.3," mm'

@//// 10X ' ANGLE HEATER POWER  GAP HEAT LOSS',
e’ NUSSELT’ /,10X,’ (DEGREES)' ,6X,’ (mW)’ , 11X,

@' (mwW)’", 6X " (W/m**2-C) NUMBER',/,10X,538(' -"))
5000 FORMAT(10$ 59(’%’)) .
6000 FORMAT(I3)
7000 FORMAT(2F15.5)
8000 FORMAT("Z (*, t,”) =" ,F15.6)
STOP
END

C*************************************************** ’

C SUBROUTINE TO CALCULATE THE 1ST THREE ROOTS OF =
C Z*(TAN(Z*A)=H/K USING GAUSS-SEIDEL ITERATIVE =
C METHOD WITH RELAXATION. ‘ *
C SPECIFIED TOLERANCE FOR Z(i) = 0.000Tx *
C Z(i) = ith ROOT OF EQUATION. *
C WZ(i)= RELAXATION FACTOR FOR Z(i). *
C ZT = NEW UPDATED VALUE OF Z CALCULATED *
C USING THE PREVIOUS VALUE OF Z. *
C*******‘*“f******************************************

\
SUBRUUTINE BETA(Z,A,H,K,ANGLE)
DOUBLE PRECISION Z(3),ZT,DIFF
INTEGER ANGLE .
REAL K
DIMENSION H(10),WZ(3)
DATA WZ/0.2,0.0001,0.0001/
PI=3. 141592654

DO 100 I=1,3 ~
100 Z(I)=(I-1)*P1/2./A+(((1-1)%P1/2. /A)**2+
@ (H{ANGLE )/ (K*A) ) )**x0.5 .
DO 200 N=1,3
10 ZT=(H(ANGLE)/K)/(DTAN(Z(N)*A))
DIFF=ZT-Z(N)
C OPTIONAL WRITE STATEMENT TO PRINT THE ROOT AND
C DIFFERENCE CALCULATED FOR EACH ITERATION.
C (SPECIFIED TOLERANCE FOR Z{i) = 0.0001) ’
C _______________________ ———— e e o - ———— -
C WRITE (6, 1000)DIFF,Z(N)

1000 FORMAT (F13. 5,2X,F1 5 5)

IF(DABS(DIFF).LE.O. OOO1)GOTO 200
Z(N)=Z(N) +WZ(N)*(DIFF)‘
' GOTO 10
200 CONTINUE
RETURN
END
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C FUNCTION SUBROUTINE TO CALCULATE THE CONDUCTIVITY OF *
C MOIST AIR AT THE SURFACE FILM TEMPERATURE (TFILM). *
C (PRUPPACHER AND KLETT, 1978, P. 418) *
C COND = THERMAL CONDUCTIVITY OF AIR. (W/m-C) *
C- DCOND = THERMAL CONDUCTIVITY OF DRY AIR. (W/m-C) =*
C "VCOND = THERMAL CONDUCTIVITY OF WATER VAPOUR. *
C (W/m-C) B *
C RH = RELATIVE HUMIDITY OF AIRSTREAM. *
C PRESS = BAROMETRIC PRESSURE. (Inches Hg) *
C PRESSt1 = BAROMETRIC PRESSURE. (Pascals) *
C VAP = SATURATED VAPOUR PRESSURE OF. WATER *
C VAPOUR. (Pa) (LOWE, 1977) . *
C W = HUMIDITY RATIQ OF MOIST AIR. *
C T = TEMPERATURE. (K) g *
C**********************************************************

REAL FUNCTION COND+*8(T,RH,PRESS) - 4
REAL*8 AQ,A1,A2,A3,A4,A5,AB,T,W e
A0=6984.505294 ~
1=-188.90338310
A2=2.133357675
A3=-1,2885809730D-02
Ad4=4,393587233D-05
A5=-8.023823082D-08
AB=6.136820929D- 11
VAP= (AO+T*(A1+T*(A2+T*(A3+T*(A4+T*(A5+T*A6))))))*100.
PRESS1=PRESS*3376.85 ‘ :
W=0.62198% (RH*VAP/(PRESS1-RH*VAP) ) -
DCOND=4.186D-03*(5.69+0.017*(T7-273.15)
VCOND=4.186D-03%(3.78+0.020%(T-273.15)
COND=DCOND*{1.-(1.17-(1.02xVCOND/DCOND
, @ (W/(0.62198+W)))
RETURN
END

)
)
) )*



APPENDIX B

FLECTRICAI, SCHEMATIC DIAGRAM
\ of
12 CHANNEL HEATER TEMPERATURE CONTROLLER
N -
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APPENDIX C !

EXPERIMENTAL DATA

This appendix contains listings of the test conditions

and reduced data for each heat transfer test peyformed.
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\
***********************************************************

TEST # 1
REYNOLDS NUMBER = 40000.0
AIR VELOCITY = 12.3 m/s

TEST CONDITIONS : SMOOTH CYLINDER

AMBIENT AIR TEMPERATURE = 298.00 C
HEATER (SURFACE) TEMPERATURE = 44,90 C
FILM TEMPERATURE = 36.95 C
i
BAROME TBBC PRESSURE = 27.41 "Hg
AIRSTREA# RELATIVE HUMIDITY = 0.24
%" THERMAL CONDUCTIVITY = 0.02625 W/m-C
LIQUID WATER CONTENT = 0.0 g/m*x3
MEDIAN DROP DIAMETER = 0.0 microns
CYLINDER DIAMETER = 0.05997 m
THERMAL CONDUCTIVITY OF EPOXY = 1.13440 W/m-C
HEATER WIDTH = 3.175 mm
LENGTH = 0.1524 m
DEPTH = 0.203 mm
GAP WIDTH AT SURFACE = 2.058 mm
ANGLE HEATER PBWER  GAP HEAT LOSS. H
(DEGREES) (mW) (mW) (W/m**2-C)
0.0 857.14 316.14 70.32
10.0 933.78 342 .46 76 .86
20.0 926. 34 339.92 76.22
. 30.0 907.87 333.60 74.64
40.0 878.71 323.58 72.16
50.0 825.30 305. 11 67.61
60.0 766°. 80 284.72 62.66
70.0 643.81 241.24 52.33
80.0 397.80 151.83 31.97
80.0 351.02 134.45 28.15

NUSSELT

64.

31

)

. ***********************************************************
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TEST # 2

REYNOLDS NUMBER 40000.0
AIR VELOCITY 12.2 m/s
TEST CONDITIONS : SMALL ROUGHNESS (FINE SCREEN)

HoH

AMBIENT AIR TEMPERATURE = 20.20 C
HEATER (SURFACE) TEMPLCRATURE = 42.53 C
FILM TEMPERATURE = 35.86 C
BAROME,TRIC PRESSURE = 27 .46  "Hg
AIRSTREAM: RELATIVE HUMIDITY = 0.36
THERMAL CONDUCTIVITY = 0.02563 W/m-C
LIQUID WATER CONTENT = 0.0 g/m**3

MEDIAN DROP DIAMETER 0.0 microns

CYLINDER DIAMETER Y= 0.05997 m
THERMAL CONDUCTIVITY OF EPOXY = 1.13440 W/m-C
HEATER WIDTH = 3.175 mm ~
LENGTH = 0.1524 m
DEPTH = 0.203 mm
GAP WIDTH AT SURFACE = 2,058 mm
ANGLE HEATER POWER  GAP HEAT LOSS H NUSSELT
(DEGREES) (mW) (mW) (W/m**2-C) NUMBER
0.0 637 .63 236.87 62.14  145.41
10.0 650.01 241.20 63.38 148.33
'20.0 640.72 237.95 62.45 146.14
30.0 634.56 235.79 61.83 144.68
40.0 616.25 229.36 59.99  140.38
50.0 595,24 221.95 57.88  135.44
60.0 554 .30 207.43 ° 53.78  125.85
70.0 474 .14 178.70 45.80 107.19
80.0 319.38 122.05 30.59 71.60
90.0 376.63 143.19 36.19 84.70

% >k %K 3k ok 3k %k ok 3k 3k sk >k 3 ok 3k 5k kK 2 ok 3k % 3 ok 2 3k 3 5k 3k 3K 3 oK 3K ok s %k 3K 2k oA F ke ok ko A K A ek K kK ok ok kK Kk kK
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TEST # 3

REYNOLDS NUMBER = - 40000.0
AIR VELOCITY 12.2 m/s
TEST CONDITIONS : SMALL ROUGHNESS (COARSE SCREEN)

AMBIENT AIR TEMPERATURE - =28.20C
HEATER (SURFACE) TEMPERATURE = 42.53 C
FILM TEMPERATURE = 35.36 C
BAROMETRIC PRESSURE = 27.50 "Hg = L, .-
~ AIRSTREAM: RELATIVE HUMIDITY = 0.35 .
N THERMAL CONDUCTIVITY = 0.02607 W/m-C
1 LIQUID WATER CONTENT = 0.0 g/m**3
MEDIAN DROP DIAMETER = 0.0 microns
CYLINDER DIAMETER = 0.05997 m L
THERMAL CONDUCTIVITY OF EPOXY = 1.13440 W/m-C
HEATER WIDTH = 3.175 mm
LENGTH = 0.1524 m
DEPTH | = 0.203 mm
GAP wxogz AT SURFACE = 2.058 mm
/S !
/
ANGLE HEATER POWER  GAP HEAT LOSS H NUSGEL T
(DEGREES) (mW) (mW) (W/m**2-C) NUMBER
0.0 615.52 229.97 55.60
10.0 55245 207.48 49.75
20.0 635.51 237.05 57.47
30.0 628.71 034.64 56.83
40.0 535.65 201.45 48.20
50.0 556.79 209.04 50.15
60.0 518.72 195 . 36 46.63
70.0 519.10 195.50 46.67
80.0 297.95 © 114.30 26.49
0.0 346 .46 132.37 30.88  71.02

****************************************************4******
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. ********************************************************7*}

CTEST ¥ 4

REYNOLDS NUMBER = 40000.0 -
AIR VELOCITY = 12.2 m/s
 TEST CONDITIONS : - MEDLUM ROUGHNESS

AMBIENT AIR TEMPERATURE

= 29.20 C |
HEATER (SURFACE) TEMPERATURE = 42.53 C N
FILM TEMPERATURE - = 35.86 C )
BAROMETRIC PRESSURE | ..+ = 27.46 "Hg
ATRSTREAM: RELATIVE HUMIDITY = 0.36
THERMAL CONDUCTIVITY = 0.02563 W/m-C
LIQUID WATER CONTENT = 0.0 g/m**3

MEDIAN DROP DIAMETER 0.0 microns

05997 m

CYLINDER DIAMETER = 0
THERMAL CONDUCTIVITY OF EPOXY = 1.13440 W/m-C
HEATER WIDTH , .= 3.175.mm
LENGTH © = 0.1524m -
DEPTH . ' = 0.203 mm
“ GAP WIDTH AT SURFACE = 2.058 mm
~ ANGLE HEATER POWER  GAP HEAT:LOSS H - NUSSELT
(DEGREES) S (W) ‘ (mW) . (W/m**2-C) NUMBER
0.0 640.72 237.95 62.45 146.14
%0.0 697.50 257.74 68.18 . 159.56
20.0 857.14 - 312.32 . 84.47  197.67
'30.0 . 998.23 - 359.29 1 99.06 .231.82.
40.0 - 1068. 81 382.35 106.43° 249.07
50.0° 1084.82 387.54 . 108.11 ~ 252.99
600 ©1052.92 377.18 ~  104.77 24517
707.0 926.34 ~335.50 91.60 214.37
80.0 - - 804.41 . 294.46 © 79.06  185.02
90.0 604 .88 : 295,35 . 58.84  137.70

»
***********************************************************
o :

‘ -
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TEST '# 5

3
J

REYN@LDS NUMBER 40000.0
AIR"VELOCITY - 12.2 m/s '
‘ ?%ST CONDITIGMS : LARGE 'ROUGHNESS -

EhMBIENT AIR TEMPERATURE 28.60 C

HEATER (SURFACE) TEMPERATURE = 42.53 C
FILM TEMPERATURE = 35.57 C
- BAROMETRIC PRESSURE = 27.50 "Hg ,
AIRSTREAM: ‘RELATIVE HUMIDITY = 0.35
THERMAL CONDUCTIVITY = 0.02609 W/m-C
LIQUID WATER CONTENT .= 0.0 g/m**3
MEDIAN DROP DIAMETER = 0.0 microns
CYLINDER DIAMETER = 0.05997 m
"THERMAL CONDUCTIVITY OF EPOXY = 1.13440 W/m-C
HEATER WIDTH =<3.175 mm
LENGTH = 0.1524 m
DEPTH = 0.203 mm
GAP WIDTH AT SURFACE . = 2.058 mm
ANGLE HEATER POWER  GAP HEAT LOSS H NUSSELT
(DEGREES)  (mW) (mW) (W/m**2-C) NUMBER
0.0 550.62 206 .56 ~51.05, 117.35
10.0 468.60 177.02 - 43.26 99. 45
20.0 679.21 252.04 "Q§.38 145.70
30.0 766.44 282.32 71.83  165.12
40.0 855.51 '312.77 80.52  185. 11
50.0 891.75 325.03 84.08 193.29
60 .0 869.46 317.50 - 81.89  188.25
70.0 873.69 318.93 82.30  189.21
800 792.34 291.22 74.35 170.92
90.0 631.85 256 .45 64.60 © 148.50

***********************************************************
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***********************************************M***********

TEST # 6 ¢
REYNOLDS NUMBER - 180000.0
CAIR VELOCITY = 24.3'm/s
CTEST CONDITIONS : SMOOTH CYLINDER

27.20 C

AMBIENT AIR TEMPERATURE - =
HEATER (SURFACE) TEMPERATURE = 42.53 C
FILM TEMPERATURE ' . F 34.86"C
BAROMETRIC PRESSURE = 27.41 "Hg
ATRSTREAM: RELATIVE HUMIDITY = 0.24
- THERMAL CONDUCTIVITY = 0.02612 W/m-C
LIQUID WATER CONTENT = = 0.0 g/m**3

MEDIAN DROP DIAMETER 0.0 microns

CYLINDER® DIAMETER

| | = 0.05997 m
THERMAL CONDUCTIVITY OF EPOXY = 1.13440 W/m-C
HEATER WIDTH R = 3.175 mm
~ LENGTH = 0.1524 m
DEPTH = 0.203 mm )
GAP WIDTH AT SURFACE = 2.058 mm
T

 ANGLE ~ HEATER POWER  GAP HEAT LOSS H ~ NUSSELT
(DEGREES) (mW) (W) (W/m**2-C) NUMBER
¢ 0.0 1048. 96 380.38 90.13  206.92
..-10.0 1183.39 404.80 102.27  234.79
20.0 1170.84 420.69 101.13  232.17
30.0 1162.50 417.96 00.37  230.44
40.0 1129.47 407.09 97.39 - 223.58
. 50.0 1068.81 387.00 91.92  211.02
. 60.0 979.05 356.92 83.87 192.55
70.0 804 .41 ~297.19 68.38  156.99
80.0 412.53 157.10 34,44  79.06
90.0 543,48 204,86 45.65  104.80

***********************************************************
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TEST # 7 | ,

 REYNOLDS NUMBER- = 80000.0

AIR VELOCITY 24.0 m/s '

TEST CONDITIONS : SMALL ROUGHNESS (FINE SCREEN)

AMBIENT AIR TEMPERATURE

_ = 25.60 C
HEATER (SURFACE) TEMPERATURE = 40.08 C
FILM TEMPERATURE = 32.84 C
BAROMETRIC PRESSURE = 27.50 "Hg
AIRSTREAM: RELATIVE HUMIDITY = 0.32 ,
THERMAL CONDUCTIVITY. = 0.02595 W/m-C
LIQUID WATER CONTENT = 0.0 g/m*x*3
MEDIAN DROP DIAMETER = 0.0 microns
CYLINDER DIAMETER = 0.05997 m
THERMAL CONDUCTIVITY OF EPOXY z 1.13440 W/m-C
HEATER WIDTH = 3.175 mm
: LENGTH = 0.1524 m
' DEPTH . = 0.203. mm
GAP WIDTH AT SURFACE = 2.058 mm :
- ANGLE HEATER POWER  GAP- HEAT LOSS H NUSSELT o=
(DEGREES) (mW) (mi) (W/m*x*2-C) NUMBER
0.0 g41.25 342 .68 85.43  197.46
10.0 971.43 352 .82 88.29 204.07
20.0 971.43 352 .82 88.29  204.07
30.0 967 .63 351.54 87.93 203.24
40.0 963.84 350.27 87.57  202.41
50.0 1208.70 430.76 111.03 256.63
60.0 1547.71 537.08 144.24  333.39.
70.0 1630.37: ~ 582.15 152.46  352.39
80.0 1547 . 71 ) 537.08 144,24  333.39
. 90.0 1314.10 464 .43 1 7  280.29
’ ******************************%**}********* u************
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TEST # 8 \

REYNOLDS NUMBER = 80000.0

 AIR VELOCITY 24.2 m/s

TEST CONDITIONS : SMALL ROUGHNESS (COARSE SCREEN)

AMBIENT AIR TEMPERATURE = 26.00 C
HEATER (SURFACE) TEMPERATURE = 42.53 C
FILM TEMPERATURE = 34.26 C
BAROMETRIC PRESSURE = 27.51 "Hg
AIRSTREAM: RELATIVE HUMIDITY =0.35
THERMAL CONDUCTIVITY = 0.02601 W/m-C
LIQUID WATER CONTENT = 0.0 g/m**3
MEDIAN DROP DIAMETER .= 0.0 microns
CYLINDER DIAMETER ) = 0.05997 m
THERMAL CONDUCTIVITY OF EPOXY = 1.13440 W/m-C
HMEATER WIDTH = 3.175 mm
LENGTH = 0.1524 m
DEPTH = 0.203 mm
GAP~W{DTH AT SURFACE = -2.058 mm
ANGLE HEATER POWER GAP HEAT LOSS - H NUSSELT
(DEGREES) (mW) : (mW) _ (W/m*x*2-C) NUMBER
0.0 892.91 329.29 70.47 162.47
10.0 812.10 301.22 =~ 63.87 147 .27
20.0 960.63 352.56 76.02 175.27
30.0 1012.07 370.09 80.26 185.05
40.0 829.06 307 .14 65.25  150.45
50.0 1283.24 460. 41 102.88 " 237.18
60.0 1641.05 574 .39 133.36 307.46-
70.0 1803.62 - 624.32 . 147,44 339.93
80.0 1576.64 554.29 127.82 294.69
890.0 - 1376.77 490.76 110.77 255.40

***********************************************************
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TEST # 9 - . ' {
REYNOLDS NUMBER = 80000.0
AIR VELOCITY = 24.0 m/s

TEST CONDITIONS :  MEDIUM ROUGHNESS /
o / ‘
AMBIENT AIR TEMPERATURE

= 25.40 C-
HEATER (SURFACE) TEMPERATURE = 40.08 C
FILM'TEMPERATURE = 32.74 C
BAROMETRIC PRESSURE ~ = 27.50 "Hg
AIRSTREAM: RELATIVE HUMIDITY = 0.32
THERMAL CONDUCTIVITY = 0.02594 W/m-C
LIQUID WATER CONTENT = 0.0 g/m**3

MEDIAN DROP DIAMETER 0.0 microns

£

CYLINDER DIAMETER = 0.05997 m
THERMAL CONDUCTIVITY OF EPOXY: = 1.13440 W/m-C
HEATER WIDTH ‘ = '3.175 mm
L LENGTH = 0.1524 m
. DEPTH. = 0.203 mm .
GAP WIDTH AT SURFACE = 2.058 mm.
ANGLE HEATER POWER  GAP HEAT LOSS H ~ NUSSELT
(DEGREES) . (mW) (mW) (W/m**2-C) NUMBER
0.0 963.84 350.64 86.33 199.57
10 1175.01 420.41 106.24  245.60
20.0 1620.54 560.15 149.28  345.12
30.0 1955.45 659.00 182.52  421.95
40.0 2131.88 709.08 200.30 463.07
. 50.0 2194.29 726.49 206.64 A477.71
60.0 2120.63 705.93 199.16 . 460.43
70.0 1875.37 635.82 174.51  403.43
80.0 .. 1402.51 492 .98 128.04°  296.02
90.0 “¥ g23.66 337.10 82.58  190.90

***********************************************************
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. TEST # 10

REYNOLDS NUMBER = 80000.0
AIR VELOCITY = 24.2 m/s
TEST CONDITIONS : LARGE ROUGHNESS
AMBIENT AIR TEMPERATURE = 26.40 C
HEATER (SURFACE) TEMPERATURE = 42.53 C
FILM TEMPERATURE = 34.46 C
BAROMETRIC PRESSURE =-27.51 "Hg
AIRSTREAM: RELATIVE HUMIDITY: = 0.35
THERMAL CONDUCTIVITY = 0.82602 W/m-C
LIQUID WATER CONTENT = 0.0 g/m=*x*3 ,
MEDIAN DROP DIAMETER = 0.0 microns .
CYLINDER DIAMETER = 0.05897 m
THERMAL CONDUCTIVITY OF EPOXY- = 1.13440 W/m-C
HEATER WIDTH . = 3.175 mm '
LENGTH = 0.1524 m
DEPTH = 0.203 mm
GAP WIDTH AT SURFACE = 2.058 mm
ANGLE HEATER POWER GAP,HEAT. LOSS H NUSSELT
(DEGREES) (mW) ] (mw) (W/m**x2-C) NUMBER
. 0.0 849.62 313.82 68.65 158. 21
10.0 784.58 291.17 63.22 145.69
20.0 1160.70 419.18 95.01 218.95
30.0 1460.63 516. 34 120.99  278.82
40.0 1671.32 582.12 138.55 ~ 321.60
50.0 1786 .89 617.38 149.85 345. 32
60.0 1898.95 651.02 159.89 368.48
70.0 1803.62 622.43 151.34 348.77
80.0 1591.20 557.34 132.46 305.27
90.0 1309.68 - 467.97 - 107 .85 248.53
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- TEST

REYNOLDS NUMBER
AIR VELOCITY

#

1t

TEST CONDITIONS :

120000.0
36.1 m/s

SMOOTH CYLINDER

AMBIENT AIR TEMPERATURE

HEATER (SURFACE) TEMPERATURE

" FILM TEMPERATURE

'

SAROMETRIC PRESSURE

AIRSTREAM:

CYLINDER DIAMETER

THERMAL CONDUCTIVITY OF EPOXY
HEATER WIDTH '

GAP WIDTH AT SURF

ANGLE

= 0.05997 m
= 1.13440 W/m-C
= 3.175 mm
= 0.1524 m
. =z 0.203 mm
ACE = 2.058 mm
HEATER POWER GAP HEAT LOSS | H NUSSELT
(mW) (mW) (W/mx*2-C) NUMBER -
1175.01 419.87 107.78 248 .64
1379.77 485.13 127 .69 294,56
1379.77 485.13 127.69 294.56
1384.30 486.55 128.13 295.59
1357.20 478.04 125.48 289.47
1298, 41 459.77 119.84 276.45
1200.24 428.03 110.21 254.26
879.05 355.36 89.02 205.35
503.81 190.06 44.78 103.30
717.77 266.09 64 .47 148.72

90.

OO0 OODOOOO

0

RELATIVE HUMIDITY

THERMAL CONDUCTIVITY
LIQUID WATER CONTENT
MEDIAN DROP DIAMETER

127

****************************************

i

25.60 C
40.08 C
32.84 C

27.46 "Hg

0.24

0.02600 W/m-C
0.0 g/m**3

- 0.0 microns

***********************************************************

7
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TEST # 12 .

REYNOLDS NUMBER 120000.0
AIR VELOCITY 35.0 m/s
TEST CONDITIONS : SMALL ROUGHNESS (FINE SCREEN)

non

AMBIENT AIR TEMPERATURE = 23.80 ¢
HEATER (SURFACE) TEMPERATURE = 37.49 C
FILM TEMPERATURE = 30.65 C
BAROMETRIC PRESSURE = 27.93 "Hg
AIRSTREAM: RELATIVE HUMIDITY = 0.24
THERMAL CONDUCTIVITY = 0.02586 W/m-C
LIQUID WATER CONTENT .= 0.0 g/mx*3

MEDIAN DROP DIAMETER ~ 0.0 microns

CYLINDER DIAMETER = 0.05997 m
THERMAL CONDUCTIVITY OF EPOXY = 1,13440 W/m-C
HEATER WIDTH ' = 3.175 mm
LENGTH = 0.1524 m
DEPTH = 0.203 mm
GAP WIDTH AT SURFACE. = 2.058 mm
ANGLE =~ HEATER POWER GAP HEAT LOSS H. NUSSELT
(DEGREES) (mW ) (mW) (W/m**2 C) NUMBER
0.0 867.53 316.44 83.19 192.93
10.0 857.85 313.17 82.22 190.69
20.0 966. 30 349.53 g3.11 215.93
30.0 1082.80 387.84 104.91 243.31
40.0 1215.78 430.64 118.53 274 .87
50.0 1802.43 608.46 180.24 418.00
+ 60.0 1728.29 586.93 172.30 399.59
70.0 1649.66 563.81 163.92 380. 15
80.0 1630.37 558.09 161.87 375.40
80.0 1345.25 471.39 131.92 305.93

3k 3k K 3 oK %K ok ek % %k ok ok K ok 3k ok ok ok e sk K ok 3k 3K K ok K ok ok ok ok 3k ok ke ok 3k sk ok ok K 3k koK K S K oK oK ok ok XKk ok k-
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REYNOLDS NUMBER
AIR VELOCITY

12

9

******************************************************

TESTA#

13

TEST CONDITIONS :

AMBIENT AIR TEMPERATURE

120000.0
35.0 m/s '
SMALL ROUGHNESS

HEATER (SURFACE) TEMPERATURE -
FILM TEMPERATURE

BAROMETRIC PRESSURE

AIRSTREAM:

RELATIVE HUMIDITY
THERMAL CONDUCTIVITY*®

LIQUID WATER CONTENT
MEDIAN DROP DIAMETER

CYLINDER DIAMETER
THERMAL CONDUCTIVITY OF EPOXY
-HEATER WIDTH

LENGTH
DEPTH

GAP WIDTH AT SURFACE

e e e - e A dm e wm — e am e o e e e = = e

ANGLE
(DEGREES)" .
0.0 871
10.0 - 805
120.0 1010
30.0 1015
40.0 1275,
'50.0 1948
- 60.0 1807.
70.0 1666 .
80.0 1690.
90.0 1381

HEATER POWER
(mW)

L4

.31

o

nw oo lI‘I|

(COARSE SCREEN)

24.00 C
37.49 C
30.74 C

27.93 "Hg

0.24

0.02587 W/m-C
0.0 g/m**3
0.0 microns

<

NUSSELT
NUMBER

= 0.05997 m
= 1.13440 W/m-C
= 3.175 mm
= 0.1524'm
= 0.203 mm
= 2.058 mm
GAP HEAT LOSS H
(mW) (W/m**2-C)
317.31 84 .84
294 .97 78.16
363.64 99.07
365.48 99.65
448,94 126.68
648.50 199.08
608.60 183.66
567.79 168.40
574.55 170.89
481.77 137.81

319.

*********************************************************

* %
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TEST # 14

REYNOLDS NUMBER 120000.0
AIR VELOCITY: 35.1 m/s
TEST CONDITIONS : MEDIUM ROUGHNESS

n o

AMBIENT AIR TEMPERATURE : = 24.40 C
HEATER (SURFACE) TEMPERATURE = 37.49 C
FILM TEMPERATURE " = 30.94 C
BAROMETRIC PRESSURE = 27.93 "Hg
AIRSTREAM: RELATIVE HUMIDITY = 0.24
THERMAL CONDUCTIVITY = 0.02588 W/m-C
LIQUID WATER CONTENT = 0.0 g/m**3

MEDIAN DROP DIAMETER 0.0 microns

CYLINDER DIAMETER = 0.05997 m
THERMAL CONDUCTIVITY OF EPOXY = 1.13440 W/m-C
HEATER WIDTH = 3.175 mm
LENGTH = 0.1524 m
DEPTH = 0.203 mm
- GAP WIDTH AT SURFACE = 2.058 mm
'ANGLE HEATER POWER GAP HEAT LOSS H - NUSSELT
(DEGREES) (mW) (mW) (W/m**2-C)- NUMBER
0.0 786.71 288.06 78.73 182.44
10.0 1014.20 363.94 102.66 237.91
20.0 1504.52 517.40 155.85 361.16
30.0 1873.83 624.66 197.22 457.03
40.0 2012.48 663.23 213.02 493.65
50.0 2332.21 748.90 249.98 579.29
60.0 2058.31 675.79 218.28 505.83
70.0 1674.43 567.59 174.75 404 .96
80.0 1131.52 401.88 115.20 266 .96
890.0 8916.26 331.66 92.30 213.89

2L ESEESE LTRSS ESEEESEEESESE RS RS IS SRS IS EESELE SRS E S

#
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TEST # 15

REYNOLDS NUMBER 120000.0
AIR VELOCITY 35.4 m/s
TEST CONDITIONS : LARGE ROUGHNESS

1

AMBIENT AIR TEMPERATURE

| = 24.80 C
HEATER (SURFACE) TEMPERATURE = 40.08 C
FILM TEMPERATURE = 32.44 C
BAROMETRIC PRESSURE = 27.93 "Hg
AIRSTREAM: RELATIVE HUMIDITY = 0.24
THERMAL CONDUCTIVITY = 0.02597 W/m-C
LIQUID WATER CONTENT = 0.0 g/m**3

MEDIAN QROP DIAMETER 0.0 microns

05997 m

CYLINDER DIAMETER =0
THERMAL CONDUCTIVITY OF EPOXY = 1.13440 W/m-C
HEATER WIDTH = 3.175 mm
LENGTH = 0.1524 m
DEPTH = 0.203 mm
GAP WIDTH AT SURFACE = 2.058 mm
ANGLE HEATER POWER GAP HEAT LOSS H NUSSELT
(DEGREES) (mW) (mW) (W/m=**2-C) NUMBER
0.0 913. 11 334.48 78.26 180.70
10.0 899.36 329.79 77.04 177.87
20.0 1443 .74 508.08 126.55 292.20
30.0 1732.07 596.71 153.56 354.56
40.0 2026.13 683.27 181.63 419.36
50.0 2624 .23 848.40 240.18 554.58
60.0 2267 .27 751.54 205.01 473.35
70.0 1813.96 621.19 161.33 372.48
80.0 2115.01 708.71 . 190.21 439.17
90.0 1861.64 635. 31 165.86 382.97

*****************************f*****************************

N
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TEST # 16

REYNOLDS NUMBER 40000.0
AIR VELOCITY 11.8 m/s
TEST CONDITIONS : WATER SPRAY COOLING

AMBIENT AIR TEMPERATURE = 28.40 C
HEATER (SURFACE) TEMPERATURE = 34.99 C
FILM TEMPERATURE = 31.68 C
BAROMETRIC. PRESSURE = 27 .98 "Hg
AIRSTREAM: RELATIVE HUMIDITY = -
THERMAL CONDUCTIVITY = 0.02549 W/m-C
LIQUID WATER CONTENT = 0.1 g/m*x3

MEDIAN DROP DIAMETER 37.6 microns

CYLINDER DIAMETER , = 0.05897 m
THERMAL CONDUCTIVITY OF EPOXY = 1.13440 W/m-C
HEATER WIDTH ' = 3.175 mm
LENGTH = 0.1524 m
DEPTH = 0.203 mm
GAP WIDTH AT SURFACE = 2.058 mm ,
ANGLE ~ HEATER POWER GAP HEAT LOSS H. NUSSELT
(DEGREES) (mW) (mW) (W/m**2-C) NUMBER
0.0 / 821.80 279.56 170.05 400.04
10.0 864.30 291.93 - 179.50 422 .26
20.0 736.70 254.24 151.30 355.93
30.0 610.21 215.21 123.87 291. 41
40.0 482. 14 173.88 96.67 227.42
50.0 388.13 142.32 77.09 181.35
60.0 332.58 - 123.17 65.68 154.51
70.0 271.21 101.54 53.21 125.17
80.0 148.81 56.96 28.80 67.76
90.0 161.13 61.54 31.23 73.47

***********************************************************
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TEST # 17

REYNOLDS NUMBER 40000.0
AIR VELOCITY 11.8 m/s
TEST CONDITIONS : WATER SPRAY COOLING

AMBIENT AIR TEMPERATURE = 28.80 C
HEATER (SURFACE) TEMPERATURE = 34.99 C
FILM TEMPERATURE = 31.90 C
BAROMETRIC PRESSURE ’ = 27.98 "Hg
AIRSTREAM: ,RELATIVE HUMIDITY = ---
THERMAL CONDUCTIVITY = 0.02550 W/m-C
LIQUID WATER CONTENT = 0.3 g/m**3 ,
) MEDIAN DROP DIAMETER = 24.7 microns o
CYLINDER DIAMETER = 0.05997 m
THERMAL CONDUCTIVITY OF EPOXY = 1.13440 W/m-C
HEATER WIDTH = 3.175 mm
LENGTH = 0.1524 m
DEPTH = 0.203 mm
GAP WIDTH AT SURFACE = 2.058 mm
ANGLE HEATER POWER GAP HEAT LOSS H NUSSELT
(DEGREES) (mW) (mW) (W/m*xx2=C) NUMBER
0.0 1125.37 360.00 255.54  600.97
10.0 1150.06 366. 36 261.65 615.35
20.0 1005.95 328.42 226.21 531.99
30.0 797 .50 270.06 176.10 414 .14
40.0 625.37 218.45 135.86 319.51
50.0 531.56 188.92 114.40 269.04
60.0 466 .21 e 167 .72 93.66 234.37
70.0 376.21 ¥137.64 79.65 187 .31
80.0 226.97 85.43 47 .25 111.13
90.0 281.66 104.92 59.01 138.78

**********i************************************************
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TEST # 18 N & .
REYNOLDS NUMBER = 40000.0"
AIR VELOCITY = 11.9 m/s

" TEST CONDITIONS : WATER SPRAY COOLING

“AMBIENT AIR TEMPERATURE
HEATER .( SURFACE | REMPERATURE
FILM TEMPERATURE~ ¢ |

BAROMETRIC PRESSURE
AIRSTREAM: RELATIVE HUMIDITY
JHERMAL CONDUCTIVITY
IQUID WATER CONTENT
MEDIAN . DROP DIAMETER

CYLINDER DIAMETER

nomou o own-H

28.20:C
32.55 C
30.38 C

27.46 "Hg
0.64

0.02543 W/m- C

0.6 g/m*x*3
49.3 microns

%

= 0.05997 m-
THERMAL CONDUCTIVITY OF EPOXY = 1.13440 W/m-C
HEATER WIDTH = 3.175 mm
~ LENGTH = 0.1524 m
DEPTH = 0.203 mm
GAP WIDTH AT SURFACE = 2.058 mm
I~
ANGLE HEATER POWER GAP HEAT L®SS ~ H NUSSELT
(DEGREES) (mW) (mW) (W/m**2-C) NUM3ER
0.0 3757.53 ' 727.61 1439.51 3394.74
10.0 3908.57 743.65 1503.64 3546.00
20.0 3428.57 691.12 1300:55 3067.05
30.0 2380.95 556.79 866.65 2043.80
40.0 1388.84 . 388.82 475.11 1120.43
50.0 787.20 252.04 254.25 . 599.60
1 60.0 604.20 202.35 190.92  450.23
70.0 427.53 -149.81 131.94  311.16
- 80.0 330.37 118.76 100.54  237.09
90.0 341.93 122.54 104.23  245.81

k***********************************************************

-
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TEST # 18 oYy

REYNOLDS NUMBER = 80000.0 L
AIR VELOCITY 23.2 m/s . Y
TEST CONDITIONS : "WATER SPRAY COOLING: |

AMBIENT AIR TEMPERATURE

= 25.80 C
HEATER (SURFACE) TEMPERATURE = 32.55 C
FILM TEMPERATURE = 29.18 C
BAROMETRIC PRESSURE 28.10 "H

" AIRSTREAM: RELATIVE HUMIDITY

THERMAL CONDUCTIVITY 0.02533 W/m-C

LIQUID WATER CONTENT = 0.1 g/m**3
MEDIAN DROP DIAMETER 34.5 microns
CYLINDER DIAMETER = 0.05997 m
THERMAL CONDUCTIVITY OF EPOXY = 1.13440 W/m-C
HEATER WIDTH = 3.175 mm
LENGTH = 0.1524 m
~ DEPTH =#0.203 mm
. GAP WIDTH AT SURFACE = 2.058 mm
ANGLE ~ HEATER POWER  GAP HEAT LOSS  H NUSSELT
(DEGREES) () (mW) — (W/mx*x2-C) NUMBER
0.0 2148.81 502.08  473.57 1118.47
10.0 2380.95 .  647.25 530.81 1253.67
20.0 2092.63 590.. 75 459.84 1086.04
30.0 1645.18 494 .33 1352.36 - 832.21
40.0 ~ 1125.37 365.77 232.57  549.29
50.0 733.39 - 254.00 146.78  346.66
60.0 528.75 ~ 189.56  ° 103.85  245.28
70,0  402.68  147.52 . 78.12  184.51
88\ﬁ\\‘ 214.29 81.13 40.77  96.28
90.0 281.66 - 105.38 53.97  127.46

***********************************************************



APPENDIX D

L3

FINITE DIFFERENCE ANALYSIS OF THE HEAT CONDUCTION
IN A TYPICAL CYLINDER SECTOR

LN

-«

Thisv study aséumes ’that the steady state heat
‘conduction from the bottom )of éach heater is negligibie
compared with the heat loss trdm théﬁsides of the heaters.
In ordet to verify this assumption, - a finite diffétence
model of a typical 5 degree ’séctor of tte cylinder is
tepreéented here.

©

D.1 Cylinder Geometry ¥

The test cylinder\used fér this study consists of a
59.97 mm di;ﬁeter expandéd polystytene foam cylindér with
a 31.75 mm plexiglass tube core. The plexiglass tube " was
filled with‘expanded polyurethane foam7 ‘The 3.2.m@ “wall
thickness of the plexiglass tube was negiected in this
numerical anaf%sis and the thermai conductivities gf both
types of. foam are approximétely equal at the mean test

J

température.
. ) &
Nine nichrome strip heaters (each 3.175 mm wide)

were mounted on the Mgurface from 0° to 900 from the

stagnation line. .This results in ningl gaps:-between the

o8

heaters at the surface.. JTheﬂngaps were filled with an
epoxy hav1ng a thefmal conductlv;ty of 1, 1344 W/m+:°C. The

\calculated ga@£WLdth at the surface is:

Ao M’ . f . : 136 v

3]
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7(59.97)/4 - 9(3.175) at
= 2.058 mnm

9.0

Therefore the semi-gap width utilized in this analysis is

1.029 ‘mm.

Due to symmetry, the finite difference  model
4,,Lngorporates half the width of one heater and half the gap

adJacent to the heater, as shown in Figure D.1.

CYLINDER RADIUS = 29.985 mm

1.5875 mm

1 0292 fm

AXIS OF SYMMETRY—

g;_ Figure D}l»,Geqnetry of the finite difference model.

1

+The'cylinder sector is approximated by a rectangular grid
with a constant temgerature corner and a convective
~boundary condition .at the surface. A constant temperature

boundary condition (ambient temperature) is assumed for
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the side of the grid associated with the cylinder center.

D.2 Finite Diffefenqe Equations

The temperature field is divided into a rectanguiar‘
grid with,increments in tﬁe radigﬁ (x5 and circumferential
(y) directions (see Figure D.é).. For this analysis

Ax = Ay

CONDUCTIVITY = K

- -HEATER (T = Th) /a—y- = Q
N

CONDUCTIVITY = K, |
B ( , us _ .
11 - R T T
, g dle% Ay .
25N . } R
IV !
qC 2; /// :
1’4 4 |
1

4
'/3 \_a__T_?O .i"" Y X

Figure D.2 Nodﬁlwnumbering scheme for
the~finite difference grid.

R
The coordinates i and j are used to locate grid points in

the x and y directions respectively. The material in the

region i = 1,2,3 and j = 1,2,...,10 is epexy with a

‘thermal conductivity specified as K1 and the remainder of
the grid corrésponds to foam with a thermal conductivity

specified as Kz; The following finite  difference



equations, derived .in detail - by Holman (1976, P.75-76),

are used in this analysis:

i) dinterior nodes (i=2 or i>4):

Ti,je1 + Tizp, 5+ Ty 441 + Ty, 521
Ty s - e (1)

[

ii) convective boundary (i=1):

(Ti,j+41 + Ti,3-1) + 2(Ty41,§ + hTa4y/Ky)
T‘ s = - (D.2)
4 + 2hay/Kq

iii) insulated boundary’

_ Ti 1,7 + Tig1,5 +2T5, 541
(3= 1) Ty,5 = P (D.3)

. Ti—l,' + Ti+l,' + 2Ti’L_15 . v
(3 = N): T, 5 = J J J (D.4)
» 4 . O‘

Three nodal equations remain to be .defined for this
numerical analysis:

iv) Node (1,1):

Node (1,1) represents a corner with a convective boundary
and an insulated boundary (see Figure D.3). Under steady
state conditions, the net heat flow per unit area into any

node from its surrounding nodes is =zero. The energy

<139



balance for node (i,J) in Figure D.3 is:

Kq

Ax

Solving for Ti,j with Ax = Ay:

i,

Figu

K2

—(Ti41,5 - Ti, ) + —
2 ' v ®2A

y

(Ti,j+1

- Ti,j) + h(Ta

Ti+1,j +Ti,j+1 + hTaAX/Ki

re D.3

2 + hAx/Kl

)
Lo
i3

»

T

i+1, ]

Corner

node
boundary and an insulated boundary.

v) Interface boundary (i=3):

T |
/L//J/Z AT

with a

Q

u

convective

- Ty,4) =0

(D.5)

The boundary i=3 separates .-two regions with different

thermal

conductivities;

therefore, nodes

élong this

interface require a unique fénite difference equation.

The

heat

flux

along

~

this

"»undary

consists

of -

two

140



components. ' One component is. based ‘on the thermal
conductivity of epoxy (K1), and the other component is

based on the conductiviﬁy‘of foam (Kp) (see Figure D.4).

1 f N\Q&g\\%ﬁ?

] . , q
Figure D.4 Node on a boundary separating regions
with different thermal conductivities.

The energy balance for node (i,j) in FigurQQD.A is:

ki - Ko Ao« Ky
—(Ti_1,5 - Ti,5) + =CTis1,5 - Ti,5) + —(Tq, 541 - T4, )
Ax ’~J s ] A% y ] ‘ J ZAY J J
Ky K1
+ ,
PUWRRE T 52 B P DL Sba S B B B P DA
2Ay 2Ay
Ka

“

(Ti’~_1 - Ti,') = 0
24y J v J



Solving for T; j with 4x 2 Ay,

Kp(2Tio1, 5+ Ti, 41 + Ti,5-1)
4Ky + Ko ff
Ko(2Ti41,3.+ Ti, 541 + Ti, 5-1)
A(Kl + K9)

+

(D.6)

vi) Node (3,1):

Node (3,1) represents a node bounded on one side by an
insulated boundéry and located on the interface between
two -regions with different thermal conductivities (see

Figure D.5).

i

Figure D.5 Node intersecting -an 1insulated
boundary and two regions with
different thermal conductivities,
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The energy balance for node (i,j) in Figure D.5 is:

i : \
kp b Ky
(Tio1,3 ='Ti, 50 + —(Ty, 441 - Ty, 5) +
oax oY I gay M '
K2 ’ ‘ K2 Y
“—(Ti, jr1 = Ti,3) + —(Tiy1, 5 - Tq, ) = 0
20y g+l = Ti, g . j j

Solving for Ti,j with Ax = Ay,

K1CTio1, 5+ Tije1) + Ka(Ty 541 + Tign, 5) (0.7)
2(Ky + K9) ‘

Ti,j

. | :
The ,temperature distribution in the grid was solved
numerically using the ;foglowing constants and sample

boundary cond;tions:

T, = 23.80C
Ax 5 Ay = 0.016 mm
Thﬁ= 38.00C '

h 4)132,62 W/m2.0C
Ki = 1.1344 W/m-0C
Ky = 0.026 W/m-°C

A coarse grid of 296 x 27 nodes was utilized initially to
solve ‘for the tempefature distribution. The FORTRAN
computer program entitled COND detailing the algorithm is
inﬁiuded in Appendix A Gauss—Seidel. iteration with
relaxation was used to- solve for the nodal temperatgres
with a spécified tolerance of 0.00050°C, o
In” order to obtainf/ a more accurate numeriéél
solution in the vicinity of the heater, this procedure was

repeated using a smaller grid spacing. The output from

S



the coarse grid solution was used as the initial guess for
the fine grid solution. The fine grid algorithm is
detailed in the FORTRAN program called COND.B included in
Appendix A.

The area of the coarse grid represented by.nodes
i=l to 160 and j=1 to 27 was analyied in detail using a
fine grid of 319 x 53 nodes (see Figure D.6). FEach node
along column i=160 of the <coarse grid solution had a
stéidy state temperature‘of 23.8789C. This value was us%%
for ‘the right hand boundary condition for the fine grid
analysis. The grid spacing utilized for the fine‘grideas
Ax % Ay = 0.0508 mm. The results of this finite difference

analysis are shown as a contour plot in Figure D.8.

D.3 Heat Flux-Calculatjons

v -

Using the nodal temperature distribution obtained

from the finite difference analysis, the following heat
transfer data was calculated:

a) Surface heat flux between heaters.

The heat loss due to convection in the gap between
the heaters was calculated .uging the temperatures of thé
surface nodes  i=l. The convective boundary condition
.defined in the fiﬁite, difference analysis iﬁcludes

convective heat transfer to the air from nodes j=1 to 20

inclusive (see Figure D.7).
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27 I
' +
11} COARSE GRID
S 160 29
J
53
A

21 FINE GRID T, —T = 23.878 ¢

’—\ 1

-1 5 ‘ 319

Figure D.6 Nodal numbering scheme used
with smaller grid increments.

A
| —HEATER
21
. 20
194
T J
Q. 1
J . _fAy l
. ‘ .i
4
, 3
9 1
Q1 121 . '
’ fAy/Z

Figufe D.7 Nodes on the convective boundary.
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For any node (1,j), j=2,3,...,20 |
I\

Qj = h(LAy)(lej - Ty)

where L. = length of the gap betwwen heaters.
The corner node (1,1) includes only half the heat flux

4

area:
‘ ay
Qr,1 = hL—(Ty ] - Ty) |
| 2

Recall that the finite difference analysis only models
half the width of one heater and half of thewgaﬁj ad jacent
to the heater. All the heat‘ losseé célculated are
multiplied by 2.0 to represent the losses as§ociéted with
one entire heater width and the entire gap width between

heaters. The total convective heat loss in the entire gap

between adjaceht heaters is: =y

20
Qg = 2hLAy[§ (T1,5 = Ta) + 0.5(T1,1 - Ty)] (D.8)

, Ty
" where Q: (W] h: [W/QZ%§C] T: [°C]
y: [m] L: [m] :
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45_‘-0,

ﬁ% Heat loss from the bottom and 51de of the heater.,

As 1nd1cated in Figure D.9, the total heat loss

from the'interiorfside of‘the héater is: LJ
" 52 ‘
QI = ‘kzL{ ‘;(Th - T6 3) + 0. 5(Tp - Te,21) +
0.5(Ty, - T6’53)} S . (D.9)

: Q53 = K 7ax LT Tg,53)
— L Ay ’

N~ i} by ) - _

- Qj : K2 X L(Th T6,j)

for j = 22,23,...,52

=0 =Ky 5y LTpTy o)

, o AX '
———— 0% = % 75t Ts,20)

Ly/2
G = K gy LT 20
for i = 2,3,4 -

" Figure D.9 Equatlons used in the numerlcal solution
' to calcuate the heat loss from the side ¢
and bottom of the nlchrome strip heater.



#

The total heat loss from both sides of the heater is:
iy [3 .

4

Q < 2KL {>2:§Th - Ti,20) + 0.5(Ty - Ty 20) +
g 9-3(Th - Ts,zo)} 5 (D.10)
where Q: [W] - | . T: [oC] | .

Ky: [Wm-°C]  © Kp: [W/m- gy

L: [m] '

A FORTRAN program entitled” HEATFLUX (

‘¥ Appendix A) was

written to calculate the heat losses around a.typical

o

heater using  equations (D.8),"(D.9), and (D.10). The

output from this program including the constants used in

this analysis are presented in Table D.1.

Table D.1 Finiée difference .solution. Summary
of the steady state heat losses from
a typical nichrome strip heater.

Finite Difference Solution

Convective heat transfer coefficient = 132.62 .W/m2.0C
Ambient temperature = 23,80(C

Heater temperature = 38.0°C : ’

Gap thermal conductivity (epoxy) = 1.134 W/m-0C ,
Cylinder thermal conductivity (foam) = 0.026 W/m-°C S

Heat Loss Summary

471.7 mW

A. Heat loss from the surface of the gap =

B. Heat loss from the bottom of heater = 47.6 mW'

C. Loss from both sides of the Keater = 481.1 mW

D. Total'(B+C); ' = 528.7 mW
" E. Loss to the interior: of the cylinder = 48.3 mW

F. Loss from thé surface of the heater = 911.2 mW

Gap‘losé tepresents 51.76% of the heater's surface loss. "




between two heaters .as shown in Figure E.1.

¥y

APPENDT ¥4

|

STEADY STATE CONDUCTION HEAT LOSS /

IN THE GAB BETWEEN TERS. .~
(ANALYTICAL SOLUFION) S/

o

| § o x
The steady state conduction heat' loss from the edge
of the strip heaters can be estimated by solving the

Laplace equation for two dimensional ‘heat flow in the

region between tHe heaters.

Due to symmetrx“'consider ‘half the gap contained

L]

w SURFACE OF CYLINDER

T/

CROSS-SECTION OF '
NICHROME STRIP HEATERS

" GAP BETWEEN HEATERS
FILLED WITH EPOXY GLUE

' L + | ~FOAM INSULATION
- ////’-SURFACE‘OF MODEL
MODEL SYMMETRIC i - "_—EDGE OF HEATER
ABOUT THIS AXIS |- - @
T
INSULATED >
BOUNDARY

“ Figure E.l1 Geometry for the analytical model.
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R .

e 11
The method of separation of variables was used to solve

the Laplace equation for two-dimensional heat conduction

subject to the boundary conditions shown in Figure E.2.
[}

3To

K 5=+ hTo =0

, -y
| .

AR | ——To = CONSTANT

- To = (T - Ty) [°C] |
a ‘ T, = ambpient temperature. [©OC]
h = convective heat transfer
K\\\\_ﬂo - coefficient. [W/m2-0(C]
Y IX 0 ¢ - thermal conductivity of
x epoxy. [W/m-:°C] _
a = depth of the heater.- [m]
b -= semi-gap width. [m]

[

Figure E.2 Boundary conditions for the analytical model,

[

W

The Lapiace equation for this ‘problem is:

3270 82To _ L
=T ‘+ Pz 0 | (E.1)

To solve equation (E.l), the solution is assumed to take
. Ll ) } - - \1 . )’\
the form:

To(x,y) = X(x)¥(y) v »

v,

v
4

o P
i ‘f’ﬁ :
AT N
’r@ .
B SRy A
g
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N ’ B fév '
-3 To _ 0¢To _ "
. 5;?2— = X"Y and —872— = XY
from Equation E.1  X"Y + XY" =0
T
or _]._32X=__]._32Y;_>\2
X axzi,) Y oy?
32
Sz * =0 (.2)
a2
——Zng - A2y = 0 (E.3)
agxfrom Equation E.2 'X = C,COSAX f'CzsinAx

1

eV 4+ eV

fkpm Equation E.3 Y 3 4

therefore o To(x,y) =,(C1COSXX + Czsin)\x)(CE]e'Ay + C4éxy) L (E.4)

Boundary Conditions: p

i) -atty=0, %59-= 0

4

usinggEduation E4 (Clcosxx,+ Césinkx)(xc4‘— AC3)‘= 0

+ o%
REaE
v

thérefpre C3»?%ﬁ4

and To(x,y) = (Ccosax + Czsinxx)C3coshAy

1
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» using Equation E.4 (CZXcosAa - Clxsinxa)c3coshxy =0

sinag - C,tan)a

YCZ ) ClCOSXa' 1
therefore . To(x,y) = (C1COSXX + CltanXa sinxx)C3coshxy o
or To(x,y) = C(cosix + tanra sinix)coshiy (E.5)
i11) at x=0, -K 222+ hTo = 0
using Equation E.5 = -K(Citanaa coshiy) + hC coshiy =0

or‘ Krtanxa = h
Eigenvalues A are the positive roots of Antanxna = %

therefore ! To(x,y) = Cn(cosxnx + tana @ swnxnx)coshxny

ot 8

n=1

iv) at ysb, To = (Th -T1.)

T, -T. = £¢C r a si
h Ta E Cn(cosxnx tana a s1nxnx)coshxnb
n=1
= 1 C (cosr.a cosr x + sinxa sinx x) Egéﬁing-
E Z.n n n n: n coSX'a
& n=1 : n
' ~ coshx b
- = T - _—
or Th Ta n:lCncosAn(a x) _555726 (E.6)

3



multiply both sides of Equation E.6 by cos) (a-x) and integrate both
sides of the equation from x=0 to x=a: :

Ty - 7o) |
if o F o

= 2y

therefore:

but

a 0 d
cosy (a-x) dx = 1 C cg;?; %— Jcosx (a-
0 ' n=1 n 0

x)cosa, (a-

the right hand integral is equal to zero.

the right hand integral becomes:

0

sin 21 _a
———n-—_

4xn

a .
Jcos2xn(a-x) dx

-

H

sin ZAﬂ(a-x)]

1 +
2 (X -2
L

.2, sin 2). a
= — _—~ﬂ_
2 4xn

_ ¢ Soshyb [a

218 4
osx.a |2 4;
n ; Xn An

251nx a cosx a
4A

sin) a cos) a
H

2 + in2y a
IZAn(COS,Ana sinx, )

1 (cosxa . sinaa -1
2 siny a Ccos)._a
) n n
1
1 [ 1 ]i
5 + tan) aj .
2xn tanxna’ n

'tanxna
" -
+ z '
2An(l tanéxna)

a

0

sin 2x_a
___—-_-——f]_——

- (a
b J{l + COS 2xn(a-x)} dx

|

x) dx

© 154
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or -~ sin2j)a _ ) tanx a ’

Ax 2 2
+
n 2An (1 + tan Ana)
- Altanxna

2 4+ 3 2tan2
Z(An A tan 5na)

_h

but | )\ntanxnaA- ¢ .
therefore Csin2ia _ h/K

o " T

n 200, 2 + (h/K)?)

Equation E.7 becomes: %
M=oy s =, il (3t

n Tt (T 2002+ (h/K)?)

\

siny a cosh a f2{r 2 + (h/K)2} | .
a{xn2 + (h/K)?2} +\h/K

¥.

.- therefore c = (Th - Ta)
: xncoshAnb

- substituting for C_ the éxpression'for To becomes:

TO(X,.Y) = (Th - T

® o 2 2
N 2sin) a cosﬁﬂg.( A2t (h/K)

(cosxnx +
n=1 Ancoshxnb {Anz + (h/K)2}a + h/K -]

+ tanx a sinx X 7
tanxn sina )coshxny

but Zsinx”a cosra _ 4(SA2 2 g}
n AT
I Vi S
2{x,2 + (h/K)2}
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- ol _h/K . .
xnz + (h/K)?2

therefore:

To(x,y) = 2 %'(Th ST : (cosaﬂx + tand a sind xjcosha y — —
. n=1 coshxhb[{xnz + (h/K)2}a + h/KJ

o

I, E'(Th ) Ta) . (cosxﬂx cosi a + sini 2 sin) x)coshx y
=1 cosx 2 coshxnb[{xn2 + (h/K)2}a + h/K}

or.’

cosr(a-x) coshry (F.8)
2 2
1[{An v+ (h/K)21a + h/K}cosxna coshx b

et 8

- o h -
To(x,y) = 2 g (Th Ta) )

"Surface heat flux

To evaluate the heat flux at . the surface, the

temperature gradierft at x = 0 . is evaluated using.
Equation E.8: . : /
3T .
Qg = -KA =2 (E.9)
- : #IX x=0 : .

The total heat flux area through two semi-gaps (both sides

of the heater) is:
L 3

A = 2bL _ LA

where b = semi—gap width, [m]
L = length of the gap between heaters. [(m]
e &
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Therefore Equation (E.9) can be rewritten as:

o b,
Q = —2KLJ{ aTo

OBX

dy , ' (E.10)
x=0 .

cubstituting Cqudtion E.8 into Equation £.10

© b ‘ o 3 -
Q = —2KLJ {2 %'(Th - Ta) N -51nix.a) A czshgx|¥) S dy
ot ! n=1 ({xn + (h/K)2}a + h/K} cosh a coshx b
h ) 2
ki . f b
- 4KL(Th -1T ) s tan&na; {ﬂ SthAﬁy )
- @p=1 [{x 2 + (h/K)?%}a + h/K] cosh(x _b) A
n ) "l y=g

or o
y : 14 . ¥ . ~ )
Q= aLh(T, - T,) ® tank a tanhi b (E.11)

a ngl 2+ (h/K)Z}a + h/K

o

(.



APPENDIX F

"DERIVATION OF THE HEAT TRANSFER DUE TO
EVAPORATION OF WATER VAPOUR FROM THE
CYLINDER SURFACE

The total heat transfer per unit area due to

evaporation of water vapour can be expressed as:
’

me ly
Qe= (F-l)
A ‘ .
where me = evaporative mass flux per unit time. [kg/s]
1, = latent hedt of vaporization. J/kg%
Qe = heat transfer per unit area. [W/m
A = mass flux area. [m?]

Holman (1976, P.433) shows that theA mass flux can be
expressed in terms of the masé—transfer coefficient (hD)

defined as:

me = hpA(Pyg - Pya) ’ (F.2)
-~ .
where p,g = water vapour density at the cylinder
' surface temperature. [kg/m3]
pyg = water vapour den51ty at ambient air

temperature. [kg/m3]

“If water vapour is assumed to behave as an ideal gas,

oy = : (R
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water vapoﬁr density. [kg/m3)

where py
partial pressure of water vapour. [Pa]

o
<
w nn

Ry specific gas constant for water vapour.
[J/kg K]
T = temperature. [K]

Similarly for dry.air,

gy = — . (F.4)

where pq = partial pressure of dry air. [Pa]
Ry = specific gas constant for _dry air. [J/kg K]
pg = density of dry air. [kg/m3]

Combining Equations F.3 ahd F.4 gives:

Py Py Rg

Pq Pd Ry

“(F.5)

Using Dalton's 1law of partial pressures, the static air

pressure (P) can be expressed in terms of the partial

pressure of dry air and the partial pressure of water

vapour. Therefore:
Pd.- = Pstat - Pv (F.6)
Substituting Equation F.6 into Equation F.5 gives:

Py Pv ¢ ' Rd

Pd- (Pstat = Pv) , Ry



or ]

Substituting Equations F.7 “and.

givest:,

. l v ‘ S ' . .
{ Qe = hpPye ——(pys - Pva) ‘ (F.8)
Pstat ‘ o a

where pyg partial pressure of water vapour at~=the
: ! cylinder surface. [Pa]

partial pressure of water vapour at ambient

air temperature. [Pa]

n

Pvé

Recall ‘that the relative humidity (RH) is defined as:

RH =" — . (F.9)

]

Assuming that the relative humidity of the air at the
cylinder surface s approximately equal to 1.0,

Equation F.8 can be rewritten using Equation F.9 as:

1
v
Qe = hp P e —[eg - (RH)ea] (F.10)
stat
where e,, eg = saturation vapour‘pressure of water vapour
at ambient air temperature and ygthe

Y]

cylinder surface temperature. respectively,.

[Pa]

Holman (1976, P.435) has shown that by using Reynolds




analogy,

terms

9
o

-1
Wi Jo
.

o

of

the mass-transfer coefficient can be expressed in

the friction factor (f) as follows:

f |
—)sc2/3 - = (F.11)
8

Simitlarly for he&?\transfer problems,“the heat transfer

5
L J

coefficient can also” be expressed in terms of the friction

factor as:

o
" Eliminating "f" from Equations F.11 and F.12 gives;

£
ot
o .
L R
‘4D
(@]
gl
Ru]
[i}

ﬁﬁs hp

&

h f ‘.
Pr2/3 « - ~ (F.12)
Umcpa P4 8

h Sc\2/3 -
— =Ftha<——> ‘ (F.13)
Pr

Pspecific heat capacity of moist air ‘at
"% . “constant pressure. [J/kg K]
“25¢ = Schmidt number for water vapour in air.
o . Pr = Prandtl number for air. .
. 4 h = local convective heat transfer coefficieht.
e [W/m2°°C]
‘ e w , ‘
{.Ekiminating; hp from Efuation F.10 wusing Equation F.13
- . Lo '

'giy$s'£he final engession for the heat transfer per unit

e

R AV ‘ L
_area due to evaporation:

5

, Pr\2/3 1, ¢
Qe = h{— o [eg - (RH)e, ] (F.14)
. Sc ~CpaPstat

161
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The following constants are required to eJaluate

‘Equation F.l4:

.

\

(i) h = local convectlve heat, transfer coefficient,.
. &Y .
: [W/m OG]‘t :
(ii) € = ratio of the‘specific gas constants for dry air

and water apour _ - 1
= ratio of the molecular welghts of water ‘vapour -
- , and dry air.

M, ' 18.01534 o

(- = — = i — \{\ ) N .
Mg 28.9645 o - o
) l
| . | N S *
(iii) 1, = specific latent heat of vaporlzatlon [J/kg]
(Pruppacher and Klett, 1978, p.89)

G , 973 15\(0. 167 + 0, OOO367T) |
, ly = 4186.84[ 597 3 (———f—-> o ] -

o . . T ‘ L ‘ .V'- “

(iv) - Pgrat = static air pressure. [Pa]l . S f““

(v €, g = saturation wvapour ~pressure of water at
< ambient -air ‘temperature and cylinder surface

- temperature respectively. [Pa] = (Lowe,1977)

e s'10@(AO+T(A1+T(A2+T(A3+T(A4+T(A5+TA6))))))

where -Ag = .6984.505294
" A{ = -188.9039310
© A3 = 2.133357675 . |

hg = =1. 2885809730 E=02 Jm T e

Ay = 4.393587233 E-05 ‘ : . o e
‘A = -8 023923082 E- 08 ‘ . L7 :
he - 6.136820929 E-11

T = temperature. (K] - .

= . ‘ : e Ty
= spelific heat gapacity of moist air at

(Vi) Cpa

constant pressure [J/kg K] .
T o t .

‘ . ) . . / . : [T Lol o . P
- ] s R . M /va ' Y R . -;w ;é ; K » ‘ : -
; Cpa = Cpg [ 1.0 + -1.0) = o C(F.15)
: o »de\ : 'W + y R . :

I
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A o
where de = constant pressure specifijc heat capacity of
dry air. : i .
= 1005 J/kg-<K. " .
va = constant pressure spec1f1c heat capacity of
water vapour.
= 1850 J/kg- K. : '

W = humidity ratlo for moist air. (see below)
Thé’humidity ratio (W) in Equatlon F.15 is given hy ASHRAE
(1977, P.5.3) as: | o

. (RH) e - ‘ »
W = 0.62198 | — . (F.16)
o P - (RH)e ‘
wvhere Pgtat = static air pressure.-[éa]
= relative humidity. [decimal]
e = saturation vapour pressure of
water vapour. [Pa] .
~.jﬂ‘ A V‘ T
. : o * ¥ "f;.&-. PR

. Pr . ' : ' ’8"' "iﬁ”a &
(vii) — = ratio of the Prandtl number to the Sc#l Ydt
D Sc number, ° - ’
s *

v v
5 Pr = —, S¢ = — .
A ' D:

el o ., ¢ Py 1

R Pr D
therefore . —_— = —

o Sc &
where D = difﬁus1v1ty oS ger va'pour in a1r [ﬁz/g] f e

o = t}&rﬁ? dl‘g% [m /S] o o w ;

'Aéruppaﬁﬂer and@Klett'(19§8) estimate the:‘diffusivity ‘of

water vapour® in air for temperatures between -40°C and
+400C as:
S Dy

R4 - ’ n . . ’ ¢ o

TR _ {101325.0 T \l-9
D = 2.1lwx 109 -l —
I P 273.15/



—and should read:

but

¥

, where T = temperature., [Kg

Porat = static air pressure. [Pa]
: .
- a = - (F.17)
» .’ - pCp g

where kg thermal conductivity of moist air. [Wf/m-©°C]
o Py density of moist air. [kg/m3] ’

An expression for the thermal conductivity of moist air is

[

‘given by Pruppacher and Klett (1978, P;A18) which_is based

_on the thermal conductivity ef dry air (kg) and the

L4

conductivity of  water vapour (ky). ~ The expression

reported by Pruppacher and Klett has a typographical error

& ‘ :
. ) kv ‘
kg = kg |1 - <1.17 - 1.02 ——) Xy (F.18)
g . " kg N
where xy = mgleffractioh for water vapour in moist air.
kg = 4.1868 x 10-3{5.69 + o.%§7(r - 273.15)]
4.1868 x 10-3[3.78 + OLOQO(T -"273.15)]

.=
<
il

®b

o
-

To eliminate x, in Equation F.17,"ASHRAE (1977, 'P.5.2)

defines the humidity ratio (W) in terms of the mole

~frdaction x, as: . e »
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.
therefore ' W= 0.62198
1. - xy -
w .
or X Xy = _ (F.19)
~ 0.62198 + W % o

i
v

Substituting Equation F.19 into F.18 givéSj& o

ky W
kg = kg |1 - (1.17 - 1.02 ——) -
‘, kg W+ 0.62198

An expression for -the density of moist air (Py) in
Equation F.17 can be determined if both dry air and water
vapour are .assumed to obey the perfect gas equation of

state.

(mass of dry air) + (mass o0f water vapour) (mg + ﬁv)
Pa= ) — T ' =
(total @%Lume‘Of the mixture)’ . - Vv
“ o R v
mq [/ My, *
py = — (1 + —
Y Ty md/ B
. " .
jt“(’\
o ’ R
but s
- N
| S ng ' L
therefore . | Pp = —(1 + W) o o (F.20)
e A
. . . ) , e v !

ASHRAE (1977) shows . that' . the specific -volume'of a’ moigé

[y



air mixture expressed in terms of a unit mass of

as.;

v Ry T
U ".'7""'3 B
v mq Pstat Pv

Substityting Equation F

v

Pstat - Py
pa = (l + W)
R, T

¥

.

dry air

(

.21 into Equation F.20 gives:

F.21)

The humidity Tatio (W) gi&éﬁl by Equation F.16 an‘be

expressed in terms of the partial pressure of water vapour

£8

' & S s Pv
. % W 0.62198 ——
< i?vég; - Pstat = Pv
N ’ ' }fyﬁ . . - .
L o * ¥4 ; ’ R
Solving for py gives: ‘ R
M »" 1 . . /“
Sk ; .
| « &
< | 1.6078 W Pgrat
. Py = -
1 + (1.6078)W
4

'\\ R ~
Substituting Equations F.21 and

4

‘gives the density of modist air as?t

.
o

A 4

-

Porar (1 + W)
.pa_

RRT [1 + (1.6078)K]

N

P?QZ into

Equation F.20

6



: ) . . _ ) . PR ) @ ’ '
. S o e
but Ry = — = 287.055 J/kg-X

, Porar (1 + W), o
therefore 6, = -
(287.055) T [1 + (1.6078)W]

L4



