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SCOPE AND CONTENTS

An experimental investigation of an Atomized Suspension Technique
system was carried out in an experimental apparatus of semi-pilot plant
scale. The complex gas flow patterns which occur in such systems as the
result of the interaction of natural convection and forced convection
prevented a quantiative analysis of the system.

The problem was then approached by dividing the overall process into
a number of idealized studies; these were,convection in the entrance region,
radiation to a gas, radiation to a cloud of droplets.

A theoretical model was developed to predict heat-transfer rates
and gas temperature profiles in the entrance region (x/D < 2) of a
cylindrical colum. The model was verified experimentally.

A theoretical gas-radiation model was developed using the zoning
technique of Hottel. Experimental gas-temperature measurements qualitatively
verified the model.

An investigation of the established immersion cell technique for

(i1)



the determination of drop-size distributions in sprays indicated that
this technique could not be used with any confidence in systems where
the spray is moving at low velocities.

Several experimental devices and technicques were developed

throughout the course of this study.
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1. INTRODUCTICN

1.1 General

The chemical ;ndustry to-day is in general experiencing a
growing trend towards the use of higher temperatures and pressures and
finer states of subdivision. There is considerable econcmic justification
for following these trends since operational improvements such as higher
reaction rates, greater heat transfer rates and smaller equipment can
be realized. Also, investigations of the fundamentals of both
cvaporation and chemical treatment have indicated the importance of
greater transfer area, greater driving force and intimate mixing of
the phases present. |

The greatei transfer area is obtained by utilizing finer
initial states of subdivision such as occur with atomization. The
increased driving force is realized by employing larger temperature
and/or concentration gradients in the process. Intimate mixing can
be effected by controlling the fluid flow patterns which exist in the
processing equipment.

These trends can be readily seen in the evolution from fixed
to fluidized catalytic beds where the solids-gas mixture is often
considefed to be a pseudo-liquid. The next step in the evolution is
the transported bed(Pl’ W) where the solid particles are suspended

and carried along in the gas stream. Here the solids-gas mixture may



be considered as a pseudo-gas.

A logical extension of these trendstowards higher temperatures,
finer states of subdivision, and intimate mixing of the phases present
has resulted in the development and patenting of a process known as

(Gl), hereafter abbreviated to A.S.T..

the Atcmized Suspension Technicue
As in the case of the transported bed the solids-gas or liquid-gas
mixture is considered to be a pseudo-gas. The process is versatile
enough to be applied to evaporation systems and solid-gas reactions
and- consequently to their combination in one continuous operation.
Detailed descriptions of the A.S.T. and its potential
applications are available in the literature and will not be discussed

(Gl, G2, 63, Ll, L2, P2; P3, P4, Rl). A brief of the

here
main features will be given, however, to familiarize the reader with
its mode of operation.

In the A.S.T. process a solution, suspension, or slurry is
sprayed into the top of a cylindrical tower (1 to 5 ft. diameter;
10 to 20 ft. high), the walls of which are maintained at an elevated
temperature (1300 to 1600°F) . Unlike the normal spray drying process,
no external gas is supplied to the tower. Consequently, only the
vapours produced from the evaporation of the finely-divided droplets
are available as a conveying medium. Early experiments with A.S.T.
R, Bl appeared to corroborate the original hypotheses(Gl’ &) that
turbulence in the vapour phase was avoided because of the low vapour
velocities (l - 3 ft./sec.) present at the outlet of the column.

Hence it was thought that the atamized suspension was in streamline

flow and passed through successive well defined zones of evaporation,

Ny



drying, and, if desired, chemical treatment or pyrolysis as it
proceeded down the tower. The solids could then be collected in
external separators while the vapour would proceed to a condenser
or steam converter.

The Atomized Suspension Technique is presently being used
on an industrial scale. As yet, however, the interactions of and
the principles underlying the various phenomena which occur in the
process have not been campletely determined. These phenomena include

the following:

(1) atomization
(11) droplet or particle dynamics
{iii) high temperature heat transfer
(iv) evaporation from clouds of droplets
(v) kinetics of chemical reactions
(vi) turbulence and its effect on the above
phenomena.

The most recent and camprehensive investigation of the A.S.T.

R at McGill University. He attempted

was carried out by Hoffman
to analyse the heat and mass transfer phenomena which occur in this
complex system and then to validate his results and conclusions by
observations from an exploratory experimental program. The
experimental results indicated that the theoretical analysis was
reasonable. chever because of equipment limitations no detailed
quantitative verification of the theoretical model was possible.

The present study was undertaken to experimentally verify,

quantitatively, and to modify if necessary, Hoffman's analysis of



the heat and mass transfer phenomena occurring in the A.S.T.

process.
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s Atcmized Suspension Technique (A.S.T.)

1.2.1 Description

To appreciate the past and present work which was
motivated by the A.S.T. process the reader will be given a
slightly nmore detailed look at some of the phenomena which
occur therein.

It was previously mentioned that a solution, suspension
or slurry was first sprayed into the top of a hot-walled
cylindrical tower. The spray, formed by a conventional
atomizing device? jets at high velocity into the column or
tower where large aerodynamic drag forces cause the croplets
to rapidly decelerate to their terminal velocities. The so
called "nozzle zone" is defined by the distance which the
spray travels before reaching terminal velocity.

This nozzle zone is characterised by :

1. large scale turbulence which results from back-mixing
of the gas; this flow reversal is caused by the
inherent pumping or entraining action of the.spray

3R T
.op (BL, H2, H3, K2, 13, B3, 82, T1) ... < g -

J
from the lower region of the colum,
2. high evaporation rates as the result of the large

surface area of the liquid, the high relative

velocities between gas and liquid and the intense

* fThe mechanics of spray formation and the size distributions of the
resultant sprays will not be discussed here. The interested
reader should consult some of the following references
(Cl, D1, H13, Ml, P6, R2, 8l).



surface deformation which occurs during the
atomization process(GE’ P5).

The occurrence of high heat transfer rates in the
nozzle zone makes the analysis of this region very inmportant
for the determination of the total heat transfer. However,
the turbulence and back-mixing make a prediction of the
droplet dynamics almost impossible. Furthermore, because
of their small size (average size is 25 to 50 microns) the
droplets, after deceleration, will follow the gas flow

patterns(sz iy 83).

When the gas flow reverses, the
small drops are flung against the wall, thereby further
complicating the heat transfer analysis. It is cbvious

that the complexities of this region could represent the
severest limitations of the entire analysis. Hoffman(Hl' )
has discussed some of the complexities and limitations of the
nozzle zone analysis.

In all zones below the nozzle zone the cloud of
droplets méves at its terminal velocity with resﬁect to the
gas phase. If the drops which are generated are less than
50 microns in diameter, the terminal velocities are small
when campared to the gas velocity of 1-3 ft/sec. and can
be safely neglected when computing droplet velocities in
these regions. DNote that only if the assumption of

streamline flow is valid(G3), will the evaeporation zone,

and any subsequent zones be well defined.



The following heat transfer mechanisms occur to

varying degrees in all regions of the A.S.T. tower.

Radiation fram the walls to the gas.

Radiation from the walls to the droplets
or particles.

Radiation from the gas to the droplets
or particles.

Convection from the walls to the gas.

Convection/Conduction from the gas to the
drops or particles.

It will be necessary to determine the relative
magnitudes of these processes in the regions of the system
uncder study since the main ocbjective of this investigation is
the prediction of the magnitude and distribution of the heat

flux from the walls.

1.2.2 Design

To distribute the energy suppLy* properly along the
length of the colum it is necessary to predict the heat flux
distribution on the tower walls. This distribution will be a
function of the evaporative - load distribution throughout
the unit. Hoffman(Hl) has emphasized how important an
understanding of the flow mechanics and basic heat transfer
processes are for the prediction of the evaporative load and

hence wall heat-flux distribution.

* The energy supply may be oil or natural gas burners, pulverized
coal, or as in this study electrical heaters which permit the
best control of the wall heat flux.



The evaporative - load distribution can be determined
by experimentally measuring the evaporation of the spray as
it moves through the colum. Alternatively the evaporation
history of the spray can be calculated from the model of the
process. A partial check of the model can then be made by
measuring the gas temperatures throughout the colum and
comparing them to the predicted temperatures. This was the

E (H1, H4)

technique employed by Hof and was also utilized

in the present study.



1.3 Thesis Organization

This thesis is comprised of two major sections. The first
section deals with the experimental study of spray evaporation in
a 10 ft. x 8 in. diameter colum of a design similar to the commerical
A.S.T. unit. The results of this study along with the work which was
pablished in the literature since the commencement of the investigation
indicated that the camplexities and interactions occuz."ring during the
evaporation process could not be analysed in a colum of this geovetry.

This situation suggested that experimental and theoretical
analyses would have to be performed on the various fundamental transfer
mechanisms in rather idealized systems. The ultimate aim would be to
provide sufficient information to allow analysis of the more complex
system. Consequently a second smaller cylindrical column was designed
to remove same of the camplexities and thus be more amenable-to a
quantitative analysis of certain aspects of the transfer mechanisms
in an A.S.T. system. The second section of the thesis deals with the
experimental and theoretical investigation of the heat transfer

processes which occur in this smaller column.



2, LITERATURE REVIEW

2.1 Introduction

This investigation is concerned with the analysis of the
distribution and magnitude of the heat flux arising in a cylindrical
colum the walls of which are at high temperature and which contains
a cloud of evaporating droplets or solid particles. This study was
initiated as the direct consequence of the results and conclusions

of Hoffman's work at McGill (H1, H4 - Ho) . The literature review

(HD put will

therefore will not repeat the survey made by Hoffman
add to and amplify it where necessary.

To this writer's knowledge, Hoffman's analysis and experiments
represent the only investigation of the fundamental phenamena and the
inherent interactions which occur in a hot-walled enclosure into which
a liquid is sprayed and evaporated. Several investigators have
isolated particular phenomena for detailed study but have not
considered the process in its entirety.

The literature review is divided into separate sections.

Each section discusses the present understanding of either a
particular phenomenon which occurs in an A.S.T. system or an
experimental technique which must be utilized in the e?cperizrental

investigation of the system.

<] 0w
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2.2 Radiation

Electromagnetic radiation from the walls of a cylindrical
enclosure to a spray or cloud of droplets descending through it will
supply thermal energy to the droplets with the subsequent vapourization
of some of the liquid. The vapours produced usually will absorb thermal
radiation over certain wave length regions of the infra-red spectrum.
(Since this particular study will consider only water as the evaporating
liquid the analysis and statements will pertain specifically to the
water-vapour (steam) - water-droplet system.) To determine the
radiant heat-flux distribution on the walls of the enclosure it is
necessary to ascertain the magnitude of the absorption of this thermal
energy both by the droplets and by their vapours.:

The cloud in this case will consist of droplets in the size
range 5 - 100 microns. This range is comparable to the wave.lengths
occurring in the infra-red spectrum (1 - 20 microns) .

2.2.1 Gas Radiation

The problem of calculating the radiant heat exchange
in an enclosure containing an absorbing medium has received
considerable attention in the recent literature. Severél
approaches to the problem exist. The most rigorous approach,

(E2)' involves the use of the exact

that of Elsasser
expression for the net attenuation of a beam of monochromatic

energy in an absorbing and emitting medium:

dar = kv '(Ibv - Iv) * dm (2.2-1)



32,

where I is the intensity of radiation
k is the absorption coefficient
and subscript

v indicates a particular vibration frequency
b indicates ideal (black body) radiation

For an isothermal, hamogeneous medium this equation can be

integrated to yield

Iv = Ibv * (1 - exp(-kvm)), + Ivo °(exp(-kvm)) (2.2-2)

The exponential factors in equation (2.2-2) are used to define
the monochromatic transmission and absorption of the medium:

T
A\

exp (-kvm) (2.2-3)

Q
v

l- exp(-kvm) =1- T, (2.2-4)
These exponential relationships are derived assuming Beer's

law for the attenuation of intensity of monochromatic radiation
through a medium of absorption strength kv and mass path length,
m, (where m is the product of the radiating camponent density,
p, and the distance travelled by the beam, r).

The emission or absorption of radiation by a gas does
not extend continuously over the whole wave length or frequency
spectrum as is the case for a solid body. Instead the emission
or absorption of radiation is restricted to specific regions

of the spectrum. A complete description of molecular spectra



13,

is beyond the scope of this thesis; however, it should be
mentioned that the basic physics of absorption and emission

by gases indicates that these processes occur at either discrete
frequencies (line absorption or emission) or over a narrow
range of frequencies (band absorption or emission) .

Bevans and Dunkle (B2)

review the basic physics of
absorption and emission of thermal radiation by gases and
develop the exact equations for the prediction of total
emissivity and absorptivity for the entire spectrum. The
equations are in the form of a sum of line and band absorptions

and transmissions based on the band approximations of Elsasser (E2)

and the statistical analysis of Goody(G4) . As the authors
point out, the application of this exact method to a real
physical situation is impractical.

Bevans and Dmkle(BZ) then go on to develop the so~
called band approximation which is the first step away from
the rigorous approach. Now instead of integrating over the
entire wave length or frequency spectrum the discrete nature
of gaseous absorption or emission is utilized and band
absorptivities and transmissivities are defined for finite
wave length intervals. The width and location of these
intervals depends upon the particular gas being considered.
For a given gas the total o's and T's are thus a function of
thé sum of the corresponding band values.

(B2)

The authors point out that the theoretical analyses

of Elsasser(Ez) and Goody(G4) along with the experimental



14,

measurements of Howard et al (H9)

indicate the non-exponential
behavior of band absorption. This inplies that the original
assumption, made by Schack(S4) and Hottel (KB} and those who have
followed those early workers, of exponential attenuation for
monochromatic radiation is not valid when absorption over a
finite wave length interval is being considered. Howard's

(H9) indicate that

data for carbon dioxide and water vapour
the band absorption for the so-called weak bands is a function
of the square root of the optical density (pressure x distance
for isothermal gases). For the so-called strong bands they
found that the band absorption is a logarithmic function of
the optical density.

For a specific gas at a given temperature and pressure,
variocus bands do not all behave according to only one of these
two functional relationships. Consequently the absorption
calculated for some bards is a mixture of the absorption
calculated from the logarithmic and square root relationships.
The total absorption by the gas is the sum of the absorption
occurring in each of the bands.

To calculate the radiation interchange in an enclosure
with this band approximation it is necessary to first of all
determine the band absorptivities for the regions of the
spectrum over which the gas is absorbing. A number of papers
have been published on the quantitative spectral and band
absorption of water at various optical path lengths and
(B8, Go6, F2, J2, 14, L5, 02, P9)

temperatures . Edwards et al(E6)



15,

have correlated the results of several workers for water

vapour at temperatures from 300%k to 1100°%K for the absorption

bands centred at 1.38, 1.87, 2.7, 3.2 and 6.3 microns 26/ B7

Fl, H9, N3) Using an exponential, wide-band model the authors

(E6) predict band absorption as a smooth function of optical

density, pressure and temperature. Goldman and Oppenheim(Gg)

correlated their experimental data for water vapour as a

function of optical density and pressure at 1200°K using the

spectral band-model of Goody'®”). The calculated total

emissivities agreed well with Hottel's experimental data(Ha) .

(L6) (E6)

Ludwig and Ferriso used the same approach as Edwards

and found excellent agreement with Hottel's data over a range

of 0.1 to 10,000 cm.-atm. Ferriso'T¥

experimentally
determined band absorptivities for water vapour in the range
300K to 3000°K. These data and the data of 80 other workers
were correlated using the Goody model for all the absorption
bands between 1 and 22 microns. The concepts of band absorpticn,
calculation techniques, and many excellent references are
, available in Penner's text(P7) .

Bevans (B3) has proposed correlations for the total
emissivities and absorptivities of water vapour as a function
of temperature and optical density. The equations are based

on the relationships obtained by Howard et al(Hg) . Predicted

emissivities agree within 3% of the experimental published

(H8, E3)

data over a temperature range of 800 - 3600°R. These
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correlations are shown as equations (2,2-5), (2.2-6) and
(2.2~7)

e =K (p0) + (K (pr0))?

0.01 < p+£ < 0.1 atmft, (2.2-5)

]
i

(K, (p£)  + K;-1og(K,« (p-0)

0.1 < p£ < 1.0 atm.-ft. (2.2-6)
e = Ky log(K, (p+0))
1.0 < p-£ < 20. atm.-ft. (2.2-7)

where p+<£ is the product of path length and partial pressure
of the water vapouf. The various K's are temperature
dependent.

Edwards (4) pointed out that the range of applicability
of each correlation is uncertain and transition from one to
another is abrupt with a resultant discontinuity in the first
derivative. Consequently the correlations will be inaccurate
in the region of the discontinuity since the measured absorption
increases smoothly with path length. Edwards(E‘l) showed that
the assumption of exponential decay over one band leads to
acceptable results over an 8-fold range of p+£. It was also
found that a power law approximation for the strong bands gave

better results than the logarithmic function.



To apply the band approximation to an ;anclosure it is
also necessary to detemmine the spectral emittance and
reflectance of the surfaces inwolved. This data is not
abundant but a recent paper(
this information.

The most frequently used approximation for absorption
of thermal radiation by gases is the so-called gray radiation
model. This approximation is based on the assumptior that the
radiation properties of the surfaces and gases involved are
frequency independent. This assumption is a result of the
inadequate knowledge of the spectral behavior of these
characteristics and is a necessity born fram ignorance.

Bevans and Dunkle‘B?)

have compared the exact
calculation, band and gray radiation approximations in a
cubical enclosure containing a non-absorbing medium. They
found that the band approximation yielded results which were
very close to those of the exact calculation. The gray
radiation model was in error by approximately 50%.

Edwards (ES) has shown how to estimate band absorption
data from Hottel's total emissivity data'™® in the absence
of band absorption correlations. Using Hottel's water vapour
data (H8) the gray gas approximation was found to yield results
43% higher than when the band approximtion was used.

The computations which have been made indicate that

the band energy approximation yields more accurate results

than the gray radiation approximation. However the labour and

17,

) describes methods for obtaining
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time required for the calculations militate against the
adoption of this more accurate method for general engineering
problems. As a consequence, a large number of workers have
used the gray radiation approximation when studying radiant
heat transfer and its interaction with other heat transfer

p — (6, C8, E8, E9, G5, H1l4, H15, H16, S5, S6, V1,

v2, v4, V5, v6)

In recent years there has been a growing trend
toward the use of the basic radiative transport equations
originally derived and used by the astrophysicists (2, B5)
This approach uses the concept of a mass absorption coefficient
rather than the "emissivity" of the engineering approach.

The resulting equatiqns are difficult to handle but they do
allow the geometry (p+<£) to be separated from the material
property effects. This method also has the advantage that it
is possible to formulate a differential energy balance on an
arbitrary control volume. Thus the effect of radiation can
be used directly in the equations of fluid mechanics.

vi,

Viskanta v6) has given a comprehensive treatment of this

approach. His literature survey is extensive and includes the

work of many Rissian authors. Nichols (N1, N2)

also uses the
radiative transport equations coupled with the fluid mechanics
equations to predict the temperature profile in the entrance
region of an annular passage through which an absorbing gas
(steam) is flowing. The band approximation, used with absorption

occurring over six finite bands, predicted profiles that agreed



18,

well with experimental measurements.

The radiative transport approach is laborious and
time oconsuming and in the opinion of this author is not
warranted in most engineering problems.

As indicated previously the gray radiation model is
the least accurate approach but the loss in accuracy is
compensated for by the relative ease with which it .can be used.
To analyse an enclosure containing an absorbing medium

Hottel (H8)

indicates that the shape of the gas must be allowed
for. This allowance is made by defining a mean beam length "L".
"L" is the radius of a hemisphere of gas, at the same temperature
and pressure as the gas in the enclosure, which produces on unit
differential area at the centre of its base, the same heat flux

density as the gas in question produces on its container walls.

For a transparent gas the mean beam length is often referred

to as the geametric mean beam leng-th(Dg) and is found to be
o
L, = {4) (volume of gas) (2.2-8)

area of enclosure
Recently several authors have published papers on the
evaluation of mean beam. lengths for absorbing gases,taking into
account the absorption over discrete wave length intervals.
N2y U 60 . Dunkle(Dlo) has extended the mean beam length

concept to pairs of surfaces rather than camplete enclosures.

Once a mean beam length has been calculated the total

emissivity of an isothermal gas can be determined as a function

(H8)

of path length by fitting Hottel's data to an equation
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of the form

(2.2-9)
This relationship assumes an exponential decay law
with the absorption coefficient "k" being independent of path

®

length, wave length and temperature.
Hottel and co-workers (42, B8, H2, 5L have shown

the inadequacies of this approach. They indicate that since

the gas emissivity versus pL relation takes different forms

in different ranges of pL, ‘representing effects of different

spectral regions, and that since e increases continuously with

pL, the gas emissivity, for an isothermal gas at a fixed total

pressure, can always be represented in the form

N
e = I a 1 - e Kily (2.2-10)
]
where Y a. = 1

1

One may think of a; as the weighted sum of the wave
length regions in which the effective absorption coefficient
is ki' Alternatively "a" and "k" may be thought of simply
as the numbers which make the exponential series fit a given
function. The a's and k's are not intrinsic properties of the
gas but depend upon the conditions and dimensions of the
system under consideration.

For a first approximation N = 2 and the real gas can
be considered as consisting of one transparent gas (k = 0) and

one gray gas of absorption coefficient "k" operating over the
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appropriate "a," fraction of the spectrum. Hottel (7)

indicates
"how these a's and k's are evaluated in terms of the mean beam
length of the enclosure.

The total gas emissivity is temperature dependent because
of the Plank's Law Shift in the energy spectrum and because the
absorption coefficients are tenperature dependent. Thus in a
non-isothermal system, the exﬁissivity will vary from one point
to another. However, observation of emissivity data suggest
that "k" is much less sensitive to temperature than the value
of "a". Hence the entire influence of temperature on emissivity

has been forced (H7)

into the weighting factor a; while the
ki's are kept constant. .

Hottel has shown (H) how to determine gas absorptivities
- fram emissivity data. The absorptivity of a gas, however, varies
with pL, gas temperature, and surface temperature. Hottel and
Sarofim(le) have indicated that the absorptivity can be
calculated from a series relationships in a similar manner to
the emissivity calculation. In this case the ki's which are
applicable to €5 at some average gas temperature are used and
the weighting factors are determined at the temperature of the
surface. This is obviously a simplification since absorptivity
does vary slowly with gas temperature at a constant surface
temperature.

The radiation interchange in an enclosure containing

an absorbing medium can be analysed by making an energy balance

on an infinitesimal gas volume and an infinitesimal surface
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area and then integrating over the gas volume and surface area

of the enclosure. The resulting integro-differential equations
can be solved analytically only for simple geometries such as
spheres and infinite parallel plates. Even for simple gecmetries
‘an analytical solution is possible only if one neglects conductive

and convective transport and assumes that the gas is gray(SlS’ gL .

Hottel and Cohen (H7)

and several workers following them
have analysed the radiation interchange in an enclosure containing
an absorbing medium by dividing the walls of the enclosure and
the contained gas into a number of finite zones each of which is
small enough to be considered isothermal. Their size and number
depend upon the accuracy desired. Now instead of an integro-
differential equation the energy balances on each zone yield a
set of algebraic equations, one for each unknown temperature or
heat flux in the system. A solution of a set of these equaticns
yields the desired distribution of temperature and flux throughout
the enclosure.

To solve the algebraic equations it is necessary to
evaluate first the direct radiant interchange between the
various zones making allowance for absorption by the gas between
the zbnes and for diffuse reflection at the surface of the
enclosure. The direct radiant interchange between zones is
determined by calculating "direct-geametric view factors" or
"reception factors" as a function of ké§; where k is the
absorption coefficient and § is a characteristic dimension of

the zone. (Direct geaometric view factors for cartesian and
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cylindrical systems are available in the literature(El » H6, H7) 2)
Total -interchange factors can then be calculated from the

(H7)

direct-geometric view factors to account for the

reflective flux from all surface zones.

Hottel and Cohen (H7)

indicate that when employing

this method, the a's and k's are assumed constant over the
enclosure. However as indicated previously, the a's should
be evaluated at the temperature of that part of the system
which contributes the most to the total heat transfer. If
this is done, these authors conclude that although moderate

variations may occur in "a" and "k" the error is minimized,
for the major temperature variation is still allowed for.
These parameters affect only the interchange factors; the
emissive power (dTi“) is allowed to vary at will in the enerqgy
balance equations.

Hoffman(Hl' H&) has determined direct-geometric view
factors for a cylindrical geametry as a function the absorption
coefficient times the cylinder diameter. The gas zones are
right circular cylinders with height equal to column diameter.
Erkku (EL) also determined these factors for a cylindrical
geometry but his gas zones were annular rings. When Erkku's
factors were added together and compared to Hoffman's, the
agreement was found to be better than 0.5% in all cases.
Since each zone is considered to be isothermal, Erkku's
factors allow for a radial variation in gas temperature while

Hoffman's do not.
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The results obtained with the zoning technique and
the representation of a real gas as the sum of a number of
~gray gases should lie between those of the more rigorous
band approximation and the less exact gray radiation model.
A quantitative analysis of the accuracy is beyond the scope
of this disserf:ation.

2.2.2 Particle Radiation
(I-Il"‘

Hoffman He) discusses the problem of radiétion to
a cloud of droplets suspended in a non-absorbing medium. As
he indicates, the attenuation of radiation occurs as the result
of absorption, reflection and scatter. He indicates that the
magnitude of the scattering is difficult to determine because
the scattering is a function of drpp size, wave length and
index of refraction when the circumference of the drop is less
than 100 times the wave length of the radiation. For larger
droplets, the scattering can be determined by a simpler approach
using geometric optics. Droplets in the 5 to 100 micron size
range have a circumference considerably less than 100 times the
wave length encountered in the infra-red spectrum. In addition,
the Mie theory which predicts the magnitude and direction of
the scattering applies to single particles and does not allow
for the multiple scattering which occurs in a dense cloud of
droplets or particles.

Several authors have investigated both theoretically

and experimentally the problem of multiple scattering. The

majority of the theoretical work has utilized the radiative



transport approach of the astrophysicists. Because of the
complexity of the problem the analyses usually consider a
semi-infinite medium rather than a medium contained in an
~enclosure of finite dimensions.(cz’ 3 Dy, Kby 18, VL, V3 .
A limited number of experimental investigations of scattering
characteristics of solid particle _clouds have been carried
out e, By £6, S8) . Approkimate scattering relationships
are available but they apply only to particles which are
relatively large campared to the wave length of the radiation
striking them(K3' PBy B, V) . As yet no information is
available which would allow the detemmination of the scattering
characteristics of a cloud of droplets flawing through a
cylindrical enclosure. This lack of information necessitates
the use of geometric optics to detérmj.ne the scattering cross-
section of the droplets. Hoffman(m) has indicated that the
application of gearetrié optics is valid as the ratio of the
droplet circumference to the wave length of the radiation
approaches 100.

If the absorptivity of the droplets, L is close
to one then véry little radiation will be reflected from the
cloud and absorption will be the principal cause of attenuation.
If the absorptivity is much less than one then reflection and
refraction at the gas - liquid interfaces become important.
Hoffman ™) has indicated how these latter effects can be

accounted for using the ray tracing analysis of 'I'homs(Tz) and

Simpson (515) .
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Thomas (12) , using geometric optics and assuming Beer's
- law showed that the fraction of incident monochromatic enerqgy

which is absorbed by a droplet can be approximated by

fx = g(l- exp(-1.75 er)) (2.2-11)

The index of refraction is assumed to be 1.33. The coefficient
g8 equals 0.95 for large k)‘r by virtue of large r; if k)\r is
large by virtue of k)« being large, Thomas indicates that reflection
will be decreased and f \ will approach unity. In any case, the
error for large values of k )\r will not exceed 5%.

To determine the absorptivity of a water droplet for
infra-red radiation one must know the variation of absorptivity
with wave length. Friedman and Churchill(F3) have indicated
that, because of the nature of band absorption (k)\ is not a
continuous function of )) and the fact that the average
absorption over a finite wave length intetrval is not an
exponential function, k \ cannot be determined from f£ilm
transmission measurements made with an instrument of finite
resolution.

(£2)

Elsasser showed that the erratic coefficient k)‘
can be approximated by a smoothed coefficient Yy which allows

the monochromatic transmission measurements to be expressed

as A-}-A’L
T = erfc ( r)!i=..}. <

A 2 A (exp(-k_r)dy

)‘_A)\ A :
2

(2.2-12)
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Here A is _assumed to be sufficiently large so that there is
no contribution to the transmittance at the centre of the
- interval from lines outside the interval.

Chin and Churchill (h) have shown that the integral
in equation (2.2-12) over a small wave length range for any
function of k}‘r can be transformed into a function of Y,\L-

Following the approach of Friedman and Churchill(F3) "
the average absorption fraction of a droplet in the neighborhood

of A is defined as

o8
& W 2 £ ax (2.2-13)
A ix A .
1y
2
(C4)

Then, using Chin and Churchill's transformation
and equations (2.2-11) and (2.2-13) the average absorption

fraction of a droplet can be expressed as

1 exp(-1.75Y,x/t)
a, =8L1- l/IIf T dt] (2.2-14)
o (EQ-8)3 ™

where t is a dunmy variable of integration.
This equation can not be evaluated analytically.
Friedman and Churchill (F3) show how these relationships
can be applied to the transmissivity data for JP-4 jet fuel
to determine the per cent of incident black body radiation which
is absorbed by a spray of this fuel.
The above relationships should be used to determine the
absorptivity of water droplets from experimentally determined

transmissivity data. A search of the literature revealed



TABLE 2.2-1 :
REFERENCE WAVE LENGTH
RANGE
(microns)
Al 2.5 12
B9 5 13
G9 2 15
L7 2 15
P10 2 42
P11 2.5 11
P12 6.6 i[5
S9 2 13
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several sources of transmission data for liquid water in the

wave length range of 2 to 15 microns.

The data are consistent

in defining the wave length intervals over which absorption

occurs but inconsistent in the magnitudes of the transmission

for the various bands. Table 2.2-1 indicates the wave length

range, cell thickness, and cell material for the references

which have been investigated.

More work is required in this area before droplet

absorptivities can be determined with any confidence.

References for Water-Film Transmission

Measurements

CELL THICKNESS
(microns)

25

100, 25

10, 30
27
25

17, 51

CELL MATERTAL

AgCL

Thallium Bromide
- Iodide

AgCl
Type II Diamond

CaF2

BaF2

BaFZ

Thallium Bromide
- JTodide

Hoffman indicates (i1, H6) that as a first approximation,

if Beer's law is assumed, one can calculate an average

absorption coefficient from absorptivity measurements made at
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one particular film thickness; i.e.,
a =1l-e - 1«7 (2.2~-15)

Alternatively one can use the transmissivity data at two film
thicknesses to calculate an average absorption coefficient which
is considered to be active over fraction "a'" of the spectrum
in the same way that one fits gas emissivity data at two mean

(815)

beam lengths . Using the transmissivity data of Sternglanz (S9) ,

which were integrated by this author, Ross(R7) found that the
average absorption coefficient k varied from 300 to 1000 c.m_l
over the source temperature range 720 to 1600°R.
Once an average k has been calculated the absorptivity
for any size droplet can be calculated fram
a= a' (1 - exp(~kr) (2.2-16)

(H1, H6)

With this relationship Hoffman has shown that the

absorption coefficient of the cloud, kCIDUD’ can be approximated
in terms of an average absorptivity for the cloud, the cloud
density, and the volume-to-surface mean diameter of the cloud,

i.e.,

3
Ko = 4 (e, 5o /o )(1/4 ) (IEY /By (2.2-17)

where Ef is the fractional evaporation of the spray after it is
formed. External gas addition can be easily included.

When the cloud of droplets is in an absorbing medium
the droplets and gas will operate in parallel to attenuate the

radiation. Hoffman (H1) shows that since Beer's law has been



30.

assumed the absorption coefficients can be added in the

exponential, i.e.,
I= I eXp(—(kCLOUD + kGAS) L) (2.2-18)

In the light of this discussion, it sﬁould be apparent that
relationships of the form of equation (2.2-18) will not yield
accurate results, but that the analysis is expected to be
adequate considering the limited data which are presently

available.



2.3 Drop Size Measurements

Hoffman and Gauvin {5} have indicated the dependence of the
absorption coefficient of the cloud on the volume-to-surface mean
diameter, dvs*’ of the spray. This diameter is calculated from the
drop-size distribution of the spray. Thus to determine the variation
of the absorption coefficient of a spray as it evaporates and to
evaluate the approximations made in the analysis of the absorption

(HL, Ho) , it is necessary to determine

characteristics of a spray
the drop-size distribution of the spray as it descends through, and
evaporates in, a high temperature environment.

Several techniques are available for determining the drop-size
distributions of sprays. An excellent survey of the literature prior
to 1957 is given by Putnam et al(PG) . These authors point out that
the most generally used technique of removing a sample from the spray
by some mechanical device suffers from the major disadvantage of a
biased sample. They also indicate however that if the proper care is
taken during the sampling procedure this method is easier to use and
permits a more accurate analysis than photographic methods. Hassen (1)

who studied sprays by collecting solidified droplets of wax also

* 3
Znidi

ds =

where n, is the number of drops in size

}:nidi2 interval i having an average diameter d..
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emphasizes the necessity of knowing how the drop size analyses depend
upon the determination method.

Photographic techniques have the advantage that the spray is
not disturbed by a sampling device, however the quality of the droplet
images is poor because so few of the drops are actually in sharp focus
in the narrow depth of field. That is, at magnifications which
produce sufficiently large images for analysis, the depth of field
becomes very small. Droplet velocities must also be determined to
permit conversion of the spatial distribution obtained on the
photograph to the temporal distribution in the spray. Thompson et al(T7)
in a recent paper have discussed the application of hologram techniques
for particle-size analysis. The technique appears pranising; being
limited only by the film which the images are recorded on. Unfortunately
the equipment required is sophisticated and expensive but future
development work may permit this technique to be generally adopted for
spray analysis.

Light dispersion is another technique which does not interfere

(D8)

with the spray, however as Dobbins indicates one can only obtain

information about the average drop size and not the distribution of the
spray. This technique also assumes that the index of refraction is
constant throughout the system, which of course will not be the case

if the spray is in a medium where large temperature gradients exist.

At this time mechanical sampling techniques, such as freezing (A2, HI3) p

(3) , dyes or stains (Gl0, M4) , Or immersion cells(Rs) o

(T4) has

droplet impaction

to mention just a few, appear to be the easiest to use. Tate

suggested that Rupe's(Rs) immersion cell technique is one of the best
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ways of obtaining a representative sample from the spray. Several

workers have claimed to have successfully used this technique

(A3, D5, H4, M5, T4).

Briefly, the immersion technique consists of collecting a
sample of the spray in a small glass-bottomed cell which is filled
with a suitable fluid. The collected drops are allowed to settle
to the bottom of the cell where they are subsequently photographed.

A suitable fluid is one which
i) has a density which will permit the sampled drops to settle

through the liquid and rest on the bottom without flattening;

ii)  is completely immiscible with the liquid being sampled;

iii) has a low enough surface tension to permit small droplets |
to penetrate the surface;

iv) has a viscosity which is low enocugh to allow penetration
without break-up yet high enough to restrict convection
currents within the cell;

V) has a low vapour pressure so that no bubbles form and the‘ fluid
does not evapbrate when placed in a hot gas stream;

(v) has good light transmission characteristics so that the
droplets can be photographed.

Rupe found that Stoddard solvent had all the desired characteristics.

Dlouhy (D2)

found that Varsol (Imperial Oil Ccompany) was a petroleum
fraction with essentially the same properties.

Rupe also found that if the glass bottom was coated with a
non-wetting agent the discrepancy between the size of the recorded

image and the droplet would be less than 2%.



34.

The geometry of the cell must be such that the collection
efficiency is as high as possible if a representative sample is to be
obtained. The shutter mechanism which is necessary if the cell is to
be exposed to the spray for short periods of time must also be designed
so as to minimize the interference with the spray(T4) .

Large droplets at high velocity will shatter when striking the
collection fluid interface (T4) . Rupe(R6) has shown however that
droplets less than 180 microns will not shatter if their velocity is
less than 30 ft./sec. Darnell and Marshall ‘P®) showed that at six
inches from the atomizing source drops less than 200 microns would be
essentially at their terminal velocity. Hence for sprays with a maximum
size of 200 microns there is no danger of shatter if a sample is taken
at least 6 inches from the nozzle.

It is interesting to note here that Manning and Gauvin(Ms)

, who
photographically determined drop velocities close to an atomizing
nozzle, found for e>_<ample that 30 micron drops had a velocity of the
order of 150 ft/sec. at a distance of three inches from the nozzle.

(D6) correlation indicates that at this

Darnell and Marshall's
distance thevelocity of these drops should be less than 1% of their
initial velocity. This would require initial velocities in the order
6f 10,000 ft./sec. which are physically impossible. The reason for
the discrepancy was not detemmined because the original work of
Darnell and Marshall was not available; therefore their correlations
should be used with care.

To cbtain a representative distribution for the spray, Tate(T4)

suggests collecting samples of 3000-4000 drops. Tate and Marshall (T
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indicate that a sample of this size should not deviate from the true
distribution by more than 2%. On the other hand, Dlouhy and Gauvin(DS),
claim to cbtain reproducible size distributions in a spray dryer with sample
sizes of 150 - 300 drops. Based on an extrapolation of Tate and Marshall's
figures, Dlouhy's distributions could be expected to deviate from the
true distribution by approximately 10%.

Large samples have a tendency to result in droplet coalescence
in the cell because of the relative proximity of the drops. To minimize

(4 suggests that the droplet-area fraction of the

this tendency Tate
cell (i.g., the fraction of the total cell area occupied by the collected
droplets) should be of the order of 0.05.

Recognizing these advantages and disadvantages, this author has
attenpted to use the immersion cell technique to determine the drop-size

distributions of an evaporating spray.
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2.4 Gas Temperature Measurement

When measuring gas temperatures in a particulate system it is
necessary to shield the temperature sensing device from the droplets
or particles otherwise the indicated temperature will be a function of
the droplet or particle temperature. Also, if the enclosure is at
a much different temperature than the gas it is necessary to shield
the measuring device to prevent measurement errors due to radiation
interchange between the device and the walls of the enclosure.

Hoffman and Gauvin (H4)

measured gas temperatures in a cloud
of watér droplets which had‘been sprayed into an 8 inch diameter colum
with wall temperatures in excess of 650°C. The mezsuring device was
a Pt - Pt 10% Rh thermocouple made from 0.010 inch diameter wire.
The thermocouple was contained within 3 concentric cylindrical shields
with the inner shields conmnected to a vacuum line. The thermocouple
probe assembly was vertically oriented in the column and the vacuum
was sufficient to draw the gas across the thermocouple at a maximum
velocity of approximately 100 ft./sec. (1) « (The gas velocity at the
inlet to the probe must not be high enough to cause small droplets to
enter the device.)

These authors reported that no radial temperature variation was
detected and that the maximum temperature oscillation was +2°c.

(18) measured gas temperatures with a similar probe

Themelis and Gauvin
in a 4.4 inch diameter column with iron oxide particles as the particulate
phase. No radial temperature variation was noted in this study either,
although the walls were maintained at temperatures in excess of 600°C.

These results would indicate that the original assumption of streamline flow
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in an A.S.T. reactor is not valid(Gl’ G3) .

The fact that the Grashof number, which is a measure of the
ratio of buoyancy forces to viscous forces was large (T8) in these
systems would suggest that the natural and forced convection forces
would i.nte_ract. Interaction would result in turblxlence which would tend
to transport the hot gases fram the wall region into the centre of the
colum and vice versa. This would have the efféct of increasing the
temperature gradients in the stagnant layer adjacent to the wall.

It would also tend to reduce the temperature gradients in the gas
in the core of the column.

To determine the convective heat transfer at the wall in
systems where natural and forced convection can be expected to interact

(B13)

Brown measured the gas temperature profiles in an air stream. His

(T8) used but

measurements were made in the same colum that Themelis
the complications of temperature measurement in a particulate system
were eliminated by studying the profiles in single-phase flow.

Brown was able to measure the gas-temperature profile at the
wall by accurately positioning an unshielded Pt - Pt 10% Rh thermocouple
at various radial locations relative to the wall. Temperatures were
measured at several radial locations, within 0.100 inches of the wall
where the profile was approximately linear. Temperatures were also
measured, on a coarser radial grid, right to the centre line of the
column.

Brown's thermocouple was constructed of 0.0005inch diameter wire

to reduce the radiation error as much as possible. These wires were
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joined to the 0.010 inch wires of Ceramo (Thermo Electric Company)
stainless sheathed themmocouple wire. Brown calculated that the maximum
radiation error to this small thermocouple was 11°F and the maximum
conduction error only 2°F.

Ross(R7) in his study of forced convection heat transfer to a
stationary droplet in a high temperature environment used a thermocouple
of the same dimensions as Brown's. Ross's analysis however indicated
that the radiation error was of the order of 1 or 2°F for the case of
an enclosure temperature of 1800°R and a gas temperature of 700°R.

Ross also showed that the 0.010 inch support wires may attain a
temperature of the order of 100°F above that of the gas. He indicated
however that there was negligible conduction to the thermocouple fram
the latter support wires.

Short and Sage(SlG) have analysed the conduction error in a
0.001 inch butt-welded thermocouple. The conduction error is caused
by the gradients which exist in the thermocouple wire when it is exposed
to large gas temperature gradients (6000°F/in.) . They calculated that
for these large gradients and this particular wire diameter, the error
in the measured gradient would be approximately 5%. Thus for a
thermocouple of Brown's design the conduction error would be considerably
less for two reasons:

1. The wire diameter was half that of Short and Sage's which reduces
the cross-sectional area available for conduction by a factor of 4;

and

2. The thermocouple ball could be oriented with respect to the larger

support wires so as to maintain essentially isothermal conditions
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along the wire from the weld to the supports.
Thus, it would appear that Brown's thermocouple should be capable of
recordingtrue gas temperatures at all radial positions in the column.

Brown (B43) found that for the range of Reynolds numbers studied
(271 - 6,900) large temperature gradients existed from the wall to the
centre line of the colum. The gas temperature measurements of Hofﬁnan(m’)
and Themelis (T8) were made in a particulate system where the droplets
or particles might tend to moderate the radial temperature gradients.
However, Brown's results suggest that the dbserved flat temperature

(1, T8) sre rather suspect. Brown's thermocouple was much

profiles
more sensitive than those of Hoffman and Themelis and this suggests
that the relatively large shielded probes, aspirating relatively large
volumes of gas, were not capable of accurétely measuring radial

temperature gradients.
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2.5 Gas Flow Patterms

(H1) of the fundamental mechanisms

In Hoffman's investigation
of heat transfer in the A.S.T. system a cloud of droplets was produced
by a conventional atomizing nozzle. These nozzles inject the atomized
fluid into the system at a high velocity, thus creating an expanding
jet of fluid. Spalding(sz) has shown by a momentum and mass balance
that a jet emerging into a relatively stagnant atmosphere will entrain
or induce gas from the surrounding atmosphere into the boundaries of the
jet. As Hoffman points out, if the jet is produced in a closed column
the gases which are entrained by the jet must come from the lower regions
of the colum. Thus in the region where the jet is decelerating and
for some distance beyond it there will be a backflow of gas into the
upper regions of the column. This backflow will cause large scale
turbulence in the jet deceleration (nozzle zone) region and makes
prediction of the convective heat transfer from the wall difficult if
not impossible.

The backflow of gaseé and the inherent large-scale turbulence
also make the determination of the droplet dynamics in this region

(D2) (K1)

and Kessler indicate, the drops

impossible because as Dlouhy
can be expected to follow the turbulent fluctuations of the gas stream.
A recent theoretical analysis of particle/gas amplitude ratios in a

(H11) hdicates that water droplets less than 10 microns

turbulent stream
in diameter which are entrained in a turbulent air stream, can be expected
to follow the velocity fluctuations in the gas stream up to frequencies

of 700 c.p.s. The corresponding frequency limit for a 100 micron

drop is however only 7 c.p.s. Thus it can be expected that the gas
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stream turbulencewill not affect the cloud uniformly.

Since small droplets follow large-scale, low-frequency,
turbulent eddies, a knowledge of the gas flow patterns is important
because they will influence the flow paths of the droplets, the
residence time of the droplets in the turbulent region, and the extent
of droplet deposition on the walls of the enclosure. Consequently, the
gas flow pattern will affect the rate and degree of evaporation of the
spray.

Several workers have attempted to determine the gas flow patterns

(A2)

in a so-called ducted jet system. Arni attempted to measure the

velocity profiles in the nozzle region of a spray dryer with a hot wire
anemometer. His results however are specific for the geometry of a

(= , also working

particular dryer and cannot be generalized. Thordarsen
in a spray dryer, qualitatively cbserved the gas flow patterns by
photographing the trajectories of small balsa particles. Buckan and

Warlton (B10)

attempted to estimate the flow patterns in a dryer by
comparing measured gas temperature profiles with those predicted by
a plug flow and a complete mixing model.

Many investigators have tried to quantitatively predict the
entrainment characteristics of a free jet. (See reference Bll for a
bibliography.) For a ducted jet however, Thring and Newly(Tl) were
one of the first to quantitatively analyse the entrainment characteristics.

Their analysis was only approximate and a more camprehensive theory of

(C5, €6) (C7)

confined jet systems was developed by Curtet Craya and Curtet

had previously collaborated to enunciate a criterion governing the

similarity of fully-turbulent, incampressible, confined jet flows.
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The similarity parameter was named the Craya-Curtet number by Becker
et al(Bl) and denoted Ct. This parameter is a unique function of
the mass and momentum ratio of the jet flow to the induced flow. It can

be calculated from the following equation.

Y%

Ct = (2.5~-1)
2 2 rs 4
(Wg? - 0P VG + 30

where r, is the radius of the circular nozzle
L, is the radius of the cylindrical duct
Ufo is the uniform initial wvelocity of the free stream,
r <r<r,
U, is the uniform nozzle velocity O<r<r
and Uy is calculated from

r. 2

%5 - _S, -
Uk = (Us Ufo)(rw) + Ufo (2.5-2)
When Us = Ufo' Ct = » and hence the resultant flow is uniform.
rs/rw

When U, =0 Ct = - -
& L=z ) )8
w

and Ct approaches zero if rs/r << 1
w

For a given ratio of rs/rw, Ct is a unique criterion for dynamic
similarity.
In order to quantize the recirculation and gas velocity profiles

in a ducted or confined jet, Becker et al(Bl' B11)

measured velocity and
concentration profiles as well as velocity and concentration fluctuations.
Concentration refers to the concentration of an aerosol of oil droplets

which was introduced in the jet to permit the free stream and jet gases



to be discriminated. The concentration was determined by using a sol

scattered light technique developed by Rosensweig et. al.(R4). This

technique made it possible to determine the probability of finding the

nozzle fluid at a point in question(Blz). The velocity measurements

were made with thin-lipped impact tubes.

&l 311' ElL2) indicated that recirculation

(H12)

The above studies
occurs when Ct < 0.75. Hottel and Sarofim , when considering the
effect of gas flow pattern on radiative transfer in cylindrical
furnaces, showed that for values of Ct of 0.51, 0.18 and 0.033 the
recirculation rates, as a fraction of the total gas flow rate, were
0.075, 1.44, and 10.91 respectively.

The quantiative results will thus permit the recirculation
rate to be predicted for A.S.T. and similar systems where no free
stream flow exists to feed the expanding jet. (Ufo = 0 and Ct
approaches 0.). It should be noted, however, thatthe gas flow patterns
have been determined for an isoﬁhermal system and temperature gradients

in the gas could be expected to have a significant effect.

43.
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2.6 Natural Convection Effects

As previously mentioned, one would expect some interactions between

natural and forced convection forces in a hot-walled enclosurc where

the gas flow rate was very low. In A.S.T. and similar systems where

the spray and vapour descend vertically through a high temperature
environment the buoyancy forces at the wall act in the opposite direction
to the forced flow. The heat transfer literature usually refers to

this as heat transfer in opposed flow. Several authors have theoretically
and experimentally investigatec opposed flow heat transfer. Recently

(B13) and Brown and Gauvin(BM)

Brown critically discussed these
previcus investigations in the light of their own study.

It has been shown Wty BLI that when the buoyancy forces are
of the same order of magnitude as the forced flow or inertia forces,
N, ~N 2. In regions where the two opposing forces have significant

Gr Re
interaction some authors (a5, 513, 514)

correlate the heat transfer rate

against the flow rate with natural convection as a parameter (i.e.,

NI\ vs. N _, with some measure of natural convection as a parameter; e.g.,
U Re

N. or NRa) . These workers report that for the N

or range investigated,

Re
the heat transfer rate increased with an increase in the natural
convection forces. Other authors have correlated NNu vs. NGr or NNu VS.
N. .N (813, Bl4, Bl5, E10) and found no effect of N__ on the heat

Gr® Pr Re

transfer rate for the range of variables studied, i.e., natural
convection forces campletely controlled the rate of convective heat
transfer.

Brown and Gauvin (Bl4) have predicted that the influence of

natural convection on forced convection would be less than 10% if the
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Grashof number was less than a critical Grashof nunber, NGr , Obtained
from the following relationship:
¥ . ; 2
Negp = 0.423 [hRe /NNu] (2.6-1)

That is, if the Grashof number in the system exceeds that calculated

by equation (2.6-1) one should expect the free convection to increase

the heat transfer rate above that predicted from pure forced convection
rrelations. These authors have shown that in the region where

interaction is expected to occur, if Ngp <3 % 10° the Ny, calculated from

experiments was less than that predicted from pure free convection.

5 to 106 the calculated Nusselt numbers

In the NGr range from abbut 3 x 10
increased to a value about 45% above the free-convection line. . Brown
and Gauvin explain these results in terms of two effects. At low N -
the opposed buoyancy forces will act to decrease the velocity gradient
and consequently the heat transfer rate at the wall. As Nep increases
above 3 x 105 the interaction between the forced and natural convection
forces causes sufficient turbulence to increase the heat transfer rate at
the wall above that predicted for pure free convection.

The heat transfer rates, temperature profiles and temperature

(B13)

fluctuations which Brown measured for a single-phase system suggest

that Hoffman's(Hl)

original assumption of uniform flow was not valid.
In fact with the experimental conditions employed by Hoffman one would
not only expect the heat transfer rate to be affected by the natural
convection forces but one would also expect to find a large volume

of hot gases flowing upward adjacent to the wall. These upward flowing
gases would transport heat fram below into the relatively cold upper

regions of the column. This thermal energy, supplied by the upward



bulk flow of gas, would cause the rate of evaporation of the spray
to be increased.

Thus it is obvious that a knowledge of the magnitude of the
natural convection forces and their interaction with a forced flow field
is necessary if one is to quantitatively analyse the heat transfer

processes occurring in an A.S.T. system.
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PART I

B EXPERIMENTAL EVALUATION OF A.S.T. MODEL

3.1 Introduction

The attempted experimental verification of the original model
of the A.S.T. process(Hl) was undertaken in semi-pilot-plant-scale
equipment. The equipment and procecdures which are described in the
following pages represent the final designs and techniques which have
resulted fram an extensive preliminary experimental development program.

The results of this study gave direction to the investigations

which followed and which aré described in Part II of this dissertation.

-47-
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3.2 Scope

The first study made in this program was initiated to experimentally

(H4, H5, H6) o .\ fundamental

evaluate Hoffman and Gauvin's analysis
mechanisms of heat transfer which occur in an A.S.T. system.

The theory which was available in the literature at tne time of
initiation of this project suggested that natural convection effects in
A.S.T. systems might be expected to interact with the forced flow of
the vapours produced during the evaporation process. If the natural
convection forces were large enough, the gas flow patterns in the system
would be complex and the original analysis would have to be modified.
However, the preliminary experimental measurements which were made
in A.S.T. systems did not detect the presence of large natural convection
effects. Consequently since the analysis of the system was applied to
an operating industrial process which could benefit from an understanding
of the phenocmena occurring therein, it was decided to study a system
which was operating under conditions similar to those which exist in the
commercial A.S.T. system.

A modification to the industrial A.S.T. process was made to
eliminate one of the major complexities which limited the original
analysis. This modification consisted of removing the nozzle zone
(region where the spray is generated) from the high temperature enclosure
where the spray or cloud was evaporated. By removing the nozzle zone,
the large scale back-mixing with its inherent turbulence was no longer
present in the evaporation section; i.e., when the cloud reached the

high temperature environment it was flowing freely in a well-controlled

manner and consequently the droplet dynamics were expected to be
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predictable. With the spray generated externally it was necessary to
introduce a carrier gas into the system to transport the spray to the
hot evaporation zone. This carrier gas also served to supply some of
the gas required by the expanding spray jet and hence further reduced
the turbulence level in the column. The introduction of a carrier gas,
however, does represent a departure from the A.S.T. process where the
only gases present are those from the vapourized liquid and the
atomizing device (if a pneumatic nozzle is used). This departure

was considered to be waﬁanted in view of the simplification in the
flow patterns which would be effected.

Essentially this experimental program consisted of conveying
a water spray, in a low-—velbcity (velocities up to 8 ft./sec. were used)
steam or air stream, into a 8-in. diameter by 10-ft. long vertical
column (evaporator or reactor*), the walls of which could be heated
to any temperature up to approximately 1600°F. The column was provided
with access ports to allow temperature measurements and spray samples
to be obtained at various axial and radial positions. E}{périrxants
were performed with and without spray, i.e., with gas flow only.

The experimental equipment can be divided into sections according
to functions, viz. the spray generator, gas flow and control system,
evaporator column, and instrumentation for temperature and drop measurements.
The following description provides the details of the experimental equipment

and procedures.

*This colunn is referred to as a reactor only because the evaporation
step is usually followed by a chemical reaction in the industrial
process utilizing the Atomized Suspension Technique. Only the
evaporation process is being studied here.
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Experimental Equipment

3.3.1 Evaporator

The experimental apparatus is shown diagrammatically in
Figure 3.3-1. The evaporator consisted of a 8-in. diameter by
Ys-in. wall by 10-ft. high colum located in the centre of an
electrical furnace. The column was flanged both top and bottom;
the bottom flange was bolted to a support stand so that expansion
(about 1%-in.) arising cut of the large temperature changes could
occur. A cone equipped with a ball-valve was also bolted to the
bottom flange; a 2-in. line conveyed the steam to a water-cooled,
shell-and-tube condenser (11 sqg. ft.). The top flange permitted
attachment of the spray-generating and calming sections.

The column had 2-in. diameter sampling ports located at
one foot intervals along its length, as shown in Figure 3.3-1.
The sampling ports were 1l7-in. long and exéended through the
firebrick cladding which housed the elecﬁrical'heaters. The
ports were flanged to allow drop sampling and temperature
measuring devices as well as contoured plugs to be locked into
position. The stainless steel plugs were machined to fit flush
with the evaporatorwall to form a continuous surface when a port
was not being used to gain access to the column.

The furnace was heated by three banks of ribbon heaters,
(each rated at 36 k.v.a. at 575 V), mounted concehtrically on an
18-in. diameter porcelain support. The heating units were

encased in a 36%,-in. diameter bricked, split-jacket shell shown

50.
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.in Figure 3.3-3. The unit was designed by Trent Incorporated -
Philadelphia and constructed by Pioneer Electric Fastern Limited
- Toronto.

The heaters were independently controlled by three
Honeywell Model 105R12 PYR-O-VOLT current proportioning controllers.
The input to each of these controllers was an e.m.f. signal generated
by a Yg-in. stainless steel sheathed chromel-alumel thermocouple
welded to the outside wall of the colum as shown in Figure 3.3-2.
The output signal of each controller was sent to a Honeywell
Model 6191 Magnetic Amplifier which controlled one of the three
delta-connected saturable core reactors. (Electron Manufacturing
Company, Chicago, Illinois) supplying power to the heating elements.
The reactors were delta-connected to the 575 V. 3-phase mains to
permit each heater to be independently controlled.

The power input to the evaporator could be measured by
utilizing current transformers (P. Gossen & Co. (Germany) Type
STW-2) and low voltage wattmeters (Canadian Research Institute,
6250 ohm.). These measurements indicated that the maximum heat
flux that could actually be attained was 105 k.v.a. which
represented approximately 17,000 B.t.u./(hr.) (ft.z) on the walls
of the 8-in. column.

Figure 3.3-2 shows the location of the chromel-alumel
thermocouples which provide the input signal for the controllers.
Also indicated in this figure are the locations of the Y g-in.
diameter, stainless-steel sheathed, chromel-alumel thermocouples

used only for temperature monitoring. All the indicating



thermocouples were spot welded onto l-in. square by Y ¢-in.
stainless steel plates in order to minimize conduction error.
The plates were then welded onto the outside wall of the
evaporator.

The thermocouples located at the extremes of the column
indicated the magnitude of the departure from isothermal conditions
caused by heat losses through the ends. The centrally located
thermocouples served to check the isothermal condition of the
colum both axially and radially.

The millivolt signals from the indicating”thermooouples

were ronitored by Honeywell multi-point recorders.
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Split-Jacket Heater Shell

FIGURE 3.3-3 :



56.

3.3.2 Spray Generator and Calming Sections

Figure 3.3-4 is a schematic diagram of the spray generation
and calming sections which form a superstructure above the actual
column. All sections had the same internal dhrénsion -, 8-in.
The 2-ft. by Y g-in. wall stainless steel calming section which
was bolted onto the furnace had a sampling port which was
identical to those on the furnace to permit determination of the
gas temperature and drop-size distribution of the spray immediately
prior to entering the high temperature environment. Two viewing
ports with glass plugs were oriented at 120° to permit visual
cbservation of the spray. The top of this section had a Y{g-in.
protruding lip to intercept any liquid descending along the wall.
This lip was drained continuously through 4 - ¥%-in. stainless-
steel tubes which.directed the flow of liquid into a tygon-tubing
collection system, thus permitting the run-off to be continucusly
monitored.

A 5 ft. x Yf¢~in. wall stainless steel section was bolted
to the above unit. This section helped isolate from the furnace
section the large scale turbulence which was inherent during
atomization, and enabled the particulate flow stream to become
uniform. Welded to the bottom of this section were 8 - }{g-in.
stainless steél wires which directed any liquid on the wall into
the run-off lip of the adjacent section. Two viewing ports
with glass plugs, orientated at 120° were located at the top of

the section where the atomization occurred.
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Two 18-in. long by %-in. wall aluminum sections were
bolted to the stainless steel calming section. The lower
section had two bored-through %-in. brass Swagelok fittings
located 3 in. fram the bottom and diametrically opposed. These
fittings allowed the air and water supply lines to be connected
to and to support the pneumatic atomizing nozzle. Eight 100-mesh
circular screens, which aided in establishing a uniform gas flow
and in damping out the large fluctuations arising from the
expanding gas jet at the top of the column, were supported on a
shoulder located l%—in; from the top of the lower aluminum section.
A chromel-alumel thermocouple in a ¥%-in. stainless steel tube
was inserted into the column directly below the screens through a
bored-through ¥%-in. Swagelok fitting.

A 3-in. long by %-in. wall alumninum entry section was
bolted to the upper 18-in aluminum section. Twelve 100-mesh
circular screens were supported on a shoulder in the centre of this
section. An 8l-hole distribution plate was located above the
screens to distribute the gas flow which entered through a 1%-in.
aluminum pipe directly above the distribution plate.

The fop four sections of the column were wrapped with a

1-in, thick laYer of fibre glass insulation to reduce heat loss.
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3:3.3 Flow System

Figure 3.3-5 is a schematic diagram of the entire flow
system. Details of the important components are given in
Table 3.3-1. '

(1) Gas Flow

Steam or air could be supplied to the column (F) and
pneumatic nozzle (E) by proper positioning of positive shut-off
valves (V1, V2 and V3, V4) respectively. Saturated steam was
obtained fram a 100 1lb. laboratory supply line (N) and air was
obtained from a 100 lb. supply line (O).

Steam to the column passed through entrainment scparator
(C) with the flow rate determined by glabe valve (V6). The steam
then flowed through an absolute orifice (D) with the upstream
pressure nonitored by pressure gauge (P3) . During start-up the
steam flowed directly to the condenser (I), thus by-passing the
column. After start-up the valves (V7, V8) were positioned so
as to direct the flow through Superheater (H1) into the column.
The inlet steam temperature was monitored by thefmocouple (TL) »

Air to the colum passed tﬁrough two filters (A) with the
flow rate controlled by globe valve (V5). The air then flowed
through orifice (B) where the upstream pressure was monitored by
pressure gauge (P2) and the differential pressure drop across
the orifice was measured with a U-tube, mercury manometer made
from high-pressure glass tubing. Fram this point the flow system

was the same for both air and steam.
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TABLE 3.3-1 :

COMPONENT
Filter

Orifice

Entrainment
Separator

Orifice

Atomizer

Columm

Feed Tank

Condenser

Surge Tank

Filter

Filter

61.
FLON COMPONETS

SPECIFICATIONS

Norgren Manual-Drain Filter Type 12-002

Brass Flanges - Flange Taps - l-in. C.T. Line
Removable Stainless Steel Plate - 0.636-in. Pore
(Designed according to Taylor Inst. Co., - Technical
Data Calc'n Marual No.l) Calibration in Appendix A

Centrifix Corporation - (%,-in. pipe fittings)

Brass Flanges - Flange Taps - l-in. Pipe Line
Removable Stainless Steel Plate - 0.370-in. Bore
(Designed as Absolute Orifice)- Calibration in
Appendix A

Spraying Systems Co. - Pneumatic-Round Spray Type
% J Nozzles #11, 12a, 12, and 22B.

See Previous Description in Text.

5000 p.s.i. High Pressure Stainless Steel Tank
4 ft. x 6 in. I.D. x ¥-in. walls - Flanged Both
Ends.

Baffled, 1 Shell - 2 Tube Pass, Stainless Steel
Vertical Condenser; 6 tubes (70-in. x %-in.,

18 gauge stainless steel) per pass; total area
= 11 sq. ft.

12-in. x 6-in. I.D. x Yg-in. wall cast iron pipe
with welded ends and ¥%,-in. pipe nipples on each end.

Robbins and Meyers Moyno Tubular Pump Type CDQ-150
p.s.i. Maximum Operating Pressure Driven by ¥, H.P.
1725 r.p.m. 60 cycle 3@ motor speed controlled by
Zero-max variable Speed Reducer - Model 24 - 100-in.
1b. torque; 0-% input r.p.m.

Nupro Type FR Brass Body, Inline Removable Filter
- 4%-in. Swagelok fittings - 15 micron Stainless
Steel Filter

Nupro Type F 316 Stainless Steel Body, inline
Removable Filter - %-in. Swagelok fittings -
15 Micron Stainless Steel Filter



No.

H1

H3

COMPONENT

Steam
Supply

Air Supply

Heater

Heater

Heater

Rotameter

Rotameter
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TABLE 3.3-1 (Continued)

SPECIFICATION

100 1b. saturated steam from 1%-in. supply line

100 1lb. building air from l-in. supply line

15-in.x 2-in.I.D. X Yg-in. wall stainless steel,
baffled cylinder. Cylinder is supported inside

a Kanthal Type 7-30 cylindrical electrically

heated furnace. Power Supply - Lovatt Enginecring
RC step down transformer - 240 V primary -

20 V sec. - 1500 VA. Power Control - Superior
Electric - 126 - V2, 0-230 Volt variable transformer

30-in. x 1-in. 0.D. Double-Pipe Heat Exchanger
Feed Line - %-in. Copper Tubing.
Heating Medium - Steam from 100-1lb. Mains.

22-ft. x %-in. 316 Stainless Steel Tubing - formed
in a 2-in. diameter coil. Coil is supported inside
a Kanthal REH 10-60 cylindrical electrically heated
furnace.

‘Power supply - Hammond Class A Step Down transformer

- 270 V primary - 65V secondary - 2700 VA.Power
Control - 2 Superior Electric 2 PF 136, 2.8 K.v.a.
variable transformers. )

Fisher = Porter variable area flow meter
Type FP - % - 25 - G 5/81 with Glass Ball Float.
Calibration in Appendix A.

Fisher -~ Porter variable area flowmeter
TypeFP—l'-zl-GIO/SO Floatl6USUT‘—4O
Calibration in Appendlx A. .
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Air to the nozzle passed first through the filters -
(A) while steam entered the nozzle directly from the mains. The
atomizing gas pressure was monitored by pressure gauge (P5).

(ii)  Liquid Flow

(a) Continuous operation - City water from the mains flowed
through in-line filter (L) and into the inlet of a variable

- speed positive displacement Moyno pump (K). Pressure
fluctuations were removed from the feed system by a surge

tank (J). The pressure in the liquid feed system was monitored
by pressure gauge (P4) on the surge tank. With gate valves

(vi2, v13) in the proper position the water flowed through rotameters
(Rl) and (R2) and feed - preheaters (H2) and (H3). During start-
up the feed oould be directed to a drain by proper orientation of
toggle valves (V9) and (V10). After start-up the feed was passed
through in-line filter (M) into the atomizing nozzle (E). The
feed temperature was monitored by thermocouple (T2) located in
the line close to the nozzle.

(b)  Batch operation - Proper orientation of valves (V12) and

(V13) permitted high pressure tank (G) to supply the liquid feed
to the system. The tank was pressurized with nitrogen from a
commercial gas cylinder.

Gas and vapour passed from the reactor into water cooled
condenser (I) and the condensate was monitored to determine the

total mass flow through the system.
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3.3.4 Drop Sampling Probe

The drop sampling probe, shown in Figures 3.3-6 and
3.3-7 was designed to permit samples of the spray to be
removed from the colum. The probe could be inserted through
one of the sampling ports on the column and a sample of the
spray collected in a stainless-steel, glass bottamed, liquid-
£illed sample cell (j)  which fits into well (i) in the probe
head (h).

The principle of operation is based on that originally

proposed by Rupe(Rs) and used by Dlouhy(Dz) i Manning(Ms) ’

H(_)ffman(Hl) , Tate k%)

and others. This immersion-cell technique
utilized a water-saturated solvent, varsol (Imperial Oilv , Sarnia,
Ontario), which is only slightly miscible with water and which
hés a density less than water. Droplets entering the cell
therefore settle to the bottom and are maintained in their
spherical state by coating the glass bottom with a non-wetting
agent SC-87 (General Electric Cawpany). The glass bottam allowed
shadow-photographing of the droplets under magnification (40X) .
The sample cell used in this study was a %-in. by %-in.
diameter stainless steel cylinder; shown as (j) in Figure 3.3-7.
The glass bottam was a 0.050-in. by 0.225-in. diameter optically
flat glass disc (Corning Glass Works - Glass 7740) which was
cemented to the cell with teflon cement (John Crane Company). The
droplets settled onto a 0.050-in. by 0.185-in. diameter optically
flat disc which was placed in the bottom of the cell prior to

sanmpling. This disc could be easily removed for cleaning and coating

* Small letters here refer to letters on probe camponents shown
in Figure 3.3-7.
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of the surface.

The cell (j) was exposed to the spray for a known period
of time by activating the shutter (g) with two electromagnets (b).
The electromagnets were activated by an electronictimer. (Automatic
Timing and Controls Inc. - series 5231). ILeads and activation switch
can be seen in Figure 3.3-6.

The probe head (h) is a streamlined cylindrical stainless
steel shell designed to intercept the radiation originating at
the reactor walls. Without this shielding the absorbed radiant
energy would cause the temperature of the collection fluid in the
cell (j) to increase and result in loss of fluid through evaporation.
The heat absorbed by the shield was removed by a circulating heat
transfer medium which entered and left the shell through tube
system (a). |

Plug (f) was ﬁachined and contoured to fit flush with the
column wall. The probe head could be positioned relative to the
plug and locked into position with locking device (c). (The
locking device is not shown in Figure 3.3-6).

Stainless steel rods (e) joined the plug to flange
plate (d); this plate, matched the_fla.nges on the sampling ports
and allowed the probe to be locked into position in the column.
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3.3.5 Temperature Probe

(1) Aspiration probe - The aspiration probe shown in

Figure 3.3-8 was designed to permit gas temperatures to be
measured in a particulate stream flowing in a high-temperature
environment. Gas was drawn in across the 0.001-in. Pt-Pt 10% Rh
thexrmocouple which was supported inside three concentric tubes.
These tubes prevented the droplets from contacting the thermocouple
and also shielded the thermocouple fram the radiation emitted at
the colum walls. A circular plate covered with thin platinum
foil was located in front of the suction orifice to prevent
radiation from streaming directly into the prcbe.

The probe tip, shown in Figure 3.3-9 was designed
according to the criterion established by Wadleigh and Oman V2) .
These workers measured the gas-phase composition of a high
velocity two-phase flow. The basic idea was to cause the gas
to negotiate a path of high curvature which would result in
"shedding" of the liquid droplets which were being transported by
the gas. Suction on the annulus around the centre tube
suppressed the flow of "boundary layer" liquid into the centre
tube and helped to establish a sharply-curved gas-flow pattern
into the centre tube.

Gas was drawn across the thermocouple at mass flows
in the order of 0.1 gm./min. by applying suction to the innermost
tube. This tube was connected to a 2.1 sq.ft. compact heat
exchanger (American Standard - Ross Type - SSCF) with high

vacuum rubber tubing. The exchanger was connected to a glass
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receiver bulb to which a vacuum was applied from a general
laboratory vacuum line. The vacuum was measured with a mercury
manometer. Calibration of the probe against the unshielded
probe indicated that a vacuum of approximately 4 cm. of mercury
should be applied to the receiver bulb. No suction was applied
to the inner annulus but steam was observed to flow from the
annulus at all time during operation of the probe.

The probe was calibrated under normal column operation
(with gas flow only) against the "bare" thermocouple described
in the next section. Results are given in Appendix A.

(ii) Bare or Unshielded Thermocouple. This probe is shown

alongside the aspiration probe in Figure 3.3-8. The probe was
inserted into the column in the same manner as the aspiration
probe and the drop sampling probe.

Figure 3.3-10 is a scale drawing of the important
features of the probe.

(A) indicates the geometry of the probe tip, while (B)
shows the actual thermocouple detail. The stainless steel
sheathed thermocouple (c) runs through a 3%-in. stainless steel
tube . (a) and is welded into position at the end of the tube.

The stainless steel rod (b) is also welded to tube (a) and
serves to locate the probe at the furnace wall. Pt and Pt 10% Rh
wires of 0.0005-in. diameter (e) are welded to the corresponding
0.010-in. diameter wires (d) from standard, Y g 0.D., stainless
steel sheathed, double conductor, Pt - Pt 10% Rh, thermocouple

wire. (Thermo-Electric Company) . A 0.001 - 0.002-in. ball is



10

formed at the end of the 0.0005-in. wires by welding the wires
with the flame from a microtorch. The ball is located within
0.005-in. of the end of the rod, the distance being measured
by a cathetometer (Griffin and George - Model No. P369). The
probe tip was constructed following the design of Brown(Bl3) .

The probe could be located relative to the furnace wall within
$+0.001-in. by means of the positioning mechanism shown in (c)

of Figure 3.3-10. Flange plate (f), to which support plate

(h) is bolted, permits the unit to be locked into position in

the column. Yoke (g) and adjusting screw (i) were used to position
the thermocouple relative to the wall by inserting mild steel

"Jo" blocks of varying size between the flange plate (f) and the
tip of the screw. The "Jo" or spacer blocks which rest on plate

(h) were machined to a tolerance of 0.00l1-in..
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3.3.6 Temperature Recording Equipment

(1) Single pen recorder. Millivolt signals from the

probes were recorded on a Honeywell variable span single pen
recorder. The signal obtained at each point in the traverse
was recorded for approximately 30 sec. to ensure that any low
frequency oscillation in the average temperature would be
monitored. Initially the signals were fed directly to the
recorder but as the wall temperature of the reactor increased
the fluctuations became of such a magnitude that estimation
of the average signal became exceedingly difficult. Also,
when the magnitude of the fluctuations was large the recorder
pen could not follow the signal because of the relatively long
recorder response ti_rre.,* Consequently, an electronic damping

circuit was designed as shown in Figure 3.3-11.

(ii) Filter Circuit. The circuit was designed to dampen

out the relatively high frequency (1 to 10 c.p.s.) fluctuations.
by means of the capaciter Cl. The capacitance of the circuit
could be readily increased if the fluctuations increased in
magnitude. Variable resistor R3 attenuates the input signal
exactly by a factdr of two thus eliminating the problem of an
unknown offset causedby the capacitance.

| When using the filtering or damping network the
attenuatioﬁ of the input signal was frequently checked by sending

a known millivolt signal to the circuit and recorder from a

* With a span of 0-8 mv the recorder was only able to follow a
2 c.p.s. 1 millivolt fluctuation to within 80% of the full
fluctuation. '

i
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Honeywell Model 2733 portable potentiometer. (This same
potentiometer was also used to calibrate the single pen
recorder.) Because the input signal was attemuated, the
recorder span could be doubled over that used for the unattenuated
signal and hence the reading accuracy was maintained.

For the highest wall temperatures the span was the
largest and hence the reading accuracy the poorest. The largest
span used for an attenuated signal was 0-4 millivolts. The
recorder chart could easily be read to * Y, division which
represents * 0.004 mv at this span. Since the signal is
attenuated this difference represents an actual uncertainty of
t 0.008 mv. At a temperature level of 600°F this uncertainty
in the chart reading represents an uncertainty of t 2°F in the
gas temperature. This degree of uncertainty is considerably less
than the uncertainties arising from the fluctuations themselves.

Low frequency (<0.l1l c.p.s.) fluctuations in the éverage

temperature gave rise to wavy traces on the recorder chart.
The average millivolt signal was estimated from the trace by
eye with an estimated accﬁi:acy of + 0.5 divisions. With the
signal ai:tenuated by % and a 0-4 mv span this represents an
uncertainty in the thermocouple temperature of + 7°F.

(iii) Random Signal Voltmeter. For several runs the

thermocouple millivolt signal was also monitored by a random
signal voltmeter (Flow Corporation Model 12Al) which indicated
the root mean square of the voltage fluctuation. The low

frequency fluctuations caused the r.m.s. signal to slowly vary



and consequently it was necessary to take an eye-average over

a 30 to 60 second period.
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Experimental Procedure

3.4.1 Ceneral Operation

Power was applied to the heaters and the colum brought up
to the desired operating temperature over a one hour period. When
operating with steam as the gaseous medium it was necessary to
by-pass the column until the supply lines had warmmed up. IHeater
Hl was usually employed to add an additional 4 or 5°F of super-
heat to the steam.

(i) Gas Flow only. In the case of experiments performed

in a gaseous medium with no spray, the air or steam was introduced
into the system and the column allowed to equilibrate to the
particular power level over a 15-20 min. period. Gas temperature
profiles in the colum could then be measured with either the
shielded or unshielded probes previously described.

(ii) Gas and Liquid Flow. For experiments with sprays, the

carrier gas was supplied to the colum before atomization was

bequn. If the feed was to be introduced at an elevated temperature,
heaters H2 and H3 were activated. The feed was directed to a drain
until the desired temperature was obtained. A period of 20 - 30 min.
was allowed to ensure that steady-state conditions had been reached.
Temperature péofiles with -the aspiration probe and drop sampling

could then be initiated. If the feed supply originated from the
high-pressure tank, it was also possible to determine the relative
fractions of steam and feed in the run-off fram the upper walls of the
column by measuring the concentration of a soluble manganese salt
which had been introduced into the feed tank. Details of this

procedure are given in Section 3.4.4.
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3.4.2 Drop Sampling

(1) Preparation of Sample Cell. The glass bottom of the sample

cell was carefully cleaned after which a 0.05-in. thick optically
flat glass disc was placed in the cell. The disc was also carefully
cleaned and coated with a non-wetting agent (General Electric, SC-87
Dri-Film) before being inserted into the cell. The cell was then |
placed in a brass holder shown in Figure 3.4-1 which rested on an
aluminum heater block. (The block was heated by two Chramalox C 203
75 watt cartridge heating elements.)

(ii) Sampling. Just prior to taking a drop sample the cell

was filled with varsol or Dow Corning 200 Silicone oil from a
hypodermic syringe. The collection fluid had been warmed to
approximately 140°F and saturated with water prior to injection

into the cell. The cell was then placed in the probe, which had
been preheated by insertion into a small muffle furnace, and
covered with the shutter. The probe was inserted into the column
at the desired radial and axial location and the shutter activated
to expose the cell to the spray. Upon removal of the unit from
the furnace the cell was replaced in the cell holder and covered
with a glass slide which was held in place with two spring clips.
(iii) Photography. The brass cell holder containing the loaded
cell was inserted into a special heated block which was mounted

on a substage microscope (Officine Galileo Model 125418) (The
block was heated with two Chromalox C202 30-watt cartridge heating
elements.) The cell was illuminated from above with a 6-volt, 30-watt

Mazda lamp which was focused on the cell with a 55 mm. condensing lens.
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The cell was viewedthrough the optics of a 35 mm.
single lens reflex camera (Asahi Pentax SLI). which was mounted
on the lens barrel of the microscope. The cbjective and eyepiece’
of the microscope gave an image magnification of 40x* on the
ground glass screen of the camera. At this magnification
approximately Y, of the cross-sectional area of the cell was
visible. By the time the cell had been mounted on the microscope
the drops collected in the cell had settled through the collection
medium and were resting on the glass disc in the bottom of the cell.

The cell was carefully traversed by moving the microscope
stage; the drop images were recorded on 35 mm. film (Ilford FP-3).

The film was developed in fine grain developer (Acufine)
under controlled conditions; the droplet images were subsequently
enlarged 4x and printed on single weight paper, (Leonar Megatype) .
(iv)  Counting. The enlarged droplet images were sized and
recorded on a Particle-Size—-Analyser (Carl Zeis Model TGZ3). This
device determines the size of the image on the photographic paper
by matching a variable light spot to each droplet image. The
relative size of the spot was recorded on a panel of mechanical
counters. The results from the counting operation were then
entered on punched cards and processed by an IBM 7040 computer to
yield the desired average diameters of the sample.

The minimum size of the light spot was 1 nm. and hence at

a total magnification of 160x the smallest detectable drop had

The exact magnification was determined by photographing a
microscope calibration slide (Bausch and Lombe) .



a diameter of 6 microns. Thus no droplets below this size were
measured. However, since the target efficiency of the cell was
expected to be low for these small droplets, not many should be
collected in any event. These droplets consitute a very small

fraction of the weight of the spray.

82.



CELL AND CELL HOLDER

FIGURE 3.4-1

83.



84.

3.4.3 Gas Temperature

(1) Particulate System. The aspiration probe previously

described was used to measure the gas temperaturé when the spray was
present. The probe was locked into position in the sample port

and a radial traverse made by sliding the probe mechanism through
the Swagelok fitting on the outer flange. The radial location

of the thermocouple was determined from index marks on the

auter tube.

Before starting the radial traverse, suction v\lvas applied
to the probe. The probe was then allowed to equilibrate to the
column conditions.

Temperatures were usually recorded at the following radial
locations, measured from the wall opposite the entry port:

0«3y 05, 0.,7; 1.0, 1.5; 2.0, 2.5, 3.0, 4,0, 5.0, 6.0,
6.5, 6.7, 7.0, 7.2, 7.5 in.

The millivolt signal was recorded on a Honeywell single pen

recorcer as described in Section 3.3.6

(ii) Gas flow only. ‘The bare or unshielded probé,

described in 3.3.5, was used to measure gas temperature gradients
at the wall and to calibrate the aspiration probe. The probe was l
locked into position and the stainless steel tube carrying the
ther;mowple wire was extended into the colurm until the stop-rod
touched the wall of the evaporator. A 0.100-in. spacer bléck was
then placed on t‘he support plate, flat against the end; the

yoke and set screw were adjusted so that the tip of the screw

just touched the block in this "zero" position. After recording
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the millivolt signal on the single pen recorder the probe was
withdrawn slightly and a larger spacer block was inserted. The
prcbe was again inserted until the screw tip just touched the
spacer block. This process was repeated until a radial traverse
over half the colum had been completed. Temperatures were usually
measured at distances of 0, 0.005, 0.010, 0.020, 0.030, 0.040,
0.050, 0.070, 0.100, 0.200, 0.300, 1.000, 2.00, 3.00, 4.00-in.
from the wall. These readings had to be corrected for the distance
the stop protruded beyond the thermocouple.

For several traverses the millivolt signals from the
thermocouple were also monitored by an r.m.s. meter (Flow
Corporation) in order to determine the root mean square of the gas

temperature fluctuations.
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3.4.4 Run-off Determination

When the spray was formed in the confines of the 8-in.
diameter column a large fraction of the liquid impinged on and
ran down the wall to the catch-trough from where ii: flowed out of
the column and was monitored.

Since there was some heat loss fram the system some of
the steam must have condensed on the walls of the atomization
chamber and this would be measured as run-off. Therefore, it
was necessary to identify the relative fractions of condensate
and feed in the run-off if the true gas and spray flow to the
evaporator were to be known.

In order to determine the relative fractions in the run-
off a colourimetric analysis techniqué was employed. The technique
consisted of;

1. placing a known quantity of MnSO
pressure feed tank.

.H,0 in the high

472

2. pressurizing the feed tank with nitrogen and opening
the feed line to the nozzle.

3. oollecting the run-off in glass stoppered erlenmyer
flasks and allowing it to cool.

4. pipetting a 50 ml. sample fram the collected liquid
into a 125 ml. erlenmyer flask

5. adding 10 ml. of 85% phosphoric acid and an excess
of KIO 4

6. warming the solution to oxidize the manganese from
the +2 to the +7 state.*

7. cooling the solution and diluting it to 100 ml. in
a volumetric flask

* Balanced redox reaction for this case is:

T+ 5 10,  + 3,0 == 240, + eut + 510,”
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10.

filling a 23 ml. optical cell of a Fisher
Electrophotometer (Model A) with the coloured
solution and determining the transmittance
using a 525-B filter.

comparing the transmittance reading with the
calibration curve previously constructed (see
Appendix A) to determine the concentration of
MnO, present and hence the concentration of

Mn  prior to oxidation.
detemining the concentration of feed and steam

in the run-off from a knowledge of the original
concentration of Mntt in the feed.
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Results and Discussion

3.5.1 Gas Temperature Measurement

(i) Single Phase System

Fiqure 3.5-1 to 3.5-4 represent typical gas temperature
profiles which were measured with the unshielded thermocouple for
both steam and air flows at Reynolds numbers of 10 x 103 based on
inlet conditions. Figure 3.5-1 and 3.5-3 illustrate that the
radial temperature gradients exist from the wall to the centre—
line of the colum. Figure 3.5-2 and 3.5-4 indicate the gas
temperatures which were measured at distances less than 0.100 in.
from the wall. Close to the wall the temperature gradients are
linear as one would expect, since the mechanism of enerqy transport
in the boundary layer close to the wall is molecular conduction.

The temperature gradients are also observed to decrease with distance
from the entrance as the bulk temperature of the gas is increased.

The most important aspect of the gas-temperature profiles
at the wall is that the extrapolated wall temperature does not agree
with the temperature indicated by the thermocouples which were
welded to the exterior of the colum. The discrepancy in the two
temperatures is much greater than either the temperature drop
across the stainless steel wall (= 10°F) or the thermocouple

conduction error analysis of Short and Sage(sm)

would indicate.
A careful check of the control thermocouples did not disclose any

errors in their millivolt output. The wall temperatures were also
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measured by sighting through the sample ports with a two-wavelength
pyrometer. The agreement between the temperatures measured with
the pyrometer and those measured with the wall thermocouples was
within expected measurement errors.

Since the geametry of the probe tip was the same as that

(B13) it would seem that his profiles adjacent to the

used by Brown
wall should exhibit the same effect. It is not possible to check
his data since he used the extrapolated gas temperature profile to
calculate his wall temperature and did not indicate the temperatures
which were recorded by the thermocouples on the cuter wall. He
does report however that his results were obtained at "nominal wall
temperatures" of 100, 500 and 950°C.  An examination of his
extrapolated wall temperatures reveals in some cases that the
extrapolated temperature deviates from the "nominal temperature"

by as much as 50°C. This deviation could indicate that the probe
was not measuring the correct temperature close to the wall, but

without more information no positive conclusion can be drawn.

Brown correlated his results in terms of NNu versus NGr ’
D

i.e. no effect of Npe Was noticed. The Nusselt numbers calculated
fram the measured temperature gradients in this work agree with those
of Brown within * 253%. At this level of agreement it was not
possible to detect differencesin the convective heat-transfer rates,
although the rates calculated in this work would be expected to

be less than those of Brown because absorption of thermal radiation

by the steam would tend to decrease the temperature gradient at the

wall.
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The temperatures on Figure 3.5-1 to 3.5-4 are indicated
as points but they represent average temperatures at each particular
location. The temperatures were calculated from the damped
thermocouple-millivolt signal which was recorded for 30 sec. to
1 min. The damping was sufficient to allow a relatively constant
reading over the entire time interval. At the first two positions
adjacent to the wall and over the centre 6 in. of the colum the
recorder traces were straight lines and the uncertainty of the
measurements was * 2°F as indicated in Section 3.3.6. For the
remaining radial positions the maximum cdeviation of the trace was
t 1 division on the recording paper. This represents an actual
millivolt uncertainty of * 0.08 rw. which corresponds to % 15°F.

The root-mean-square temperature fluctuations, at the radial
traverse location closest to the wall (0.002 in.) were found to vary
from approximately * 7°F at the lowest axial location to + 18%F
near the top of the colum. This increase in the magnituce of
| the temperature fluctuations would appear to indicate that the
turbulence level was higher in the upper regions of the colum
than in the lower regions. This would be expected if the natural-
convection forces were large enough to cause a flow reversal at
the wall. This upward flow of gases would tend to increase .in
volume and velocity as the gas moved upward along the wall. The
resultant effect on the forced-flow micht be expected to manifest
itself in an increased level of turbulence caused by the interaction
between the two flow fields. The maximum r.m.s. fluctuations,

which occurred near the top of the column were of the order of * 170°F.
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Near the top of the colum (Ports 1 and 2) this maximum occurred
at distances of 0.5 to l-in. fram the wall.

The calculation in Appendix C.2 indicates that for the
particular thermocouple employed in these measurements, the
indicated millivolt fluctuation can be expected to be within 98%
of the millivolt fluctuation corresponding to a temperature
fluctuation in the gas stream.

(ii) Particulate System

The curves in Figure 3.5-5 are typical temperature profiles
taken with the aspiration probe for a particulate and a single-phase
flow under the same experimental conditions. The estimated flow of
spray was 15 lb./hr. The indicated temperatures are the eye-
averaged temperatures taken from the millivolt trace on the single
pen recorder. These average temperatures have a deviation of
+ 259F near the wall, gradually cdecreasing to * 10°F at the centre
line. The peak-to-peak fluctuations were a maximum near the wall
and found to be of the order of * 75°F.

The effect of introducing the spray into the system can be
seen in the decreased gas £en1peratures across the diameter of the
column. The indicated profiles are intended only as a qualitative
illustration of the effect of introducing a large heat sink into the
system in the form of a cloud of droplets.

The temperatures for the particulate system differ from

(54) in two ways

those measured by Hoffman and Gauvin
1. The temperature gradient is cbserved to extend to the centre-

line of the column.
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2. the magnitude of the fluctuations is approximately 10 to
20 times greater than that which they reported.

(B13) .ng this

These results are in keeping with those of Brown
work for a single-phase system.
Since visual dbservation indicated that the spray was
uniformly distributed over the column cross-section and since the
inlet steam temperature was only 24OOF, the measured gas
temperatures are higher than expected. At such a short distance
into the evaporator one would expect that the high heat transfer
rates between the gas and the spray, which occur as a result of the
large surface area presented by the spray, would maintain the gas
at a relatively }ow temperature.
The relatively high temperatures for both the particulate
anc single phase systems, as well as the large temperature fluctuations:
would suggest that hot gases were flowing up along the walls because
of large buoyancy forces even though the inlet Reynolds number for
this gas flow is 1.18 x 10%.
Equation (2.6-1) precdicts that free convection will influence
forced convection if Nér > 1.5 x 106. A canservative estimate of
the Grashof number for this experiment is 1 x 10°, indicating that
natural or free convection is very important. Thus one might expect
to find large volumes of hot gas rising to the top of the column,

causing turbulence and increased evaporation rates of the spray.
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3.5.2 Determination of Flow of Spray
to the Lvaporator

The concentration of Mn++ in the run-off was determined
as indicgtod in the procedure. This technique allowed the
determination of the absolute and relative amounts of the liquid
which proceeded through the system.

Table 3.5-1 indicates the per cent of the spray generated
by a '22B pneumatic nozzle which was actually transported to the
evaporator section under various flow conditions.

Camparison of Test 1 and 2 indicates that for approximately
the same feed.rate, the magnitude of wall impingement increases
as the pressure of the afomizing gas increases. ‘This is to be
expected since the spray angleAincreases with increasing pressure
thus giving the spray a‘greater radial velocity component.

Tests, 3, 4, 5 and 6 indicate that increasing the flow
rate of carrier gas (steam) cecreases the wall impingement. The
impingement is decreased because the higher carrier—gas flow rates
more nearly satisfy the gas volume requirements of the expanding
jet. Consequently less gas is required from the lower regions of
the colum and the degree of back-mixing with its inherent
turbulence is reduced. The decreased back-mixing means fewer
drops will be flung to the walls as they attempt to follow the
turbulent eddies and the large-scale gas flow patterns.

A comparison of tests 6 and 7 indicates that at the same
carrier gas flow rate, the column loading can be increased by

increasing the feed rate although the per cent of the feed which



Feed

Test No. Rate
(cc/min)

1 198

2 208

3 210

4 235

5 202

6 208

7 378 -
8 . 378

*

Atonizing
Pressure
(p.s.i.9.)
25
52
52
52
52
52
60

60

TABLE 3.5-1

Carrier Gas
Flow

(1b./mr.)

162
162
285
285
285

162

Run-Off Analysis

*
Total Runoff
(cc/min)

257
270
330
355
295
300

470

500

The precision of all these readings is * 5 cc/min.

. k%
Feed in

Runoff
(cc/min)
86
147
130
151
118
114
258

300

The reported run-off rates are the average of at least three measurements.

*kxk

Feed Through

Column

cc/min 1b. /hr

112
55
80
84
84
94

120

78

** The feed in the run-off was determined fraom the average of three separate samples.
The precision was always better than t 5 cc/min.

*** The absolute or relative errors are not indicated because the results were only
interpreted cualitatively.

14.8

7.3
10.6
11.1
111
12.4
15.9

10.3

“66
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flows through the column is decreased. The per cent is decreased
because at the higher flow rates dd;z spray has a higher kinetic
energy and a greater fraction of the spray will strike the walls
before the terminal velocity is reached.

Tests 7 and 8 further substantiate the trends ocbserved
in tests 2 through 6.

These tests were made without regérd to the resultant
drop-size distribution. With a constant liquid feed rate, as
the pressure of the atomizing gas is increased, the average drop
size decreases, hence producing a lower dvs' Thus although test 1
has a larger spi‘ay throughput than test 2, the drop-size distribution
would be much wider and the average drop size would be larger.
Also, tests 7 and 8 would have a wider distribution and larger
average drop size than tests 3 through 6 because of the relative
increase in liquid feed rate campared to the increase in atomizing
pressure.

The results in Table 3.5-1 follow the expected trends and
illustrate that the M_SO,*H,O colorimetric tracer technique enabled

n-"4 72
the actual spray throughput to be determined.

MILLS MEMORIAL LIBRARY,
McMASTER UHin £28|TY
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3.5.3 Drop-Size Determinations

Preliminary tests with the sampling probe indicated that
drop samples of reasonable density could be dbtained with cell
exposure times of 0.2 - 0.7 seconds. During these tests the
samples were taken from the column under ambient conditicns, i.e.,
the column was not heated.

When the colum was hot (lBOOOF)' it was not possible to
cbtain dense enough samples from any axial location in the column
even with exposure times in excess of 2 seconds. The reason for
this apparent absence of droplets was not cbvious since
1. the spray was observed (through the viewing ports) to be

flowing axially as a well-controlled two-phase mixture in

the column above the evaporator
2. calculations indicated that no more than 15% of the spray

should be evaporated when the cloud descends as far as

the first sampling station on the evaporator.
Furthermore it can be easily shown (Appendix C) that for a mass
flow rate of 5 1lb./hr. and a volume mean diameter of 50 microns, if
the exposure time of the cell is one second and the spray is uniformly
distributed across the column, the number of drops in the sample
should exceed 5000. If a correction for the target efficiency of
the samples were included, the mutber of droplets actually caught
in the cell would not be reduced to the extent that the adbservations

suggest.
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3.6 Conclusions

The temperature measuring device used in the single-phase
system was not capable of measuring the correct magnitude of temperature
in the steep temperature gradients adjacent to the wall. 2An examination

of Brown's data(Bl3)

revealed that his device may have suffered from

the same defect. Also, a comparison of tﬁe results obtained with

these two probes did not reveal an effect of radiation on the temperature
profile and hence cohvective heat transfer rate.

It is essential that the effect of the measuring device
upon the temperature of the gas be eliminated if convective heat transfer
rates are to be determined with a reasonable degree of confidence.

Gas temperature measurements, made with a fine wire
aspiration = thermocouple probe in a particulate system, indicated
that radial temperature gradients existed fram the wall to the centre-
line of the column.

A mathematical simulation of the process requires that
the column be divided into a number of finite, isothermal zones. In
the original model(Hl) the assumption was made that no radial gradients
existed in the column and consequently the zones were taken to be
right-circular cylinders. These results show that this assumption is
not valid and that the model of the system must include an allowance
for the radial gradient, Erkku (EL) has calculated the necessary
"radiation reception factors" which would permit the column to be

zoned in both the axial and radial directions.
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The large temperature fluctuations, the high temperature
level, and the apparent al\;sence of a dense spray in the upper regions
of the evaporator suggest that the natural-convection interaction with
the forced-convection flow field is significant. It appears that
large volumes of hot gas were rising next to the wall and then mixing
and descending with the main flow in the colum above the evaporator
thus giving rise to large-scale recirculation. This supply of hot
gases would cause considerable evaporation of the spray as it descended
as far as the first sample port, thus accounting for the apparently
low cloud density.

The temperature measurements made with and without the spray
indicated that, as expected, the spray does represent a large heat
sink which causes a large decrease (f\'lOOoF) in the gas temperature.

The recirculation volume and gas—-flow patterns were unknown
at the time and consequently a quantitative analysis of the heat
transfer phenomena occurring in the system was not possible. A
quantitative analysis of the heat transfer would be possible only if
1. the velocity profiles in the colum were known, or
2« the natural convection effects causing the flow reversal and

resultant interaction were greatly reduced or eliminated.
| The actual volume of the liquid feed which entered the evaporator
as a cloud of droplets could be successfully determined by a tracer-

colorimetric-analysis technique.
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PART II

SCOPE

The results from Part I of this study indicated that the large
natural-convection forces which occur in A.S.T. systems interact with the
forced flow and cause increasedturbulence and complicated flow patterns.
These effects increase immensely the difficulty of the analysis of the
system; in fact a comprehensive analysis is not possible until the flow
patterns and turbulence level have been quantitatively determined.

Rather than embark upon a study of the gas flow patterns in an
opposed forced convection-natural convection system, it was decided that
a greater insight into the overall process could be gained by dividing
the overall problem into a nurber of separate idealized studies. It was
hoped that the results from these studies could then be applied to the
complete system to yield a more quantitative description of the phenomena
occurring therein,

In keeping with this decision then, Part II of this work was
divided into three studies

(1) Convection from the walls to the gas

(ii) Radiation and convection from the walls to the gas

(iii) Radiation to a cloud of evaporating droplets

To permit these phenomena to be studied it was necessary to reduce
as much as possible, the complicated effects of natural convection. Since
the Grashof number, which is a measure of the magnitude of natural-

convection forces, is dependent on the length of the heat-transfer surface
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to the 3rd power, the magnitude of the natural convection forces could
be reduced by a factor of 1000 by reducing the length by a factor of 10.
To achieve a reduction of this magnitude, the length of the evaporator
was decreased from 10 ft. to 1 ft., keeping the same colurn diameter.

Since the length of the colum was 1 ft. and the diameter 8-in.,
the length-to-diameter ratio of the entire hot zone was only 1.5. This
meant that the convective heat transfer from the wall was occurring in
the so-called entrance region, where the gas—temperature profile is not
fully developed, i.e. the thermal boundary layer is still growing and has
not yet reached the centre-line of the colum. A search of the literature
indicated that no experimental or theoretical analyses had been made for
convective heat transfer at these small length to diameter ratiocs.
Consequently, it was necessary to develop a theoretical prediction for the
heat transfer by convection at small L/D ratios and to verify these
predictions by experiment.

The results from the study of convection were then combined with
the theoretical analysis of gas radiation to indicate the effect of the
. two mechanisms of heat transfer on the gas—temperature profiles in the
colurm. |

After it was shown that the convecticn and radiation heat transfer
to a gas could be predicted with reasonable accuracy, these same calculation
techniques were to be applied directly to the prdblem of evaporating sprays
in a high-temperature environment. The assumption concerning absorpticon

and reflection of radiation from droplets (asymptotic solution of the Mie
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Theory) could be tested by carrying out experiments in which the gas
temperature and drop-size distribution could be compared with that
predicted.

The second part of this dissertation is divided naturally into
three sections. The first .section (Ch. 4) discusses the convective
heat~transfer analysis, the second section (Ch. 5) discusses the
radiation analysis including the convection results and the third
section (Ch. 6) reports on the experimental and calculational problems
associated with the study of radiation to sprays in a high-temperature

environment.
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4. Convection in the Entrance Region

4.1 Introduction

This chapter discusses the theoretical analysis of the convective
heat transfer from the walls of a cylindrical column and the experirmental
program to verify this analysis. The column was 8-in. I.D. with heat
applied only over a 1 ft. length to reduce the magnitucde of the natural
convection forces in the system. Consequently, the entire hot zone,
which had a maximm L/D* ratioof 1.5, was in the so-called thermal entrance
region where the gas-temperature profile was still developing.
| Available correlations in the literature did not extend to these
small L/D ratios and did not apply readily to a variable wall temperature
boundary condition. Consequently it was necessary to solve numerically
the basic heat transfer equations (subject to certain simplifying assumptions)
to permit prediction of the convective heat transfer in this system.

The experimental verification of these predictions was made by
measuring the gas-temperature profiles in the column by a similar technique

to that used in Part I.

4.2 Background
The problem of predicting the convective heat transfer which occurs
in flow systems of variocus geametries has been studied for some time.

This discussion does not attempt to give a comprehensive review of the

* L/D represents the ratio 'of the length of the heat transfer surface
from the beginning to the diameter of the cylindrical surface.
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entire field but is restricted to the problem of 'predicting the magnitude
of the convective heat transfer in the entrance region of a cylindrical
column. The discussion is further restricted to fluids which are in
fully-developed turbulent rather than laminar flow.

Subject to the limitations noted below, the energy equation
describing the heat transfer in a cylindrical tube in which the velocity

profile is fully-developed and axial-symmetric is

3t _ 1 ) ot ' -
Us;(- = E 3}' [r(a +€h)—3—f ] (4.2 l)

To write (4.2-1) in this form, the following assumptions were made.
1. The mean value of the radial velocity,V,is zero.
2. The fluid properties are constant
3. Viscous dissipation is negligible

4. Axial diffusion of heat is negligible compared to
axial bulk convection*

5. The radial transport of heat due to turbulent diffusion
can be accounted for by introducing the thermal diffusivity

Eh.
(519) . . .
Sparrow et al reduced the axial-symmetric energy equation
(4.2-1) to a dimensionless form which was linear in temperature and
independent of the continuity and momentum equations. In other words,

the authors neglected the effect of heat transfer on the velocity profile

and vice-versa. They assumed that the velocity profile was fully

% Sc‘rmeider(szz) has indicated that this assumption is valid for
NRe NPr > 100. :
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developed and hence not a function of axial distance. If theée assurptions
were not made)theenenqyequation would have to be solved simultanecusly
with the momentum equation. These "coupled" equations would then be
non-linear and the problem of determining the solution beccmes formideble.

The authors separated the temperature field into two regions;
a fully-developed and an entrance region. The wall boundary condition in
both regions was that of constant heat-flux at the wall. The tenperature
was assumed uniform at the entrance to the heat-transfer section and the
eddy diffusivity for heat transfer was assumed to be equal to the eddy
diffusivity for momentum transfer, i.e.,sh =

In the fully-developed region the energy equation beccmes an
ordinary-differential equation which was solved by standard technicues
on a digital computer.

In the entrance region the energy equation was solved by using
a separation of variables technique on the partial-differential equatiocn.
With this assumption, the radial dependence of the fluid temperature was
described by an 0.D.E. of the Sturm-Liouville type. The solution was
given in terms of eigen-functions and their corresponding eigen-values.

The authors give the first six eigen-functions and eigen-values
for a nunber of Reynolds number and Prandtl numbers.

The predicted Nusselt numbers,(hD/k), as a fuction of the
dimensionless distance along the tube (x/D), did not extend to x/D's < 2
because the series solution was truncated at 6 terms; to predict the

heat transfer at smaller values of x/D, a larger muber of terms must
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be included in the series solution of the energy equation.

(520) also solved the energy equation, subject

Sleicher and Tribus
to the same limitations imposed by Sparrow et al (519) , by the same
mathematical techniques. They determined only the first three eigen-
functions and éigen—values by solving the appropriate equations on an
analog camputer and consequently they too were uneble to predict the
heat transfer at small values of x/D. These authors indicated how
their results could be used to predict the heat transfer for the following
boundary conditions at the wall;

1. constant heat flux
2. uniform temperature
3. arbitrary wall-temperature profile.

(Szo)and Sparrow et al(Slg) found that,

Both Sleicher and Tribus
when X/D was large enough so that the temperature profile was fully-

develcped, their predicted Nusselt numbers agreed with the empirical

correlation originally proposed by Dittus and Boelter(Dl4) 2
_ 0.8 0.4 .

Both of these analyses assumed constant properties which enabled
the energy equation to be solved independently of the momentum equaticn;
i.e. the effect of temperature on the velocity profile was neglected.
Consequently the analytical results are expected to predict the convective
heat transfer only for the case of low heat flux or smdll wall temperature-
to-bulk gas teinperature ratios. These analyses used the fully-developed,

- adiabatic, velocity and momentum diffusivity profiles from Deissler's

analysis (L .
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(S21)

In a later paper, Siegel and Sparrow conpared the Nusselt
nunbers calculated with a uniform wall-temperature and constant heat-flux
boundary cogdition at x/D's > 2. They showed that the Ny calculated
for the two different boundary conditions approached one another at

large NRe and large x/D. However for a Reynolds number of 10,000 and an
x/D of 2 ﬁhe two predictions differed by 9%. Thus in the NRe range

used in this present study (10 x lO3 to 20 x 103) and at x/D's < 2, Siegel
and Sparfow's analysis indicates that the NNu predicted from the constant
heat-flux boundary condition can not be used to predict the heat transfer
for a uniforn;wall—temperature boundary condition.

Deissler(Dll)

also solved the energy equation in the entrance
region. He did not solve the equation numerically but obtained an
analytical solution by employing an integral boundary-layer analysis;
i.e. he assumed that the temperature and wvelocity profiles in the boundary
layer were of the same shape as those which exist in fully-developed
flow and then calculated the increase of the thermal boundary layer with
distance from the entrance.

Deissler's analysis also neglected the effect of temperature
én the velocity profile but he did allow for property variation with
temperature in tbe energy equation. He assumed Cp and NPr were constant

and described the viscosity and therxmal conductivity by the following

relationship.

== = = (=) (4.2-3)
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Deissler's analysis is thus more applicable to systems which

" have an appreciable heat flux because of this allowance for property
variation although at large .heat fluxes the velocity profile is expected
to be appreciably affected.

Deissler's analysis, at low heat flux, is compared to that of
Sparrow et al &) in Fiqure 4.2-1. It will be noted that even under
low heat-flux conditions where the property effects are not important,
Deissler predicts a lower rate of heat-transfer in the entrance region.
This predicted lower heat-transfer rate may be caused by the original
assumption of a boundary layer with known velocity and temperature

(M8) and Hall and Price (H18)

profiles. The experimental data of Magee
agree more closely with the predictions of Sparrow et al than those of
Deissler. These workers By i) did not measure gas temperature profiles
but determined the heat transfer coefficients from a heat balance at the
wall.

Hall and Price employed a l-in.-diameter column which was
constructed of 30, 1-in. long separate heaters; each one had a
thermocouple mounted on the outer wall. They were thus able to determine
the average heat-transfer rate for each of these sections. Although they
re;port a heat-transfer coefficient at an x/D of %, this value is the
average over the first section, (0 ¢ x/D < 1). It should be nc;ted that
although the heat-flux distribution could be varied along the column,
the heat flux was constant over any one section.

Magee measured heat-transfer rates in a 0.129-in. and 0.250-in.

I.D. Hastelloy tube with a constant heat-flux at the wall. The wall
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temperature was never measured at an x/D < 0.93 and the correlation of his
results does not extend below an x/D of 2. Both of the above workers
applied electrical energy directly to the walls of the tube.

(W4, W5) - : o

Wolf used Deissler's analysis but changed the exponent

on the temperature ratio used to predict the property variation (equation
4.2-3). His predicted heat-transfer rates differ very little from those
of Deissler.

(L) has solved the energy equation by writing the P.D.E.

Magee
in finite-difference form and solving the resulting equations on a digital
canputer. He made the same assumptions as Sparrow et al but allowed for
property variation in the energy ecuation. He-uséd Deissler's expression
for the radial variation of the momentum diffusivity (eng and neglected the
‘distortion of the velocity profile due to the dependence of viscosity>cn
temperature. He employed a constant wall-flux boundary condition and at low
fluxes found that his predicted and measured heat transfer rates agreed with
the predictions of Sparrow et al.

Magee also measured the static pressure at various axial locations |

in the entrance region and correlated his results in temms of the friction

factor,(f))with the following expression

k-0.16

£f/2 = f£'/2 - (Tw/Tb) (4.3-4)

where k 0.701 - 0.168 an (x/D)

standard "Nikuradse" friction factor. -

and £
This friction factor'correctionlwhich allowed for entrance effects,

was obtained for values of x/D > 5.
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At hich heat fluxes, characterized by a large wall-to-bulk
temperature ratio,(Tw/Tb),Magee correlated the results of his theoretical
analysis for the entrance region by the following equaticn

0.8 0.4 -0.4 - 0.4
J = < o\ = L\;r * % fl o (T (ag} *
Ny, = 0-205-N°° « 2"« (T /T,) [ 1+ 0,6 D/x+(T /T ) "]

(4..3~5)

where the physical properties were evaluated at the fluid bulk temperature.
His experimental results for air were predicted by this correlation at

low heat fluxes but at high heat fluxes the experimental results were

10 - 25% higher than the correlation predicted. This discrepancy at the
higher heat fluxes may be due to the effect of temperature on the

velocity profile; i.e., natural-convection forces are altering the

shape of the velocity profile and increasihg the turbulence level.

(P15) determined heat-transfer rates

Perkins and Worsoe-Schmidt
to turbulently flowing nitrogen at temperature ratios,(Tw/Tb),up to 7.5
in an electrically heated inconel tube.They correlated their heat-transfer

results in a similar manner to Magee and suggested the following correlation

0.8 7

0.4 ~0.o7 =0
_ . -4 . +
NNu 0.024 N NPr (Tﬁ/Tb) (1 (x/D)

(Tﬁ/Tb)o.7]

(4.3-6)

Re

where properties are evaluated at the bulk temperature. This equation
correlates their results within % 20% for 1.2 ¢ x/D ¢ 40. For x/D > 40
the "entrance effect” temm is removed from the correlation (4.3-6).
' (M8, P15) -
It should be noted that these workers g and others

(see bibliograghies in reference M8, P15, D12) working at high heat
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fluxes (large Tw/Tb) have correlated their results by using a modified
foréedrflow correlation. While these correlations may predict the heat
transfer it should be remembered that they are not based upcn a true
physical analysis of the system; i.e., they have not considered the
influence of natural convection which could be expected to influence the
heat transfer under these high wall-to-bulk temperature differences.
Consequently care should be exercised when using these correlations to
ensure that one is not extrapolating beyond the range of the correlation.
None of the above workers has measured the temperature and velocity
profiles in the gas stream. They obtained their heat-transfer results by
heat-flux and wall-temperature measurements. Johnk and Hanratty(J3)
actually measured gas-temperature profiles for air, in turbulent flow, in
the entrance region of a smooth pipe, at a constant low heat flux
(approximately 70 B.T.U./hr. sg.ft.). Their measured heat-transfer
coefficients agree fairly well at a Nea of 50,000 with the analysis of

Sparrow et al(Slg).

(D11) 5
was made,

While no direct comparison to Deissler's analysis
Johnk and Hanratty's results indicate that the heat-transfer rates
predicted by Deissler are too low in the éntrance region. Their temperature
profiles indicate that in the heat-transfer entry region there is a
portion of the temperature profile close to the wall which is described
by the fully-developed relation as Deissler assumecd. However their
results also indicate that there is not a sharp transition between the

fully-developed profile near the wall and the uniform temperature region

in the centre as Deissler assumed. They further showed that the position
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where the temperature profile was completely developed was much further
downstream than Deissler assumecd. These discrepancies between Deissler's
assumptions and thnk and Hanratty's measurements might help to explain
the low predictions of Deissler.

Johnk and Hanratty calculated €y from their experimental temperature
profiles. Their results indicated that €y varied with axial distance over
the first twelve pipe diameters from the entrance, after which it became
constant at any one radial position. However the change with axial
distance occurred only at dimensionless radial locations (r/:w)less than

0.8, i.e., at all positions cleoser to the wall the value of e, was

h
independent of axial position. Consequently the fully—developed.ih
]
versus radius relationship, which was used by Sparrow et al (513 in
the entrance region, should not lead to a significant error in the

predicted temperatures because

1. in the region where the tenperature gradient is large
E}Iis not a function of x/D

2. in the region where €, changes with x/D the temperature
gradients are very small.

Johnk and Hanratty report that their results can not be used with
any accuracy at x/D < 3 because of inaccuracies in their temperature
reasurenents close to the wall. - This, along with the fact that their
results were obtained under constant heat-flux conditions does not
allow their results to be used in this investigation for the prediction
of heat transfer in the entrance region.

The literéture does not yield a heat~transfer correlation which

can be used with any confidence at values of x/D < 2 with a constant or



experimentally measured wall-temperature profile. Consecuently in the

next s

ection the energy equation is solved for the above mentioned

conditions with the limiting assumption of constant properties.

Thecretical Analysis

4.3.1 Introduction

This chapter presents an analysis of the heat transfer
occurring in the thermal entrance region for the turbulent flow
of a gas through a heated cylindrical tube. The governing equations

) . . N . ' (S19)

are reduced to forms similar to those used by Sparrow et al 7
and then made non-dimensional. With the assumption that the energy
and momentuna equations are independent (i.e., the distortion of
the velocity profile due to viscosity variation can be neglected in

the energy equation), a finite-difference approximation to the

dimensionless energy equation is made,and solved on a digitél

canputer.

4.3.2 Governing Equations

(i) Assumptions and Restrictions

1. The flow is steady, turbulent and subsonic.

2. Time-averaged velocities and temperatures can be
used in the energy equation.

3. The flow is axial-symmetric (angular dependence can
be neglected).

4. The mean value of the radial velocity is zero.

5. Viscous dissipation can be neglected.



6. Axial diffusion of heat (molecular and turbulent
is much less than axial bulk convection of heat
and can be neglected.

7. The velocity profile is fully developed.
8. The fluid propertics are constant.
9. The turbulent mechanism for heat transfer is the

same as the turbulent mechanism for mamentum

transfer, i.e., € = G

(ii) Energy Equation

A diagram of the co-ordinate system used is shown in
Figure 4.3-1.

Figure 4.3-2 indicates the energy balance made on a
differential—control—volum in the cylincder. This balance yields

the folleowing parabolic partial-differential equation.

which can be rearranged and simplified to

ot
or

)

» ] (4.3-2)

13
—-I-_-é—f[r(a+s

(1ii) Dimensionless parameters

The following dimensionless variables will now be defined.

x=x'/rW ; R=r/rW ;

c
Il

UM oy T = (t- /g, - ty);

T/, /uw/pw H

r.

W
1

G= (a+ ep/usoy, = g— + W/,

Pr
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Inserting these variables into equation (4.3-2) and simplifying

yields
oy O G 8T , 3G 2T 527 PR
Vs "8 ® "R R T 2 W de—3)
oR
for the non-dimensional energy ecquation.
(iv) Boundary Conditions
1. T(R,0) = Ti(R) (inlet gas temperature profile known)
2. T(Ll,x) = Tw(x) (wall temperatures known)
oT : ; o
3 R (0,x) = 0 (axisymmetrical temperature profile)

(v) Dimensionless Velocity Distribution

ke )
The dimensionless velocity profile given by Deissler(Dl")

for fully developed, turbulent, adiabatic flow was used in this
analysis. . Deissler's definition of dimensionless distance

from the wall is given as
+
y = v YT /o, /u/o,
The previcusly defined, dimensionless velocity, U, can

be calculated now from the following equations
+

y
U = / ayT / [+ (0.124)% U vy (1 - exp(~0.124)2 U ¥))]
o -

(4.3.-4)
for y+ < 26,

U - 12.85 = ;== n (y'/26) (4.3-5)

for y+ % 26



(vi) Dimensionless Lddy Diffusivity for Heat Transfer

The dimensionless eddy diffusivity profile given by

(s19)

Sparrow et al as used in this analysis;using the previously

cdefined dimensionless variables and assuming €= €, the cquations

are
G = FL ¢ 0.12020 3 [lep (- (0.124)% U y*] b e
pr
for y+< 26
and
G=ﬁ—;——+ 0.36 yF n1-ym 11 i BT
r

+
for y > 26

The minus one ter appearing on the right side of
equation (4.3-7) is retained for 26 < y' < RO/2 and is deleted
for larger values of y+.

(vii) Gas Properties

The gas properties for air and steam were evaluated at
some representative temperature using the correlaticns given in

Appendix B.

(viii) Finite-Difference Ecquations

Equation (4.3-3) was approximated by a finite-difference
cquation (see Appendix D.2) and solved on a digital camputer.
The finite-difference mesh system used in this work is shown in

Figure 4.3-3 where the mesh-point locations are labelled. A
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variable step-size in the radial direction, similar to that used

by Houghton(ng)

, was used throughout. This yielded a large nurber
of mesh points close to the surface where the temperature gradients
are large and a relatively small number of mesh points further fram
the surface where the gfadients afe small. A constant step-size
was used in the axial direction except for the first axial increment
at x = 0. This increment was further subdivicded into a number of
equal steps because of the steepness of the axial gradient close

to the wall in this region.

The finite-difference equation could be solved using either
explicit or implicit procedures. Explicit methods allow the solution
to proceed directly but very small step-sizes were required in the
"marching direction" (axial direction in this problem) to ensure a
stable solution.' In the implicit technique a set of simultaneous
algebraic equations must be solved at each step(LlO). The implicit
technique is stable even with relatively large steps. Since large
sets of algebraic equations can be readily handled using matrix
techniques and a digital computer, the implicit technique was
enmployed in this work. |

| (L10)

The Crank-Nicholson implicit method was used to approximate
the derivatives in the radial direction and a forward-difference

(L.10) was used for the derivatives in the axial direction.

approximation
Details and computer listings may be found in Appendices D.l and Z.1

respectively.
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4.3.3 Exactness of the Model

The question of whether a numerical solution is a good
approximation of the exact analytic solution is normally a very difficult
one to resolve except in the trivial case where the analytic solution
is available. In cases where general analytic solutions are not known,
some indication of the "accuracy" of the mumerical results may be
cobtained by comparing them with any available asymptotic solutions
and with experimental results cbtained where the physical situation
corresponds to the equation anc its boundary conditions. An
additional criterion very often used is the application of the
convergence test, i.e., to decrease the finite-difference mesh size
in order to check whether any further change of calculated values
occurs. Any terms in the camplete differential description of the
phenamena which have been neglected for ease of computation should
be examined to ensure that the exclusion of such terms is a truly
valid assumption. These topics-will be covered in the ensuing
discussicn. |

(1) Convergence Test

Extensive convergence tests were carried out by varying
the step~sizes in both the axial and radial directions. It was
found that Nusselt numbers calculated with 40 mesh points in the
radial direction (calculation of mesh points shown in Appendix D.1)
cid not differ by more than 2% from the Nusselt numbers calculated
with 60 mesh points. The computation time for 40 mesh points was
in the order of 4 minutes when the calculations were carried to an

%/D of 60. For 60 mesh points this time was approximately doubled.



Consequently 40 radial mesh points were used in all computations.

~ , of 0.0125
W

cdid not differ by more than 1% from the Nusselt nuwbers calculated with

>

The Nusselt numbers calculated with an axial step-size,

r;l

a step-size of 0.00625. The computation time was increascd by
approximately 30% for a step-size of 0.00625 over that required for
a step-size of 0.0125. Consequently an axial step-size of 0.0125
was used in all computations which calculated the Nusselt number

in the entrance region. When calculating Nusselt nurbers at large
values of x/D, (>15), a coarser axial grid could be used, i.e.,

the axial step-size could be increased to 0.125 without changing
the predicted Nusselt nurbers. This was possible because at
relatively large values of x/D the temperature gradient in the
axial direction is very small.

(ii) Comparison with Asymptotic Solutions and
Other Mathematical Analyses

Table 4.3-1 cawpares the Nusselt nurbers calculated in
this work with those of other investigators. The Nusselt numbers
calculated for this comparison were for an inlet temperature of
90°F and a wall temperature of lSOC%)which corresponds to a low,
constant heat-flux boundary condition. The relationships of
the other investigators, which were used to calculate the comparative
Nusselt nurbers, were all developed for the case of a constant heat-
flux boundary condition. As Siegel and Sparrow(szl) indicate,
however, the Nusselt numbers for the two boundary conditions should
be in close agreement at large values of x/D.

Sparrow's values were calculated fram the following equaticn
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_ 0.77
NNu = 0.0245 N » forNr =

Re P = 0.7 (4.3-8)

Magee's values were calculated from equation (4.3-5) with the
entrance parameter omitted.

The Nusselt numbers shown in Table 4.3-1 indicate that the
predictions of this analysis are in excellent agrecement with those
of Sparrow and Magee. This is to be expected since, under the
conditions of comparison, the same form of the energy equation was

used and the assumptions and boundary conditions were essentially

the same.
TABLE 4.3-1 : DNusselt Number Comparison - Theoretical
-. Large x/D
(519) (ML1)
NRe SpAETON Hegees This Analysis
10° 173.5 173.5 174.2
5 x 10% 101.7 99.0 101.2
2 x 10* 50.2 : 47.9 | 51.0
104 29.5 27.0 30.4

The ratio of NMA/NNu predicted in this analysis is compared
in Table 4.3-2 to that calcu;ated by Sparrow et al in the entrance
region. The excellent agreement indicates that the solution of the
finite-difference approximation yields a suitable soluticn to the
energy equation but does not indicate the validity of the assumptiors

used in developing the particular form of the energy equation .
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TABLE 4.3-2 : NusseltNumber Comparison - Theoretical
- Entrance Region

5 4

NRe=10 NRe=5ch
x/D Sparrow et al This work Sparrow et al This work
2 1.285 1.263 12593 1.266
4 1.178 1.164 1.178 1.164
6 1.125 1.116 1123 1.114
8 1.093 1.087 1.09¢C 1.085
10 1.071 1.067 1.068 1.065

(iii) Comparison with Experimental Results

A camparison of the asymptotic, predicted Musselt nurbers

with the empirical correlation of Perkins and Worsoe-Schmidt LI} y

(D14) %

equation (4.3-6), and with the Dittus-Boelter equation inace
in Table 4.3-3. The latter equation, given as

_ 0.8 0.4 _
Ng, = 0.023 mp2® N% (4.3-9)

was also determined empirically and has been available as a

standard design-equation for years.

TABLE 4.3-3 : Nusselt Number Comparison - Experimental

- Large x/D
Npe Perkins (P15) Dittus-Boelter ke This Analysis
10° 199 199 174.2
5 x 10° 114 113 101.2
2 x 10% 56 55 51.0
104 32.4 31 30.4
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The above correlations were reported to predict the
experimental results within * 20%. Thus the predicted Nusselt numbers
from this analysis are seen to be in satisfactory agreement with
experiment at large values of x/D where the temperature and velocity

profiles are fully developed.

(iv) Testing the Validity of the Assumptions

Perhaps the most questionable assumption made in this and
other analyses is that of negligible axial diffusion in the entrance
region where the axial temperature gradients are large compared to
those which exist beyond the entrance region.

To check this assunpticn the energy equation was solved by
solving the finite-difference approximation with the axial diffusion
tem included. The same assumptions were made and the same
dimensionless variables were used as in the case of no axial diffusion
(equation 4.3-3). It was also assumed that the eddy diffusivity
in the axial direction was the same as that in the radial direction
at any fixed point in the system. Thus the dimensionless energy
equation can be written as

8T _ G 3T , 3G 3T 3T 2 I (4.3.-10)

RU =% = § 3R 3R R

where it has also been assumed that G is not a function of axial

distance; therefore % = 0. The required boundary conditions are

1. T (R0) Ti(R)

2. T(1,x) Tw(x)
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T :
3. R (0,x) = 0
T N
4. —3_}-{. (R,‘”) = 0

Equation (4.3-9) is elliptic in form and requires that
boundary conditions be given at all bouncaries of the region to
which it is applied. Because of the small axial step-size which
must be used in the entrance region, available computer memory did
not permit the boundary condition at x = «» to be utilized. Instead,
the temperature profile which was calculated from the solution of thé
parabolic equation at a particular x/D was used as the downstream
boundary condition. It is realized that the calculated temperature
profiles would not be necessarily the true profiles but, by ccnnaring
the profiles obtained with boundary conditions obtained at diffcrent
axial distances, the relative importance of axial diffusion could
be determined.

The details of the finite-difference equation and its
solution are given in Appendix D.2.

Figure 4.3-4 compares the temperature profiles obtained
from the parabolic and elliptic forms of the energy equation.

The elliptic equation was solved by using the temperature profile
obtained fram the solution of the parabolic equation at an x/D

of 0.00625. Also shown is the temperature profile obtained fram
the elliptic equation with the boundary temperature profile at an
x/D of 0.0313. Sincé the two profiles calculated from the elliptic
equation at different boundary conditions are in close agreement it

seems reasonable to assume that the effect of axial diffusion is
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restricted to a very small distance from the entrance. As a
further check, the elliptic equation was solved using temperature
profiles calculated from the parabolic solution at values of x/D of
0.069 for the initial profile and 0.156 for the downstream profile.
No difference was observed between the profiles calculatad by the
parabolic and elliptic forms of the energy equation ove£ this

axial region.

(v)  Conclusions

The agreement between the results of this analysis and
other theoretical analyses as well as the agreement with empirical
correlations of experimental data indicates that a satisfactory
solution of the energy equation has been cbtained using the finite-—~
difference approximations. The fact that the effect of axial
diffusion is restricted to a region where x/D < 0.0l indicates
the validity of neglecting the effect of axial diffusion in the
energy equations under these particular flow conditions. For the
case of low Prandtl number fluids, flowing under low Reynolds
number conditions,the effect of axial diffusion would have to be

re-evaluated.
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4.4 Experimental Equipment
4.4.1 Introduction

In this experiment, the atomization and flow-calming sections
were placed on top of a short section (8-in. diameter by l4-in. high)
of a heated pipe. Spray samples could be obtained before and after
the section through sample ports; axial and radial temperature-traverses
of the droplet-laden stream could be made over the entire section
through the use of a specially-designed port and probe. The details

are given below.

4.4.2 Evaporator
The evaporator section was a l4-in. long by 8-in. I.D.

stainless steel pipe with %-in. walls. The inside walls were sand
blasted and painted with "blackening" paint (Pyromark Paint, Tempil
Corporation) to insure that the emissivity was as high as possible.

The evaporator was flanged at both ends and the wall was reduced to

a thickness of Yjg-in. for a distance of %-in. at each end to reduce
conduction heat-losses out the ends. A drawing of the furnace section
is shown in Figure 4.4-1. The colum also had two %-in. wide by %,-in.
deep grooves located 2%-in. from each end which helped to isolate the
end-heaters on the column and thus further facilitated the attéinment
of isothermal conditions on the furnace walls.

To further compensate for heat losses through the flanges two
0.440-in. diameter circular-heating-elements were clamped into grooves
cut in the underside of each flange. The 1500 watt incoloy elements
had a radius of curvature of 4!%,-in. and were custom made by the

Canadian Chromalox Company (Catalogue No. T1 3545 WLOF Tubular Element) .
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Power was supplied to these elements by two 2.8 k.v.a. variable
transformers (Superior Electric, 2PF-136).

Heat was supplied to the column via Kanthal A-1 heating strip
which was wound directly onto the colum on a %-in. thick layer of
refractory cement (Kaiser Refractories, Hiloset). The strip was then
covered with a % to %-in. thick layer of the same cement. A photograph
of the furnace section just ptior to installation is shown in Figure
4.4-2, The outer cement layer and strip extensions for electrical
connections can be seen in the Figure.

The strip size and .spacing varied over the column in order to
satisfy the requirements of the expected heat-load distribution and to
utilize the available power supply and control equipment. The heater
numbers are shown in Figure 4.4-1. The various strip sizes and power-
supply specifications are given in Table 4.4-1. Note that the heaters
were wound only over the centre 12 inches of the column.

Stainless steel sheathed Jjg-in chromel-alumel thermocouples
were used to monitor the wall temperature. The thermocouple wires
were peened into Y4g-i1. axial grooves of various lengths as shown in
Figure 4.4-1. The thermocouple junctions were peened into 0.026-in.-dia.
x Y4,-in. deep holes which were drilled at the end of each groove.

This particular orientation of the thermocouples served to
reduce conduction error along the therxmocouple wires and to allow all
the leads to be strongly supported in one position.

The thermocouples are numbered in Figure 4.4-1 and Table 4.4-2
gives the location of each thermocouple relative to the shoulders

located %-in. from each end.
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HEATER DIMENSIONS

NUMBER  (inches)
1,8 % X .628
2,7 % x  .028

3 % x .015

4,5,6 % x .015

*%

Element resistance measured in situ with a wheatstone Bridge.

to ¢+ 0.01 ohms.

TABLE 4,4-1 : HEATER SPECIFICATIOLNS

CHMS/Ft.

0.0387

0.0387

0.061

0.0872

Torar’
MEASURED
OHMS

0.20
0.20
0.31

0.48

MAXIMJM*
(k.v.a.)

2.5

1.5

2.5

1.0

CONTROL UNIT**

Type 236, 2.5 kva,
Type 226, 1.7 kva,
Type 236, 2.5 kva,

Type 226, 1.7 kva,

9 amps 240 v.

6 amps 240 v.

9 amps 240 v.

6 amps 240 v.

-

All measurements made

For all heaters the controlled voltage from a variable transformer went to the primary
winding of a Hammond Type E 240 v. - 24 v. step down transformer. The maxinum power was
the power rating of the transformer

Heaters were all controlled by controlling the voltage to the primary of the step-down
transformer with a "Powerstat" variable transformer (Superior Electric).

input

input

input

input

*8€T
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As well as the thermocouples indicated in the Figure, an
additional thermocouple was peened to the wall adjacent to the under-

side of each flange.

TABLE 4.4-2 : Thermocouple Location

Thermocouple Distance from Thermocouple Distance from
Number Top Shoulder Number Bottom Shoulder
(indues) : (inches)

13 . ) 7 Ve

12 8 il 78

11 14 2 1%

10 ;2% ; 3 2%

9 S 3% | 4 3%

8 | sly 5 5Y

6 6Ys

The thermocouples were all connected to bakelite terminal
strips which were mounted on special brackets fastened to the
flanges. Chramel-alumel 20-gauge lead wire connected the terminal
blocks simultaneously to a panel of banana plugs and an 18 point
multiswitch (Honeywell). This configuration allowed the millivolt
signals from the thermocouples to be continuously monitored by a
Honeywell 12-point, adjustable span .recorder and simultaneously
measured by a Honeywell Model 2733 portable potentiometer which
was connected to the common lead of the multiswitch.

The evépo'rator was mounted between two 27-in. long stainless



steel cylinders of the same inside diameter. A schematic of the
assenbled unit can be seen in Figure 4.4-3. Each of the adjacent
sections had two diametrically-opposed horizontal sampling ports
located 3-inches fram the flanged ends which were bolted to the
furnace. The ports were of the same dimensions as those on the
10 foot furnace described in 3.3.1. This allowed the sampling
probe to be inserted above and below the hot-zone without making
any altefations to the probe. |

The upper section had a run—-off lip on the top flange
which was identical to the run-off lip on the section adjacent
to the 10-ft. colum described in Section 3.3.2.

The lower section had two diametrically opposed l4-in.-long
x 1-in. wide vertical slots located 5-in. below the top flange.

The slots were designed to allow a vertically extended thermocouple
probe, described in 4.4.4, to be inserted into the colum. With
this construction, both radial and axial gas-temperature profiles
in the evaporator section could be measured. This remote entrance
to the evaporator was used in order to eliminate distortion of the
wall-temperature profile which would arise if sampling ports were
mounted on the actual furnace section.

An analysié of the heat losses fram the evaporator when
operating at 2000°R with air as the flowing medium, indicated that
approximately 7000 B.T.U./hr. would be lost by ra;iiation and
3000 B.T.U./hr. by conduction to the first 8-inches of each of

the adjacent sections. In order to remove this heat and thus

140.
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restrict the high temperature zone to the actual evaporator section,
cooling coils were spot-brazed to the walls of each of the adjacent
sections close to the flanges. The coils were constructed of %-in.
0.D. copper tubing and extended a distance of 5-in. from the flanges.
- Good thermal contact between the column and the coils was attained
by covering the coils with "Thermon - S" heat transfer cement
(Macdonald Manufacturing Campany). Fiqure 4.4-4 is a photograph

of the bottom section.

The lower section was bolted to a 30-in. long aluminum pipe
which in turn was bolted to a three-legged support stand. Thirty-
four feet of ¥,-in. 0.D. copper tubing were coiled inside this
lower section to form a condenser when steam was the flowing
medium. The condenser had a capacity in excess of 7 x lO5 B.T.U./ht.
with city water as the condensing medium.

The support stand was constructed with a removable funnel
bottom. When operating with steam the funnel served to direct the
condensate into a simple collection system. When operating with
air the funnel was removed in order to eliminate the exit
constriction and thus permit large air flows while keeping the
colunn close to atmospheric pressure.

The calming sections,which were bolted to the upper
section containing the run-off lip,were the same ones which were
bolted to the large furnace and which were previously described

in 3.3.2.
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FIGURE 4.4-4
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4.4.3 Cooling Coil System

The ¥4-in.0.D. copper-tube cooling coils which were spot-
brazed to the column walls were connected into a closed, pressurized
system. The water coolant was circulated through the system by
a positive - displacement gear pump (Sihi CAC 3101). The pump was
capable of delivering 14 U.S.G.P.M. at a head of 40-ft. and was
driven by a ¥, hp., 1140 r.p.m. electric motor (General Electric).

A 40-in. long x 4-in. diameter stainless steel hold-up
tank, shown in Figure 4.4-5, acted as a receiver and flash tank
for the hot coolant. A %-in. control valve (Research Controls Inc.
Type 755 ATO) was mounted on top of the tank and the des;ired operating
pressure was selected and controlled by a pressure controller
(Honeywell Type PP97A 1043-2, 2-50 lb.).

Under most operating conditions the heat losses from the
unlagged circulation system reduced the coolant temperature
sufficiently to prevent flashing in the tank and consequently no
make-up water was required during the experiment. When flashing
did occur, make-up water was added to the system by copper tube

connections from the building supply lines.

4.4.4 Temperature Probe

Two temperature probes were constructed to measure gas-
temperature profiles. Figure 4.4-6 is a photograph of these probes
which were designed with the same insertion and manoceuvring

mechanisms.
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UNSHIELDED PROBE

FIGURE 4.4-6 TEMPERATURE PROBES
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As in the case of the thermocouple probes described in
Section 3.3.5, the thermocouple wire plus any additional suction
tubes were encased in a ¥-in. 0.D. stainless steel tube. This
outer tube was used to position the probe relative to the column
walls by sliding it through a bored-out Swagelok fitting. The
fitting was screwed into a 7 x 3 x %-in stainless steel mounting
plate (as shown in Figure 4.4-6).

The mounting plate served three purposes.

1. The "Jo" block support plate as described in
Section 3.3.5 was bolted to it.

2. The 14 x 1 x Y%~in. axial positioning plate was
attached to it by means of two thumb screws.

The axial positioning plate was stainless steel and machined to
give a slip-fit when inserted into the entrance slot located below
the evaporator. There were six of these plates each with a 0.65-in.
diameter hole located such that by fastening each plate in the
sequence to the mounting plate and then moving the thermocouple over
a 2-in. axial travel, the entire length of the evaporator could be
traversed. The hole in the plates permitted the plate to be slipped
over the thermocouple tip and down the tube to its fastening position
on the mounting plate.
3. A guide bushing was located 6-in. from the thermocouple
access fitting and on a line exactly 900 to the axial
g)ositioning plate. This guide bushing received a
7s~in. stainless steel rod which was fastened to a
permanently mounted yoke plate located at the tail
end of the stainless steel thermocouple tube. The
yoke, rod and bushing formed a positioning assembly

which ensured that the thermocouple probe would be
oriented vertically, in the column.
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The aspiration and unshielded themmocouple probe-tips,as
well as the suction-assembly,were basically of the same design as
described in Section 3.3.5. However the unshielded probe required
a modification to permit accurate radial positioning at the wall
of the furnace.

Initial experiments with the unshielded probe indicated
that, because of a small degree of flexibility in' the positioning
assembly, the physical contacting of the stop rod with the wall
was not a sensitive enough technique. Consequently an air-jet
positioning procedure was developed.

A length of stainless steel hypodermic tubing (0.072-in.
diameter by .010-in. walls) was attached with high=-temperature
solder to the stop rod and extended through the %-in. diameter
tube. The tube tip was drawn to a diameter of approximately
0.03-in. and the end carefully machined perpendicular to the
axis of the tube. The tail end of the tube was connected via
tygon-tubing to a valve on the laboratory 20 lb. air supply;

a glass U-tube manometer was connected in parallel. (The U-tube
was filled with Miriam oil, S.G. 1.75 and was open to the atmosphere)

With the air supply turned on enough to give a predetermined
deflection of the manometer, the probe was moved to the proximity of
the wall. When the probe was within 0.002-in. of the wall the
pressure increase in the tube caused the manometer fluid to further
deflect. The probe was calibrated on a milling-machine bed prior
to operation in the column so that when the probe tip was within
0.001-in. of the wall a known manometer deflection was produced.

The thermocouple junction was carefully positioned relative



to the end of the air tube and the actual distance from the end

was measured with a cathetometer as described in Section 3.3.5.

4.4.5 Velocity Probe

In order to ensure that the gas flow was fully-developed
in the reactor section, velocity profiles were measured by
inserting a 24-in. long "hot-wire" probe through a special guide
plug which was fastened in the horizontal sampling ports.

The probe had an 8 ohm., 0.00015-in. diameter tungsten
wire sensing element and was connected to a Hubbard Model IHR
constant - temperature anemometer. The probe was calibrated

(Appendix A) in air at the centre-line of a calibrated nozzle(m) .

4.4.6 Flow System
The flow system was the same as that indicated in

Section 3.3.3 with the exceptions that
1. the hot-zone of the column was now 1 ft. rather
than 10 ft. long.
2, the exit gases flowed directly out of the bottom
of the column rather than through an external
= 'condenser. v

149.
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Experimental Procedure

4.5.1 General Operation

The general operation of the equipment was the same as
in Part I except that the column was brought up to the desired
temperature level over a 2 to 3 hour period. This increase in
the time required to reach steady-state operation was necessary
to avoid severe wall-temperature overshoot since the power level

was now manually rather than automatically controlled.

4.5.2 Gas Temperature

(i) Particulate System

The same procedure was followed as described in Section 3.4.3.

(ii) Gas flow only

The same radial traversing and signal recording technique
was used as described in Section 3.4.3. The only difference in
the procedure here was in the technique of locating the probe at
the wall and of positioning the probe axially.

(a) Axial positioning - The first step in this procedure

was to slip an axial positioning plate over the thermocouple and
lock it into position on the mounting plate with two thumb screws.
The thermoocouple probe was then inserted into the column through
the entrance slot and the axial positioning plate was locked into
position with four toggle-action clamps (Lapeer Manufacturing
Company #nu-Vise V-100). The probe was allowed to equilibrate

in the column for approximately 5 minutes and then was adjusted
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axially to the exact desired position.

The axial location was determined by measuring the distance
between the bottom flange of the fu.fnace and the bottom edge of the
"Jo" block support plate with a cathetometer. (Griffin and George
Limited. Model S31-950). This distance could be determined within
* 0.01 inches. The distance between the bottom of the support
plate and the thermocouple junction was also measured to + 0.0l
inches and hence the measurement error in the thermocouple location
was t 0.02 inches. An approximate allowance was made for
longitudinal thermal expansion of the evaporator and no allowance
made for expansion of the probe. However, using a linear coefficient
of expansion of 11 x 107° inch/inch °FEM) the maximm longitudinal
change, which occurred at the top of the evaporator at a wall
temperature of 1400°F, was only 0.20 inches.

Once the probe was positioned axially, a radial traverse was
made. The clamps were then removed frorﬁ the positioning plate and
the thermocouple assembly removed from the column. The positioning
plate was then unlocked, removed and another plate locked into
position. This procedure was repeated until traverses had been made
at all the predetermined axial locations.

Radial traverses were usually made with the thermocouple
juncti;m located at distances of 1.5, 4.2, 7.1, 10.1 and 13.1 inches
from the top flange of the evaporator.

~(b) Radial positioning - With the probe located in the

desired axial position the valve in the air line to the positioning
jet was slowly opened until there was a differential of 1%-in.

in the manameter fluid. This differential was the so-called



"initial differential"” for which the probe was calibrated. The

probe was then slowly pushed into the colum until the mancmeter

level just started to change. The probe was then left in this
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position for 3 to 4 minutes to equilibrate with the high temperature

gases close to the wall. The probe was then eased slightly closer

to the wall until the manometer deflection indicated that the end

of the jet was within 0.001-in. of the wall. The probe was then

withdrawn slightly and again eased into position and the manometer

reading noted. The yoke and indicating screw on the stainless
steel tube were then brought to the zero position in the

same way as for the straight unshielded probe which was used
in the large column. After the probe was zeroed at the wall,
the air to the jet.was turned off and after 2 to 3 minutes the
radial traverse was made in the same manner as described in

Section 3.4.3.

4.5.3 Gas Velocity

With air flowing in the column and after the electronic
circuits of the anemameter had stabilized, the hot-wire probe
was inserted through one of the horizontal sampling ports. The
column was then traversed by positioning the probe at %-in.
intervals from the plug face for a distance of 6%-in. into the
column. An additional point in the traverse was made %-in.
from the wall. ,

At each point in the traverse,the amplified milliamp

signal from the wire was monitored on the millianmeter of the
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anemometer for 1 to 2 minutes after which time an eye-averaged
reading was recorded. Also at l-inch intervals in the trai/erse,
the magnitude of the milliamp fluctuations, caused by velocity
fluctuations, was monitored on the r.m.s. meter of the anemometer.
The millianmp and r.m.s. signals were then converted to
velocities and turbulence intensities respectively by utilizing

the previously determined hot-wire calibration curves.

4.6 Results and Discussion

4.6.1 Velocity and Turbulence Measurements

The velocities measured with the hot-wire probe. in an

isothermal air stream are shown in Figure 4.6-1. The solid
(D13) fram

(D15, L11)

line represents the equation determined by Deissler
experimental velocity measurements in a turbulent air stream
The measurements were taken at the horizontal sampling stations both
above and below the evaporator; they were taken over a Reynolds
number range of 1.16 x lO4 to 2.08 x 104. For any one set of
conditions, the slope determined from a least-squares analysis of
the data was not significantly different from the predicted slope,
at the 95% level of confidence. |

V The intensity of turbulence (ratio of the r.m.s. velocity
fluctuation at a point to the average velocity at a point) was
also measured for the same conditions. The results are shown in
Figure 4.6-la. The magnitude of the n‘easured intensities was in

the range expected for fully-developed turbulent flow in a tube(BIG’ 523) .
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The velocity and intensity measurements indicated that the
flow was fully-developed in the evaporator section. The dimensionless
velocity profile was not significantly different from that of
Deissler and hence Deissler's relationship was used to calculate
the point velocities required in the theoretical model described

in Section 4.3.

4.6.2 Air Temperatures

(1) Low~Temperature Results

Figure 4.6.2 to 4.6-5 show the experimentally measured
temperatures and also indicate the temperatures predicted fram the
solution of the energy equation at the corresponding axial locations.
The notation VP1l, VP2, VP4* corresponds to axial distances of 0.5,
3 and 9-in. respectively from the beginning of the "hot-zone".

(The "hot-zone" refers to the centre 12-in. of the 1l4-in. section
on which the electrical heaters were wrapped.) The solid line
represents the temperatures calculated when the Reynolds number was
evaluated at the wall temperature and the broken line represents
the temperatures calculated when the Reynolds number was evaluated
at the inlet gas temperature.

The calculated temperature profiles are in excellent
agreement with the experimentally measured profiles at wall
temperatures less than 300°F. This is to be expected since the

assumption of constant properties, which was made in the development

* This namenclature corresponds to laboratory notebook numbers referring
to Vertical Position 1, 2, etc.
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of the energy equation, is valid at these low wall-to-gas
temperature differences. Also at these conditions, the heat
transfer is not expected to have a significant effect on the
velocity profile. Therefore, distortion of the'velocity profile
and its resultant effect on the heat-transfer rate should be
negligible.

It can therefore be concluded that the mathematical model
predicts the heat-transfer rate and temperature profiles very
well under conditions where the assumptions used in the model
are expected to be valid.

(ii) High Temperature Results

Figure 4.6-6 to 4.6-10 show the experimental and
predicted temperatures for wall temperatures > 600°F. The results
indicate that as the wall temperature increases to a maximum of
1400°F, the measured temperature gradients at the wall became
greater than those predicted from the model; or in other words,
the model appears to under-estimate the heat-transfer rate at
these high temperatures.

These results might suggest that the temperature measuring
device was indicating too low a temperature when placed in these
high-temperature gradients. Therefore an assessment of the device
will be made before drawing any conclusions.

(iii) Assessment of the Temperature-Measuring
Device

1. At the commencement of this part of the study, the geometry

of the probe-tip was essentially the same as that used in Part I.
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(Described in Section 3.5 and illustrated in Figure 3.3-10).

It was noted in Part I that the wall temperature which was obtained
by extrapolating the measured gas-temperature profile did not

agree with the wall temperature indicated either by the wall-
thermocouples or by a two-wavelength pyrometer. The same
discrepancy was found also when measuring gas temperatures in

the smaller evaporator.

The magnitude of the error caused by conduction of heat
along the wires, away from the junction,was found to be negligible \B7) .
Thus the junction should have indicated the true gas-temperature;
hence it appeared that the entire probe was conducting heat away
from, and consequently lowering the temperature of the gas in
the vicinity of the junction.

A new probe-tip was constructed with the thermocouple
junction located 1%-in. above the positioning tip rather than
%-in. as on the original probe. The extrapolated gas-temperature
profile now yielded a wall temperature which agreed with the
temperature indicated by the wall-thermocouples, (after allowing
for the temperature-drop across the wall). A comparison of the
profiles obtained with the two probes is shown in Appendix C.3.

It appears that the orientation of the thermocouple
junction with respect to the probe-body is very important in
the determination of true gas temperatures.

The agreement between the extrapolated and measured wall

temperatures indicates that the modified probe used in this work
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does allow the true gas temperature to be measured.
e An analysis of the radiation and conduction error for

L indicated that under these operating

this fine-wire thermocouple
conditions there was a negligible conduction error. In fact,
racdiation to the larger diameter support wires tends to increase
their tenperature above that of the gas. Thus if conduction along
the fine thermocouple-wire were important it would act in a
direction to increase rather than decrease the temperature of the
thermocouple junction. Of course these wires would tend also to
conduct heat away from the gas since they are located in a steep
temperature gradient. However because of their small size this
effect would not be very large. k

3 To further determine whether thé probe acted as a heat-
sink, removing heat from the gas in the high temperature gradient
present in Run 9C, a comparison can be made between the profiles
measured at VPl - Air 6c (Figure 4.6-6) and VP4 - Air 9c

(Figure 4.6-9). At VPl - Air 6¢c the steepest predicted gradient
is 6,535°F/in. and the measured temperatures are seen to agree
quite closely with the predicted profile. However at VP4 - Air 9c,
where the steepest predicted gradient is 6,937°F/in. the measured
gradient is much greater than that predicted. Since the two
predicted gradients are within 6% of one another, the deviation
from prediction at the high wall temperature cannot be caused by
the probe acting as a heat sink.

4. An evaluation of the validity of the gradients measured

with this device could be cbtained by integrating the experimentally
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determined heat-transfer rates ovér the entire heat-transfer
surface. This calculated total heat transfer could then be
compared to the total enthalpy increase of the gas. This
was not done in this instance because

(a) of the uncertainty in determining slopes from
the temperature data-radius curves. (scattered data)

(b) the velocity profile must be assumed to be the
fully-developed velocity profile, i.e. must make

the unrealistic assumption that the velocity profile

is not distorted by the large temperature gradients.

(c) the gradients would have to be determined at a

large number of axial positions as well as in the

entrance section preceding the hot zone. With

the present device it was not possible to make

these measurements in the entrance section.

It would thus appear that the probe was indicating the
actual gas temperature in the presence of these high temperature -
gradients and that the increased heat-transfer rate was a
true phenomenon.. The question which must now be answered is
- why do these high heat-transfer rates occur when the temperature
of the wall is much greater than the bulk temperature of the gas?

(iv) Further Evaluation of the Model

(1) The assumption was made originally that e = € TO

check the sensitivity of the heat-trahsfér rate to a change in ¢,

the Nusselt numbers were calculated for an arbitrary change in €pe
When the value of €, Was increased by 20, 60 and 120% at dimensionless
distances from £he wall greater than 5, (the actual distance from

the wall at a y+ of 5 was of the order of 0.05-in.; the exact

distance was a function of the Reynolds number),
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the Nusselt numbers were observed to increase by approximately

8, 23 and 43% respectively. The per cent increase in the heat-
transfer rate was approximately 40% of the per cent increase in
the value of € Thus there would have to be a very great
difference in the mechanisms of heat and momentum transfer to

give an appreciable effect. Consequently it would not appear

that the incfeased heat-transfer rate was caused by an increase

in g, Over e..

2. In the model it was assumed that the physical properties
were constant. It is necesséry however, to specify the temperature
at which the thermal conductivity should be evaluated. Figure
4.6-11 is a plot of the ratio of the molecular conductivity to

the total conductivity (molecular + turbulent) versus distance
from the wall. The graph indicates that the major effect of
molecular transport is restricted to the region‘ very close to

the wall and therefore the thermal conductivity evaluated at the
wall temperature is expected to be nearer the actual representative
value.

3. The predicted temperature gradients at the wall were
observed to increase as the Reynolds number was increased, with
the total mass-flow kept constant. This increase in the temperature
~gradient was caused by the velocity profile change, i.e. ,. for a
fixed mass-flowrate, if the Reynolds number is increased there is
more flow at the wall; therefore the resultant greater heat-sink

there causes steeper temperature gradients and hence greater heat
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transfer. (It should be noted that the Reynolds number was
changed at a fixed mass-flowrate by virtue of the magnitude of
the viscosity which was calculated at either the inlet or the

wall temperature.)

4. If the physical properties were allowed to vary with
temperature would the predicted gradients agree more closely with
the larger, measured gradients? A simple heat-balance analysis
(Appendix C.4) indicated that if the change of the thermal
caonductivity with temperature were accounted for in the model,
the predicted gradients would decrease rather than increase.
An ‘analagous mamentum balance indicated that if the increase of
the gas viscosity with temperature were accounted for in the
model, the velocity gradient at the wall would decrease. Thus,
for a fixed mass-flowrate the flowrate adjacent to the wall would
decrease. This reduced flow would reduce the heat sink close to
the wall, which would cause the temperature of the gas adjacent
to the wall to increase and hence would decrease the gas-temperature
gradient.

It is thus seen that the discrepancy between the predicted
and measured temperature gradients cannot be caused by the neglect

of the property variation in the theoretical model.

8 The velocity profile was assumed to be fully developed
and no allowance was made for the effect of natural convection
on the profile. The relative magnitude of the natural-convection

to the forced-convection forces is usually measured by the parameter



, (A4, S17)
NerNge

0.8 with the Reynolds number calculated at the inlet conditions.

For Air-Run 9c this ratio was found to be

Thus for these conditions, natural convection could be expected
to have an influence on the pure forced-flow heat-transfer rate.

In the experiments, the natural-convection forces oppose
the forced-convection forces. Consequently the natural-convection
or buoyancy forces tend to decrease the forced-convection velocity
gradient in the region next to the wall. As explained in the
pteceding discussion (4), a decreased velocity gradient causes a
decreased temperature gradient. Thus if allowance were made in
the model for the effect of natural convection on the forced-flow
velocity profile, the predicted temperature gradients would be
found to decrease.

An evaluation of the model has indicated that if the model
were made more realistic by allowing for property variation and
natrual-convection effects, the predicted temperature gradients
at the wall would decrease compared to those presently predicted;
therefore the discrepancy between prediction and experiment would
become larger. |

It would appear that some phenamenon occurs in the
experimental system which increases the rate of heat removal from
the gas adjacent to the wall thus causing increased temperature
gradients at the wall. Although the natural-convection forces
were not excessive in these experiments, they may have been of

sufficient magnitude to cause some flow instability and increased

e
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turbulence levels in the forced-convection flow field. This
would result in an increased momentum and heat exchange between
the relatively cold gas in the core and the hot gas adjacent

to the wall; this would tend to increase the temperature gradient
at the wall.

A technique for measuring gas velocity in a non-isothermal
turbulent flow field had not been perfected at the time of these
experirrents.l Consequently no positive conclusions can be drawn
regarding the phenamena which tend to increase the measured
temperature gradients and hence rates of heat transfer above

those expected.

4.6.3 Steam Temperature

(1) Low-Temperature Results

Figure 4.6-12 and 4.6-13 indicate the experimentally
measured and the predicted temperatures for conditions where the
assumptions made in the solution of the energy equation are
expected to be valid. As in the case of air, the predicted
profiles are seen to be in excellent agreement with the measured
profiles.

The data for the steam runs corroborate the conclusions
drawn from the low-temperature air runs; i.e., the mathematical
model is caéable of predicting the heat-transfer rate and the
temperature profiles in the entrance region of a heated pipe,

at low wall-to-bulk temperature ratios.
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(ii) High-Temperature Results

Figure 4.6-14 to 4.6-17 show the experimental and predicted
gas—temperature profiles for wall temperatures of 600 and 1400°F.
At a wall temperature of 600°F the measured gradients are observed
to exhibit a similar trend to the gradients'measurecd in the air
runs, i.e, the measured gradients are steep; i.e., the temperature
gradient is much the same as predicted when the velocity profile
was evaluated ét the inlet Reynolds number.

At a nominal wall temperature of 1400°F the measured
gradients at the wall are cbserved to become less than the predicted
gradients; this trend is opposite to that observed for the
corresponding air run (9c). |

Figure 4.6-18 compares the measured and predicted profiles
in the centre region (core) of the column. The measured temperatures
are considerably higher than those predicted from the theoretical
model. This discrepancy did not exist in the core of the colum
for the high-temperature air run (9c). (See Figure 4.6-10.)

It should be noted that stéam—run 6c was carried out at
the same nominal Reynolds number, based on the conditions at the
inlet, as air-run 9c. Further, the Grashof number for the steam
ruhs was iess than that for the corresponding air run since both
the property group, iB_p_; , and the AT term in the Grashof number
were less for steam thgn for air. Therefore one would expect
the velocity profile to be affected in the same way for steam as

for air with the same trend towérds greater-than-predicted
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temperature gradients. Thus the higher temperatures noted in

the steam runs cannot be explained in terms of a natural-convection
effect which causes flow reversal and brings hot gases from the
lower regions of the pipe.

The higher gas-temperature levels cannot be explained in
terms of the hydro-dynamics of the gas flow. It should be recalled
that one of the objects of this investigation was to predict the
rate of heat transfer by radiation to a flowing, absorbing medium
with the contribution of convection included. The experimental
runs at this high wall temperature were carried out to experimentally
verify the temperatures predicted from a radiation-convection model.

In this discussion it has been established that the profiles
measured in steam at high wall temperatures cannot be explained in
terms of a flow-phenomenon effect. Consequently the measured
temperatures do indicate that the expected effect of radiation
was present in the system. Further discussion of the experimental
results and the temperatures predicted by a radiation model will

be made in the following chapter.
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Conclusions

The experimentally measured, isothermal velocity profiles
validated the fully-developed flow assumption which was made in
the theoretical model.

| The solution of the finite-difference approximation to the
energy equation successfully predicted the temperature profiles
and rate of heat-transfer in the immediate entrance region of a
cylindrical pipe at low wall-to-bulk temperature ratios where
the assumption of constant properties can be considered valid.

In the absence of radiation, the mathematical model predicted
a lower heat-transfer rate than measured experimentally. The
discrepancy could not be explained in terms of a variable
physical property effect or in terms of a distortion of the
velocity profile due to natural-convection effects.

The larger-than-expected heat-transfer rates were hypothesised
to be caused by an instability or turbulent phenomenon in the flow
field. It was not possible to verify this hypothesis with the
present experimental data.

To completely understand the heat-transfer pfxenomena which
occur under the flow and high-temperature conditions of these
experiments it is imperative that the cjas velocities in the system
be measured.

For steam flows, at high wall temperatures, it was possible

to experimentally detect the effect of radiation on gas-temperature
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profiles. As expected, radiation was observed to cause the gas-
temperature gradients at the wall to be less than those predicted
for pure convective heat transfer. Radiation also increased the

gas—-temperature level across the entire columm.



5. RADIATION AND CONVECTION

B arels Introduction

The experimental temperature profiles presented in Chapter 4,
for steam flowing through a cylindrical pipe with walls at 1400°F,
indicated that the effect of radiation could be detected in this
particular system. Since the prediction of heat transfer by convection
in the entrance region of this system has been found to be reasonably
satisfactory the next step in the study was to combine the mechanisms
of convection and radiation.

The prediction of heat-transfer rates and gas—temperature
profiles in a system where radiation and convection both occur, is
considered in this chapter. In this analysis the processes of radiation
and convection were assumed to be additive. The rate of heat transfer
by convection, which was calculated in Chapter 4, was simply added into
the radiation model. The rate of heat transfer by radiation was
calculated by procedures indicated in the literature.

The ability of the radiation model to predict gas—temperature
profiles in the absence of radiation was evaluated; i.e., the temperature
profiles predicted with the radiation model were ccompared to those
predicted by the convection model of Chapter 4.

The temperature profiles predicted by the radiation model were

then compared to the experimentally measured gas—temperature profiles.
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5.2 Analysis

As discussed in Section 2.2.1, the basic idea for the prediction
of the radiation interchange in an enclosure is to divide the gas volume
and the surfaces into a number of finite, essentially iscthermal zones.
A heat and material balance is then made on each zone and the unknown
zone temperatures can then be detemined by solving the resultant set of
simultaneous algebraic equations.

For a general zone, the heat and material balance for a steady
flow of non-reacting gases can be written as:

Heat into the zone as the result of

(1) the convection/conduction from adjacent wall and
gas zones.

(2) the enthalpy of the gas flowing into the zone

(3) the absorption of radiation streaming into the
zone from all other zones in the system

must be equal to
Heat out of the zone as the result of

(1) the convection/conduction to the adjacent wall and
gas zones

(2) the enthalpy of the gas flowing out of the zone

(3) the emission of radiation streaming out of the
zone to all other zones in the system.

5.2.1 Radiation

The emission of radiation from each gas and surface zone
must be calculated along with the radiant interchange between
all pairs of such zones, making due allowance for attenuation

. of the radiation by the absorbing medium between the zones

187.
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and for diffuse reflection from the surfaces of the enclosure.

The geometrical portion of the problem can be solved independently
of the temperature distribution once a specific zone—-gecmetry has
been selected. Because of the requirement that the zones be
essentially isothermal, and because the experimental tempera;ure
measurements indicated thatvradial temperature gradients existed
across the column, the cylinérical colum was zoned by dividing
the colum into a number of amnular rings of square cross-section
as shown in Figure 5.2-1. (The numbers indicate the zone
identification used in the model of the system.) This particular
zone-configgration was dictated by the "interchange areas"
(explained in the ensuing discussion) which were available in the
literature(gl).

The interchange between any two zcones in the system is
the sum of the direct radiant flux between the two zones and the
reflected flux from the walls of the enclosure dve to energy
originating at either of the zones under consideration. The
direct interchange between two zones, i.e., the interchange in
a black—walied* system, will be considered first.

(1) . Direct—Interchange Areas

The direct interchange between two finite zones, gray
gas (k independent of wavelength and temperature) énd/or black
éurface of any shape and relative disposition and with gray
absorbing gas intervening, is proportional to the difference in

black emissive power, E (= oT%) , of the zones.

* A black-wall or perfect radiator is a surface which emits the maximm
radiation possible at a given temperature; i.e., the surface emissivity,
€, has the value, one.
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The proportionality constant, which has the dimensions
of area, is a function only of the system shape and of kL where
L is a characteristic dimension of the system. This constant,
designated by ss, sg, or gg for surface to surface, surface to
gas, or gas to gas radiant interchange respectively, is called
the direct-interchange area 7 .

The direct-interchange area may be thought of as the
product of two termms. The first, having the dimensions of area,
is the actual area for a surface zone and (4) (gas-zone volume)
(absorption coefficient) for a gas zone. The second is the
"reception factor", £, where f is defined as the fraction of the
energy originating in any one zone in a black-walled enclosure
which reaches and is absorbed by any other zone in the enclosure.
(This factor takes into account the attenuation of the radiation
by the absorbing medium between the zones; it is a function of
the absorption coefficient of the gas.)

The direct-interchange areas for the interchange
between zones of the configuration shown in Figure 5.2-1 are

(E1) as a function of the product of

available in the literature

the absorption coefficient of the gas, k, and the zone size, B.
As discussed in Section 2.2.1, a real gas can be

cansidered as being made up of a number of gray gases, each with

a constant absorption coefficient, k. When analyzing the

190,

radiation interchange in an enclosure it is necessary to calculate

the direct-interchange areas for each of the gray gases which
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contribute to make up the real gas. The total interchange for
the real gas is then calculated from the sum of the interchanges
for each of the gray, plus one clear gas (k = 0).

(ii) Total-Interchange Areas

Radiation from one zone may reach a second zone both
directly and after one or more reflections at the enclosure surfaces.
Allowance for multiple reflections can be made by the methods of
Hottel ) . For a gray gas the total flux between two zones i
and j must be proportional to o (Ti‘* - Tj"‘) . The proportionality
constant, called the total-interchange area is designated by
SS, GS, or GG with subscripts to identify the zone number. The
total-interchange areas between all zone pairs are evaluated
from direct-interchange areas for each gray-gas component. When
the product of the absorption coefficient and the zone size, kB
is larger than 0.4, temperature gradients within the zone can no
longer be neglected; i.e., the assumption of an isothermél zone
is no longer valid*. For such cases the direct-interchange areas
can be modified by the techniques given by Hottel and Sarofim(le) .
When kB is greater than 3, the total-interchange areas between
contiguous zone pairs are calculated using the Rosseland diffusior_l

(H2, S11, R9)

equation Details of the calculation of total-

interchange areas fram direct-interchange areas are given in
Appendix E.
In the heat and material balance equation the total-

interchange areas are coefficients of the zone temperatures.

* In this investigation kB was always less than 0.4
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They can be determined prior to solving the heat and material

balance by

(1) assuming a representative gas and surface
temperature

(2) calculating the absorption coefficient and weighting
factor "a." for each gray-gas component of the
real gas ~ from gas emissivity data as discussed
in Section 2.2.1

(3) determining the direct-interchange areas for each
of the gray gases plus one clear gas.

(4) calculating the total-interchange areas as shown
in Appendix E.

(iii) Present Investigation

In this investigation the 12-in. long "hot-zone" of the
column was divided into 12 1-in, long surface zones and 48 l-in
by l-in. annular-ring gas zones. The ends were considered as
black porous plugs at the temperature of the inlet gas; they
were divided into 4 rings.of 1-in. width. The configuration is
shown in Figure 5.2-1.

The real gas was assumed to be composed of one gray gas
of absorption coefficient, k, and one clear gas (k = 0). Hottel

has shown(H7)

, that for the one clear, one gray-gas assumption
the absorption coefficient and weighting factor can be detemmined
fram the gas emissivity (or absorptivity), evaluated at path

length, L, and a path length of 2L, by the following relationships

a = eLz/(2eL - eZL) (5.2-1)
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kKL = In (e:L/e:2L -€ (5.2-2)

L)

For this system, with high wall temperatures and relatively
low gas tenperatures, the process of gas absorption of surface
emission predominates over the process of gas emission to the
surface. Consequently the "a" and "k" were determined from gas
absorptivities rather than emissivities.

A representative gas and wall tenperature were selected
and the gas emissivity was calculated from Bevan's correlations (B3) 3
(given in Section 2.2.1 as equations 2.2-5 to 2.2-7) at modified
pressure-path length products, PwL (T V/TG) , Pw2L (T W/I'G) as

1 (H8)

suggested by Hotte Since the correlations were obtained

from emissivity data at zero partial pressure of water vapour, it

(H8) to the calculated

was necessary to apply a correction factor
emissivity to account for the actual partial pressure of the water
vapour. The absorptivities were determined from the emissivities
by multiplying the corrected emissivities by (TG/TW) s as
Hottel suggests. The "a" and "k" were then determined as indicated
above.

The calculated value of "k" was multiplied by the zone
size "B" and the direct-interchange areas were calculated from

(E1) *

Erkku's tabulations The total-interchange areas were then

calculated as indicated in Appendix E.

* Erkku's tabluations of "interchange area" versus kB were regressed
to give third order polynomials, one for each pair of zone
configurations. Values calculated from the regression equation
never differed fram the tabulated value by more than 1%.
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5.2.2 Convection/Conduction

Gas zones adjacent to enclosure surfaces receive heat
(twall > tgas) by ¢mvection from the contiquous surface zones.
Consequently it is necessary to have a knowledge of the convective
heat transfer which occurs in the particular system. The rate
of convective heat transfer is proportional to some temperature
difference which is characteristic of the system; the proportionality
constant is usually referred to as the heat-transfer coefficient, h.
The heat-transfer coefficient is included in the heat
and material balance equation as a coefficient of the appropriate
zone temperatures. The heat-transfer coefficient is considered
to be a coefficient of the wall-zone temperatures and the
contiguous gas—-zone temperature. Consequently the heat-transfer
coefficient must be defined in terms of the temperature difference

between the wall temperature and the gas temperature taken at a

distance from the wall equal to % the zone size; i.e., h must be

" defined by
VA o " a1 =P Ca11 < ann + 1)
(5.2.-3)
rather than the more familiar
oA = k5 = h (t - ) (5.2-4)
or wall tbu]k °
wall

In this investigation, the heat-transfer coefficients were
determined fromthe Nusselt numbers (-llg) which were calculated from

the temperature profiles predicted by the theoretical convection
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model {discussed in Chapter 4). The values of "h" used in the
radiation model were fixed for any one surface zone; i.e, they
were not allowed to vary with temperature, hence the process of
radiation and convection were considered to be additive.

In the radial direction, if the mean value of the radial
velocity is zero, heat is transferred between zones by molecular
and turbulent diffusion. Thus in the heat and material balance
equation the effective thermal conductivity is included as a
coefficient of the gas zone temperatures to account for the radial
conduction of heat. Since the effective conductivity or diffusivity
is a point-function of radial position, some average value must be
used when the zones are of finite size. In this analysis the values
for the effective diffusivity were taken to be the point values
(calculated in the convection model - Chapter 4) which occurred
at the boundaries between the gas zones; i.e., the point values
which were calculated at r = 1, 2, 3-in. in the convection model
were used as temperature coefficients in the radiation model.

Axial diffusion was assumed to be negligible in this model.
The calculated results given in Section 4.3.3 indicated the validity
of this assumption. |

5.2.3 Enthalpy Flux

Energy is transported into and out of each gas zone by
bulk transport in the axial direction. (U'_ o Cp tII(ri2 - rjz);
where II(ri2 - rjz) is the cross-sectional arca, of the annular

gas zone, perpendicular to the direction of flow.) Because of the
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relatively coarse grid used in the model it was necessary to
determine average velocities over each of the l-in. annular
rings. The velocities were calculated from Pai's expression for
the fully-developed turbulent velocity profile for flow in a

circular tube (PL7) "

]
g. = 1-0.351 (592 - 0.650 (£-)°6,; (5.2-5)
by b 2
mnax w w

the coefficients, which are flowrate dependent, were evaluated for
a Reynolds number of 25,000.

The average velocity for each zone was calculated in terms
of the average velocity over the column cross-section.

The heat—-capacity flowrate was included in the heat and
material balance equations as a coefficient of the gas-zone

temperature.
5.2.4 Heat and Material Balance Equation

The heat and material balance equation, which was previously
given in words, can now be written for a general gas—zone.

Since the radiation terms in the energy balance are given
as multiples of T4, the ecjuations were linearized in ‘I‘4 by forcing
the convection and enthalpy-flux terms into a fourth-power law.
A coefficient was defined such that when multiplied by oT® (E) it
yielded the one-way flux between any two zones. With the enthalpy-
flux and convective~flux coefficients denoted by n and y respectively,
with a first subscript representing the energy-source zone and a

second one the energy-sink zdne, they could be written as
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= [ . 5.2-6
nglgi ave PCP A/Egl ( )
= k T 5.2=7
Yglgi eff. Tg, A/Egl ( )
and
Y = hT A/E (5.2-8
S19i o R |

- where A is the area common to zones 1 and i.

With the convention that a positive q represents flux to a
zone in question, the energy interchange between gas zone 9 and
all other zones (g2, g3 eeee Gis Sys Sy s sj, those having a
common boundary with 917 91gr 911 cce* Sygr Syyr ceeci those

not touching gl) was written as

E 6 ~4kaV. = L % = T =%
Sy v 9 i 99 5§ 915
- In ) + E (GG, + ¥ + 7 ) i
i 919 9, 21 99 99
+ Eglo (GlOGl) + ceee
+ E (S.G, + v ) + oeeee
Sq 171 $19;
+ ESlO(SlOGl) + vee. = | 0 (5.2-9)

A similar balance was made for each gas and surface zone
in the system. The resultant set of simultaneous algebraic
equations could be easily solved with the aid of a high-speed
digital computer. In this analysis the equations were solved on

an IBM 7040 computer by a direct iteration technique; i.e., an
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initial gas-temperature distribution was assumed, then each zone
tenperature was calculated in turn from the existing temperature
distribution (assumed and/or previously calculated). This
iterative process was repeated until each ;:alculated temperature
did not change by more than a pre-determined convergence limit.
The above formulations (5.2-6 to 5.2-9) were taken

directly from the analysis of Hottel and Cohen ) .

Program listings for the solution of heat and material

balance equations, with radiation and convectian/conduction

i.ncluaed, are given in Appendix Z.4.

5.3 Experimental Equipment and Procedure

The apparatus, temperature measuring device and experimental

procedure were described in Section 4.4 and 4.5. |

5.4 Results and Discussion

5.4.1 Calculated Results

Table 5.4-1 campares the temperatures calculated by the
radiation model, when kB was equal to zero, (no radiation to the
gas) to those* calculated by the convection model under the same

flow conditions and wall temperature distribution. The temperatures

* The point temperatures calculated by the convection model were
averaged to give the bulk or mixed-cup temperature over l-in. annular
rings corresponding to the gas zone used in the radiation model.
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TABLE 5.4-1 : Camparison of Temperatures Predicted by
the Convection and Radiation Models

Flowrate 364 lb./hr. - Nominal wall temperature - 1400°F

radial boundaries
of zones (inches)
Axial position\from centre line 0-1

(distance from 1-2 2=3 3-4
top of hot zone)

VPl (0.5-in.) 249% 247 245 286

249 247 246 290

VP2 (3.0-in.) 249 247 246 313

- 249 247 248 312

VP4 (9.0-in.) 243 247 248 361

249 248 246 352

Flowrate 184 lb.hr. - Nominal wall temperature - 1400°F

VPl 249 247 246 306

248 248 246 310
VP2 249 247 246 344
248 248 249 337
VP4 248 247 252 409
248 249 258 384

* The top number is the temperature (in %F) calculated by the
convection model; the number immediately below is the
temperature calculated by the radiation model.
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_in the table correspond to axial distances along the column
where experimental temperature measurements were taken.

'ihe temperatures predicted by the two models are in
reasonable agreement, the maximum difference being 7%. At the
present stage of development, the calculation of the convection/
conduction heat-transfer mechanisms in the radiation model can
not be considered to be quantitative; i.e., because it was
- necessary to use a coarse grid for the radiation analysis, the
radial conduction had to be calculated by assuming that point
values of the effective eddy diffusivity applied at the zone
- boundaries.

The present results do indicate though, that the method
of allowing for radial conduction in the radiation model is a

reasonable one.

5.4.2 Experimental Results

Table 5.4-2 shows 1;_he average temperatures calculated
from the experimental data for each l-in. annular ring in the
8-in. diameter colum. The calculations were made by assuming
that the fully-developed adiabatic velocity profile of Deissler(Dl3)
could be applied to describe the velocity profile in the column.
As discussed in Chapter 4, the velocity profile would be distorted
under the high temperature gradient conditions of the experiment
but since the actual velocity profile was not known Deissler's
profile was considered to be a reasonable, rough approximation.

Table 5.4—3 shows the gas-zone temperatures calculated by

the radiation model using the experimental wall temperature
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TABLE 5.4-2 : Experiﬁental Temperatures °F)
Averaged over l-in. Annular Rings

Flowrate 364 lb./hr. - Nominal wall temperature - 1400°F
(steam 5c)

Radial Boundaries
of zones (inches)
Axial position fram centre line .
(distance from 0-1 1-2 2-3 3-4
top of hot zone)

VPl (0.5-in) 263% 263 263 282
263 263 263 278

VP2 (3.0-in) 276 276 279 312
276 276 279 307

VP4 (9.0-in) 293 296 306 400
/ 293 296 306 393

Flowrate 184 lb./hr. - Nominal wall temperature - 1400°F

(steam 6¢)
VP2 291 298 323 465
291 298 323 452
300 318 370 553
L 300 318 369 539

* The top number was calculated with velocity profile evaluated at
inlet temperature. Lower number corresponds to wvelocity profile
evaluated at wall temperature.
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TABLE 5.4-3 : Gas Zone Temperatures (OF) Calculated
by Radiation Model

Flowrate 364 lb./hr. - Nominal Wall Temperature - 1400°F
Wall emissivity 0.9

Radial Boundaries

of zones (inches)
Axial position \ from centre-line
(distance from 0-1 1-2 2=3 3~4
top of hot zone)

VPl (0.5-in.) 264* 265 266 295
264 265 266 307
VP2 (3.0-in.) 269 270 276 334
269 271 281 363
VP4 (9.0-in.) 282 287 308 412
284 292 325 476

Flowrate 184 lb./hr. - Nominal Wall Temperature - 1400°F
Wall emissivity 0.9

VP2 303 311 340 522
304 314 352 548
VP4 334 352 405 630
340 365 439 673

The upper number was calculated using the heat-transfer coefficients
and eddy diffusivities calculated from the convection model with
the Reynolds evaluated at the wall temperature. The lower number
uses the same parameters from the convection model with the Reynolds
nurber evaluated at the inlet temperature.
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distribution. The calculated temperatures did not differ by more
than 4°F when a wall emissivity of 0.8 rather than 0.9 was used.
The total-interchange areas were evaluated with kB = 0.306 and
a = 0.354. The values of kB and a were determined for an average
wall temperature of 1400°F and an average gas temperature of 300°F.
by the methods shown in Appendix E. The temperature distribution
was obtained by direct iteration. The solution was assumed to have
converged when the gas-zone emissive powers did not change in value
fram iteration n to iteration n+l by nore than 0.1%. With this
convergence criterion the solution converged after 11 iterations.
(Computation time : 20 sec.). The rate of convergence was accelerated
by using a "relaxation factor" of 3. If the relaxation factor was
not used (i.e., had the value of 1) the number of iterations reguired
for convergence was 73. As the value of the relaxation factor was
increased beyond 3, the number of iterations required for ccnvergence
began to increase.

A camparison of the temperatures presented in Table 5.4-2 and
5.4-3 indicates that the radiation model predicts temperatures which
are in reasonable agreement with the measured temperatures. The
agreement is seen to be best for the zones in the centre of the column.
The predicted temperatures for the zone adjacent to the wall arc
all greater than the temperatures calculated from the experimental
data for this zone. This is to be expected in the light of the
results cbtained for the air runs. It will be recalled that the

experimental gas temperatures, for air, adjacent to the wail werc
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all less than the temperatures predicted fram the convection

model (steeper gradient); The experimental temperatures for

steam, under the same flow conditions and wall temperature
distribution were found to be much closer to, and in some cases
greater than, the temperatures predicted by the convection model.
This trend was expected since the absorption of thermal radiation
by the steam (not accounted for in the convection model) causes

the gas-temperature to increase; i.e., the enthalpy content of the
gas is increased by both convection and radiation heat-transfer
mechanisms. Thus, if radiation is not accounted for in the
prediction of the gas temperature profiles, and the same
hydrodynamic mechanisms which tend to decrease the gas temperatures
adjacent to the wall are active for both steam and air flows, the
calculated temperatures would be expected to be closer to the measured
temperatures.

When radiation is included in the model the predicted
temperatures should now be greater than the measured temperatures
adjacent to the wall, as in fact cbserved.

Sarofim(Sll) has shown that the one-gray-plus—-clear gas
approximation to the real gas gives too small a weighting to the
absorption by the gas adjacent to, and far from a surface, but
too large a weighting to the absorption in the intermediate regions.
He shows how the strong absorption bands which are inportant at
small path lengths cause the temperature of the gas to bend towards
the wall temperature in the regions adjacent to the surface. He

compared the gas temperature profile predicted by a three-gray-plus-
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oﬁe—clear gas approximation to those predicted by a one-gray-plus
clear gas approximation fitted at mean beam lengths of 1 and 2 and
fitted at mean beam lengths of % and 1. The temperatures
calculated for a one-gray-plus-clear gas, fitted at mean beam
lengths of % and 1, were in much better agreement (12%) with the
temperatures calculated by the more exact approximation (three-gray-
one-clear) than those calculated for a one-gray-plus-clear gas
fitted at mean beam lengths of 1 and 2 (22%).

The temperatures shown in Table 5.2-3 were calculated for
a one-gray-plus-one-clear gas fitted at mean beam lengths of 1 and
2. When the fit was made at mean beam lengths of % and 1 the
calculated temperature in the zone adjacent to the' wall was found
to increase by 2°F at the entrance to the colum and by 11°F at
the exit. Thus if more weight were given to the ébsorption by the
gas adjacent to the wall, the calculated temperatures would be
even higher than the measured temperatures in the gas zone adjacent
to the wall.

When the fit was made at mean beam lengths of % and 1,
}_cB was found to have a value of 0.514 and a was found to be 0.305.

(H2) it is not realistic to

Thus, according to Hottel and Sarofim
assume an isothermal zone under these conditions and a correction
nust be applied to account for the temperature gradient across

the zone. This was not done .in this work but should be considered

in future developments of the radiation model.
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5.5 CONCLUSIONS

It is obvious that more experimental measurements nust be made
under awider range of conditions, and that the model must be further
developed before it is possible to quantitatively evaluate the ability of
the model to accurately predict gas temperatures in an absorbing medium.
The present investigation has indicated however that the temperatures
predicted by the model are in qualitative agreement with the measured
temperatures and that the deviation between predicted and measured results
is in the direction expected when one considers the effects noticed in
the air runs.

In particular, the method of handling the radial conduction and
convective heat transfer from the wall should be studied and improved
upon. Also, the more exact, three-gray-plus-one-clear gas approximation
to a real gas should be included in the model.

Because of the high temperature gradients adjacent to the wall,
the grid size should be reduced to obtain a bet;ter description of the '
temperature profile close to the wall. A reduction in grid size will
necessitate the evaluation of more direct-interchange areas for a
cylindrical geametry.

As in the case of the convection model, it is obvious that a
canplete and accurate radiation model must incorporate a realistic velocity
profile. Thus it is emphasized once again that experimental techniques
must be developed to permit the determination of gas velocity profiles

in turbulent-flow systems in the presence of lar-ge temperature gradients.



6. RADIATION TO SPRAYS EVAPORATING IN A HIGH~TEMPERATURE
ENVIRONMENT

6.1 Introduction

This chapter discusses briefly the theoretical analysis of radiation
to sprays in a high-temperature environment. The simplifying assumptions
and methods of calculation are also discussed.

The experimental work, which was begun to check the model and
assumptions contained therein, is presented. The preliminary development
of an in situ photographic technique is also presented.

6.2 Analysis

The analysis of radiation to sprays evaporating in a high-temperature
environment represents an extension of the radiation model discussed in
Chapter 5; i.e., the enclosure is divided into a number of isothermal éas
and surfacg zones of finite size and a heat and material balance is
performed on each zone.

For a cloud or spray of volatile droplets transported in an absorbing,
non-reacting gas under steady-flow conditions, the heat and material balance
on a general gas zone can be written as:

Heat into the zone as the result of

(1) the convection/conduction from adjacent wall and
gas zones. '

(2) the sensible heat content of the gas and droplets
flowing into the zone

-207-
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(3) the absorption of themal radiation streaming into
the zone from all zones in the system

must be equal to
Heat out of the zone as the result of

(1) the convectibn/conduction to adjacent wall and
surface zones

(2) the sensible heat content of the gas and droplets
flowing out of the zone

(3) the emission of thermal radiation streaming out of
the zone to all other zones in the system

(4) the latent head load within the zone due to
evaporation of the spray.

This energy balance is identical to that presented in Section 5.2
except for the additional latent heat load term. The latent heat required
for evaporation of a spray in a high-temperature environment is supplied
to the droplets by

(1) conduction/convection from the gas

(2) thermal radiation from the absorbing-emitting gas

and(3) thermal radiation from the surfaces of the system

6.2.1 Conduction/Convection

Droplets less than 50 microns in diameter have a terminal
velocity which is much less than the gas velocitiés of 3 to 8 ft./sec.
which were used in this study. Dlouhy (D2 and Kessler K1) found
that for small droplets which were flowing with essentially zero
velocity relative to the transporting gas, the droplets followed
the turbulent eddies of the gas stream and consequently heat was
transferred to the droplets by conduction only; i.e, the droplets
could be considered to be suspended in a stagnant atmosphere.

Theoretical calculation of the rate of heat transfer by conduction
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to a sphere immersed in an infinite stagnant fluid environment indicates
that the Nusselt number for pure heat transfer would be equal to 2.0.
When a temperature difference exists between the sphere and
the fluid, natural-convection effects arise by virtue of the varying
buoyancy forces around the sphere, and the heat-transfer rate is
increased accordingly.
The above considerations hold for the case of pure heat-
transfer. For an evaporating droplet the processes of heat and mass
transfer occur simultaneously and the evolution of vapour fram the

]

surface of the drop will cause a reduction in the rate of conductive/
convective heat transfer (HL) . In a high-temperature environment,
any radiation absorbed by the droplet will increase the rate of
vapourization over that expected for conduction/convection cnly.
The increased mass flux from the droplet will further reduce the
convective/conductive heat-transfer to'the droplet;

Hoffman(Hl) measured evaporation rates of stationary droplets
(0.4 to 1.44 mm) evaporating in a high-temperature environment.
The results suggested that the evaporation process was governed by
the effect of the evolved vapours on the boundary layer flow.
Since the rate of vapour evolution depends upon the total heat
transferred to the droplet, both by convection and radiation, the
effect of the evolved vapours on the convection process cannot be
determined without a knowledge of the radiation absorbed by the
droplet. Hoffman found that his results could be correlated by
the equation

m Cp/mak, = 2.9 870 (6.2-1]
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or, alternatively, by

(N ) ~ B' = 2.9p%:93 (6.2-2)
actual

where B is the Spalding transport number (CpAt/)),
B' is a modified transport number which includes the effect
of radiation (Cp At/[A - qR/n'l])
AR is the radiant energy absorbed by the drop.
m is the evaporation rate of the drop (dm/doe).

As the drop-diameter increases beyond 50 microns the
relative velocity between the transporting gas and suspended

droplets increases and the droplets become subjected to a forced-

convection flow field. (Decelerating droplets in the nozzle zone
are also evaporating in a forced-convection flow field.) Ross(m)
studied, both theoretically and experimentally, the effect of
vapour evolution on the convective heat-transfer process to a
stationary droplet suspended in a flowing medium. The rate of
vapour evolution was controlled by means of the radiation heat
transfer to the droplet from the surfaces of the system.

Ross (R7) found that his results were well correlated

by an equation of the form

- ' -
Nau = Ngy & (B') (6.2-3)
o
where NNu is the Nusselt number in the absence of surface flux
o
and £ (B') is a so-called shielding function which is a function
of the Spalding number.
Any one of four correlating equations was found to fit

the data equally well. As an example, one of the correlations was



211,

given as
' 1
N = 2R orosssn, B 0% (6.2

B9} snateats that the

The studies of Hoffman(Hl) and Ross
prediction of the rate of convective/conductive heat transfer to
droplets evaporating in a high-temperature environment requires a
knowledge of the radiant flux incident on and absorbed by the

droplet.

6.2.2 Radiation

The evaporation rate of droplets explosed to a high-
temperature environment depends upon the radiation incident on the
surface of the droplets. If the droplets are suspended in an
absorbing medium, and aré themselves capable of absorbing thermal
radiation, the radiation emitted from the surfaces of the system
will be attenuated by the gas and the cloud. The problem of
evaluating the attenuation by the gas was discussed in Chapter 5.

- The problem of detemining the attenuation of thermal radiation by
a cloud of droplets was discussed in Section 2.2.2. A brief
summary is presented here.

A cloud of absorbing droplets attenuates a beam of
radiation traversing it by the processes of scattering and
absorption. Hoffman (L) has indicated that the exact Mie equations
for the prediction of scattering and absorption by particles
cannot be applied to dense clouds of droplets (normally encountered
in practice) because the equations do not allow for "shielding"

or multiple scattering effects; i.e., the Mie equations assume
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that each particle or droplet is exposed to the same intensity of
incident radiation. Furthermore, the attenuation predicted by
the Mie equations is a function of droplet size, wavelength and index
of refraction; hence the drop-size distribution in the cloud, the
full spectrum of thermal radiation wavelengths, and the variable
refractive index would have to be considered.

The problem is further complicated if one attempts to
account for the fact that the droplets are contained in an absorbing
medium and enclosed by surfaces of finite dimensions.

Hoffman has pointed out that, if the ratio of the droplet
circumference to the wavelength of the radiation is of the order
of 100, diffraction can be neglected and the attenuation due to
reflection and absorption can be calculated by geometric optics
techniques; i.e., the asymptotic relationships of the exact Mie
equations can be applied. If the phase shifts are neglected, it is
possible to calculate the absorptivity of a droplet as a function
of the product of drop-size and absorption coefficient, using the ray

(T2) (SlS). These

tracing techniques suggested by Thamas and Simpson
techniques account for refraction and reflect;on at the gas-liquid
interfaces.

As the product, kr, becomes larger by virtue of eithe?
large k or large r, the absorption process predaminates as the
principal mechanism of attenuation; under these circumstances,
reflection and refraction can be neglected. For sprays it is
unlikely thét this product would be large and reflection/refracticn

effects should really be considered. Hoffman™) has indicated
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however that the analysis is greatly simplified if only the process
of absorption is considered. The errors involved in making this
simplification must be determined experimentally.

As discussed in Section 2.2.2, the absorptivity of a
droplet or thin film of water is a strong function of wavelength.
The bands over which absorption occurs are almost identical with
the absorption bands in the vapour phase. Consequently the oo'ncepf:
of band absorption, as discussed for the gas phase, could be
applied also to the analysis of the two phase system. The method
of determining ay from transmissivity measurements was discussed
in Section 2.2.2.

A further simplification is possible if one considers the
liquid to be a gray—l/iquid in an analagous manner to the gray-gas
approximation. Thus for the simplest case of a "gray" and "clear"
liquid an average absorption coefficient and weighting fraction are
calculated from transmissivity data taken at two film thicknesses.
Once the absorption coefficient and weighting fraction have been
detemined it is possible to calculate the absorptivity for a
droplet of any size in the spray or cloud.

The absorption coefficient for the cloud can be calculated
from a knowledge of the drop-size distribution, absorptivity of the
drops in each size interval, and the cloud density. The relationship
can be written in terms of an average absorptivity, @ ve’ volume-
to-surface mean diameter, dvs; gas density, Pgi liquid density, oy,

and fraction of the feed evaporated, Ef;

Pg 1- Ef‘

- 1, ’
Kero = 72 (@) G D) g (6.2-5)
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The processes of attenuation of thermal radiation by the
cloud and the gas can be considered to act in parallel and as
such the absorption coefficients may be added together to yield an
effective absorption coefficient to be used for the evaluation
of total-interchange areas. However, since the absorption
coefficient of the cloud will vary, by virtue of the changes in
el Pgr de and Ef as the spray evaporates, the total-interchange
areas must be altered to account for the variation. Hoffman(Hl)
has suggested a suitable averaging technique wiich accounts for
the variation by weighting the direct-interchange areas obtained
at an average kB according to

s —_— { 1

glg2 = g,g

195 _ } (6.2~6)
variable kB average kB k

2
ave

When the total-interchange areas have been evaluated,
the set of heat and material balance equations, one for each gas
zone, can be solved by iterative techniques with a high speed
digital computer(Hl).

The overall radiation model as well as the simplifications
which were made in arriving at equation (6.2-5) for the calculation
of the absorption coefficient of the cloud must be evaluated
experimentally. This can be done by measuring the gas-température
distribution and drop-size distribution and comparing the results
with those prédicted by the model. Consequently, before building
the particle-radiation model into the existing gas-radiation model
(Chapter 5), an experimental program was begun to determine whether

drop-size distributions could be obtained with sufficient accuracy
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to permit evaluation of the model.

6.3 Experimental Equipment

The majority of the equipment and measuring devices have been
described earlier in this dissertation and consequently only a reference

to the previous descriptions is given here.

6.3.1 Evaporator
The evaporator section of the colum used in this work

was described in Section 4.4.2.

6.3.2 Spray Generator and Calming Sections

The spray generator and calming sections which were
mounted above the evaporator were previously described in
Section 3.3.2. For this part of the investigation a pneumatic
nozzle (Spraying Systems Company, No.1l2A, %IN Round Spray Nozzle)

was used to atomize the liquid feed. |

6.3.3 Drop Sampling Probe

The drop sampling probe was described in Section 3.3.4..
For the present investigation it was necessary to control the
probe and cell temperature more carefully than was done m Part T
of this investigation. To effect this improved temperature control,
heat-transfer oil (Sun Oil Company, Sun 21 Heat Transfer Oil) was
circulated through the probe by a high pressure, rotary vane punp
(Vickers). The oil was supplied from, and returned to a heated,
thermostatted reservoir (Haake Ultra Thermostat bath, Model N Be,

1800 va) in w1 the oil temperature was controlled to within # 1%.
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The pump was connected to the probe with braided, high pressure,

flexible rubber tubing (Aeroquip, MP3Q652, Size 5).

6.3.4 Gas Temperature Probe

The aspiration probe used in this system was shown in
Figure 4.4-6. The probe had the same tip-gecmetry as the
probe which was described in Section 3.3.5 for measuring gas

temperature in a particulate system.

6.3.5 Photographic Equipment

High speed photographs were taken of the surface of the
immersion fluid during the sampling process. The photographs were
taken with a "Fastax" 16 m.m. ;:otating prism camera (WF4ST)
operating at 4600 frames per second. Light was supplied from a
high-pressure xenon, quartz flash-lamp (Ernest Turner Electrical
Instruments Limited) which was charged and synchronized to the ‘

Fastax camera by a specially designed charging circuit (20} .

6.4 Experimental Procedure

The general operating procedure for the column was described in
Chapter 4. The drop sampling procedure was described in Section 3.4.2.

As well as taking samples in the column, samples were also taken
from a spray which was generated in the open laboratory by a small air-
driven glass nozzle.

High-speed photographs were taken of the surface of the immersion
fluid in the cell when it was exposed to the spray from the glass nozzle.
The nozzle was mounted 16 to 35 inches above the top of the cell which
was filled with either varsol (Imperial Oil) or silicone oil (Dow Corning

200). The photographs were taken at approximately 5 x magnification at
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a speed of 4600 frames per second, for a duration of 0.1 seconds. The
surface of the cell was illuminated from the back by focusing a flash-lamp
on a ground glass screen close to the cell; i.e., the camera, cell,

ground glass screen, and flash lamp were all mounted in a direct line.

No gas temperatures were measured in the particulate system.

6.5 Results and Discussion

Drop samples taken in the colum with air as the transporting gas
were obtained with cell exposure times of < 0.7 sec. The samples were
consistent in apparent drop-size distribution and contained more than
300 droplets. For these samples, the cell, probe, immersion fluid
and microscope cell holder were at ambient temperatures.

Samples were taken from the colum with steam as the transporting
- gas; the nozzle feed-conditions were maintained the same as for the air
flow. The microscope cell holder was maintained at 140°F and the immersion
fluid was saturated with water at 160°F for 2 to 3 hours prior to sampling.
It was necessary to maintain the oil bath at 105°C to avoid condensation
in the cell during sampling. Under these conditions it was not possible
to obtain consistent samples containing a large number of drops (> 200)
even when the cell exposure time was increased to 2 seconds.

The drastic change in the required sampling times and the
inconsistency of the samples taken in the steam environment with the
same nozzle conditions suggested that perhaps the sampling procedure was
affecting the collected samples.

The sampling technique was further studied by sampling from a
spray generated by a small glass nozzle in the open laboratory. Samples
were taken at distances of 6 to 12 inches below the nozzle. When the



218.

entire sampling procedure was carried out under ambient temperature
conditions, large numbers of droplets (>200) were collected with cell
exposure times of 0.02 sec.o The sample densities were judged to be the
same whether silicone oil or varsol was used as the immersion fluid.
However, when silicone oil (Dow Corning 200) was used the drops were
observed to coalesce in the cell; coalescence was seldom observed with
the varsol medium. (The interfacial tension of the silicone oil-water
system (2 x 10 dynes/cm.)was found to be approximately % that of the
varsol-water system (4 x 10 dynes/cm.). Interfacial tensions were
determined by a standard "pendant drop" technique.)

When the same procedures were carried out with the cell, probe,
immersion fluid, aﬁd microscope cell holder maintained at l4OOF, the
cell exposure time had to be increased to 0.1 to 0.2 sec. to obtain
samplés of the same density as those taken under ambient conditions.
These observations suggested that same surface phenomena were occurring
at the immersion fluid surface during the sampling process. Consequently
1k wés decided to photograph the surface of the cell, when exposed to
the spray, with a high-speed camera.

The analysis of the film (available in the Chemical Engineering
Department of McMaster University) indicatedthat several of the droplets
which came into the field of view in the short time of exposure (< 0.1 sec.)
did not penetrate the surface of the immersion fluid. Droplets were
observed to approach the surface with velocities in the range of 2
(20 micron droplets) to 9 ft/sec (60 micron drops). Many droplets of
20 to 30 microns diameter were cbserved to approach the surface with

a velocity camponent tangential to the surface. Scme of these drops
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remained in focus (depth of field was approximately 300 microns) long
enough to permit them to be cbserved "skating" across the surface. In
one case the droplet was observed to reverse its direction of travel
while an the surface. While these observations are not quantitative,
they do indicate that samples taken under low velocity conditions are
subject to bias because of the failure of at least some of drops (as
large as 30 microns) to penetrate the surface of the collection medium.
The same phencmena were observed to occur regardless of the temperature
of the immersion fluid.

Because of the failure of the immersion cell technique to give
consistent samples, the possibility of using an in situ photographic

ki(04) and other workers at the

technique gimilar to that used by Ostrows
University of Michigan)was investigated. With this technique, a spatial
distribution of the spray is obtained fram the photographs. Some
technique such as double-flash photography must be used to determine the
droplet velocities and hence permit the spatial distribution to be
converted to a temporal distribution. An electronic single-flash system
was designed, (Appendix F) built and testea. The preliminary photographs
of a spray generated in the open laboratory, were of the same quality as
those which Ostrowski(04) used for purposes of analysis. A 5-ft. long
canera was constructed and the sampling ports were modified to permit
pictures to be taken of the spray insiae the colum. Further development
and evaluation of this photographic technique were cansidered to be beyond

the scope of this thesis.
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6.6 Conclusions

Immersion cell drop-sampling techniques cannot be used with
any confidence when sampling from sprays moving at relatively low velocities.
Further investigation is required to determine the droplet velocity
range over which the immersion cell technique will yield unbiased
distributions.
An evaluation of the model and simplifications contained therein
was not possible at this point in the experimental program.
An in situ photographic technique appears to be the most feasible
way to obtain drop-size distributions in the colum. Further development

of this technique is necessary.



7. SUMMARY AND RECOMMENDATTONS

7.1 Conclusions and Contributions

The results from Part I of this study indicated that the large
natural-convection forces which occur in A.S.T. systems interact with
the forced flow and cause increased turbulence and complicated flow
patterns. These effects increase immensely the difficulty of the analysis
of the system, in fact a comprehensive analysis is not possible until the
flow patterns and turbulence level have been quantitatively determined.

In the second part of this investigation an attempt was made to
divide the overall problem into a number of separate idealized studies.

The rates of convective heat transfer in the entrance region
(x/D < 2) of a cylindrical tube were successfully predicted by employing
finite-difference techniques to solve the parabolic form of the energy
equation. The particular model which was developed enabled the solution
to be obtained for any wall temperature distribution. The tenperatures
predicted by this convection model, at low temperature levels where the
constant property assumptions are valid, were found to be in agreement with
the experimentally measured gas temperatures for both air and steam flows.

The energy equation was solved in the elliptic form, i.e., with
the axial diffusion temms included. The calculated results indicated
that axial diffusion was not important at values of x/D > 0.0l for the
NPr NRe range studied in this work.
A radiation model was developed, employing the zoning technique

of Hottel /) , to predict gas temperatures in a flowing absorbing medium.

=221~
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The processes of convection from the wall and radial conduction through
the gas were included in the model. The predicted temperatures were
found to be in reasonable agreement with the experimentally measured
gas temperatures.

The actual volume of the liquid feed which entered the evaporator
as a cloud of droplets was successfully determined by employing a tracer—
colorimetric-analysis technique.

An aspiration temperature probe for measuring gas temperatures
in a particulate system was built and tested.

A temperature probe was constructed and measuring techniques
were developed for the determination of gas temperatures in steep
temperature gradients in the immediate vicinity of a hot wall.

A careful investigation of the technique of immersion sampling,
which has been used by experimentalists for over two decades, revealed
that reliable results could not be obtained in low-velocity systems.

Preliminary tests with a short duration high intensity flash
technique indicated that this was a feasible method for the determination
of drop-size distributions which could be readily adapted for use in

the existing experimental apparatus.

7.2 Recommendations for Future Work

Techniques must be developed for the measurement of velocities
in a turbulent gas stream in the presence of large temperature gradients.
Accurate velocity measurements would permit a more complete analysis of

the heat-transfer phencmena occurring in such systems.
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The radiation-convection model should be further evaluated by
comparing the predicted results with experimental results obtained over
a wider range of experimental conditions.

Investigation is required to assess further the feasibility of
employing in situ flash photcgraphic techniques for the determination
of drop-size distributions in the experimental system.

The immersion cell drop sampling technique should be studied to
determine quantiatively the error in the drop-size distributions obtained
with this method. Such a study might also indicate the range of conditions
for which the technique could be expected to yield reliable results. |

The present radiaticn-convection model should be extended to
handle the problem of thermal radiation to clouds of particles flowing
through a system of finite size. Such a model, when compared to
experimental results, should permit an evaluation of the simplifying

assumptions made in the proposed method L

of determining the absorption
coefficient for the cloud. The model could be checked by measuring the
actual gas temperature distribution and drop-size distribution occurrring
in the experimental system. A further check might be made by determining
the actual evaporation of the spray in the system with some form of tracer
technique, (e.g. activation analysis).

The present convection model could be improved by (1) allowing
for variable property effects and (2) utilizing a more realistic velocity
profile for conditions where large temperature gradients exist adjacent to
the surface. The predicted heat-transfer coefficients for small values
of x/D (less than 2) should be correlatec in a form which allows for the

dependency on temperature and distance (as done by other investigators at

larger values of x/D).



The present radiation model could be improved by (1) using a
smaller zone size (this requires the determination of new direct-
interchange areas), (2) including a heat-transfer coefficient which is
temperature dependent, thus allowing for the interaction of radiation and
convection, (3) approximating the real gas by a three-gray-plus-clear gas
formulation rather than the cne-gray-plus—-clear gas formulaticn used in
the present model.

When the various models have been perfected, it will be possible
to predict the evaporative-load distribution in the colum and the heat-flux
distribution on the walls. These predictions should then be extended to

the analysis of industrial A.S.T. systems.
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NOMENCLATURE

weighting factor for gray gas coamponent of a
real gas.

thermal diffusivity, ft>/sec. (Equation (4.2-1)).

. oy 2
area common to two zones in radiation model, ft

area of surface zcne (Appendix E), ft2

coefficient in finite-difference equation (D-12).

characteristic dimension of zone in radiation analysis, ft.
Spalding transport number (Equation (6.2-1) and (6.2-2))

Modified Spalding transport number (Equation (6.2-2) and
(6.2-3).

coefficient in finite-difference equation (D-12).

coefficient in finite-difference equation (D-12).
heat capacity, B.T.U./1b.°F.

heat capacity, cal./gm. °C  equation (6.2-1).
emissivity correction factor for self-broadening
effects (Equation (E.1-5)).

diameter of drop, cm.

average diameter of drop in size interval i, ft.
volume-to—-surface mean diameter of spray, ft.
diameter of cylindrical column, ft.

coefficient in finite-difference equation (D-12).

dimensionless distance in finite-difference ecuation (D-12).



h

H1, H2,
H3, H4

H

-

4
black-bedy emissive power (¢T°), B.T.U./hr. ftz.
coefficient in finite-difference equation (D-12).

fractional evaporation of spray

friction factor (von Karman-Nikaradse)
frequency, cycles/sec. (Section C.2.2)
fraction of incicdent energy absoxried by drop.

dimensionless variables in finite-difference
equation (D-11).

direct-interchange area (gas—-to-gas) ftz.

direct-interchange area (gas—to-surface) ftz.

dimensionless total diffusivity (molecular + turbulent)

(Gefined in Equation (4.3-6)).

total-interchange area (gas-to-gas), ft2.

total-interchange area (gas—to-surface) ft2.

heat-transfer coefficient, B.T.U./hr. ft2 p,

dimensionless variables in finite-difference
equation (D-24).

intensity of radiation, B.T.U./hr. ft2

intensity of radiation at frequency v, B.T.U./hr. ft

current, (Appendix A.6) milliamperes.

absorption coefficient, ant or ££71

thermal conductivity, B.T.U./hr. ft. °r. (Equations

(4.2-3), (4.3-1), (5.2-3), (5.2-4)) (Appendices
B and C.4).

effective thermal conductivity, B.T.U./hr. ft. .

thermal conductivity of gas at average film temperature,

(Equation (6.2-1)), cal./sec. cm. CC.
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absorption coefficient of cloud of droplets, ft—l.

constants in Bevans' e versus pl correlations(B3).

path length, ft. or am.
mean beam length (Equation (2.2-9)), ft.
geonetric mean beam length (Equation (2.2-8)) ft.

dimensionless axial distance

evaporation rate, gm./sec.
gBp? L3t

u2

Grashof number based on length.

2 n3
Grashof nunber based on diameter. QEQ_ZQ_AE

u
Nusselt number, hD/k

Prandtl number, Cpu/k

Reynolds number, DU'p/u
pressure, atmospheres

heat flux, B.T.U./hr.

radiant heat-transfer rate to droplet, cal./sec.

radial distance in cylindrical colum, ft.
radius of drop, ft. (Equation (2.2—11)).
radius of circular nozzle, ft.

radius of cylindrical duct, ft.
dimensionless radial distance, r/rw

dimensionless radius of cylinder. X, VTw/pw/ﬁw/ow
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reflective flux density B.T.U./hr. ft2
direct-interchange area (surface-to-surface), ft2.
total-interchange area (surface-to-surface), ftz.

standard error of estimate, squared (Appendix B)

tenperature, OF.

temperature, °R (Equation (4.2-3) and Chapter 5)
dimensionless temperature (Chapter 4, Appendix D).
temperature of gas zone, °R.

temperature at wall} °R.

velocity, ft./sec.
dimensionless velocity
uniform nozzle velocity, ft./sec.

velocity, ft./sec. (defined by Equation (2.5-2)).
volure of gas zone, ft3.

flowrate, 1b. /hr.

flowrate 1b./sec.

dimensionless axial distance, x'/:w.

axial distance, ft.

radial distance from wall, ft.

dimensionless distance from.wall{ v /Tw /pw/ixw/pw

constant greater than unity (Equation (D-9)).
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Greek Letters

a absorptivity

ap absorptivity of particle

B constant (Equation (2.2-11)).

Y convective flux, B.T.U./hr. ft2 (Beguation (5.2-7)) .
Y smoothed absorption coefficient (Equation (2.2-12)).
§ colum diameter, ft.

€ emissivity

N eddy diffusivity for heat transfer, ftz/sec.

€ eddy diffusivity for momentum transfer, ftz/sec.

A latent heat of vapourization (Chapter 6) cal./gm.

A wavelength, microns

o} density, lb./ft3.

P density of gas, lb./ft3.

oL density of liquid,Ib./ft.

p! suxface reflectivity

T transmissivity

T - time constant, seconds (Appendix C.2.2)

% enthalpy flux, B.T.U./hr. ft° (Cquation (5.2-6)).
u . Viscosity, 1lb./ft. sec.

£ dimensionless shielding function (Equation (6.2-3)).
Subscripts

b bulk (temperature)

b black-body (radiation analysis)

' wall

I mesh point or zone identification

v frequency
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APPENDIX A ) CALIBRATIONS

A.1 Thermocouple Calibration

The aspirated and unshielded prabes  both used Pt-Pt 10% Eh
thermocouples. The thermocouple junction in the aspiration probe was
formed fram 0.00l—-in.‘ diameter wire and was approximately 0.004-in.
in diameter. The junction of the unshielded probe was formed from
0.0005-in. diameter wire and had a maximum diameter of 0.002-in. Both
probes had these fine thermocouple wires welded to heavier support
wires of the same material (0.010-in. diameter). These heavier wires
were the conductors in standard "Ceramo" - Ce3l6 (Thermo Electric
Limited) stainless-steel sheathed, thermocouple wire.

The stainless steel sheath was removed for a short distance
at the wire ends by de-plating the metal in an electrolyte solution:

The thermocouples were calibrated against a standard iron-constantan
thermocouple (80497, master NBS TEC102). The standard and uncalibrated
thermocouples were inserted into two adjacent 7-in. long holes which
were drilled into an 8-in. x 2%-in. aluminum cylinder. The cylinder
and thermocouples were inserted into a controlled constant temperature
oven which was set at different temperature levels. The steady-state
thermocouple millivolt signals were recorded at each temperature level

by a Honeywell Model 2733 portable potentiometer which had an estimated

* Only the straight probes used in the large furnace were calibrated
against the standard.
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precision of 0.002 millivolts corresponding to approximately 0.4°F for
the Pt - Pt 10% Rh thermocouple and 0.07°F for the iron-constantan
themocouple. The cold junctions were immersed in an ice bath. Table
A-1 shows the results of the calibrations.

Note that all millivolt readings were converted to degrees

Fahrenheit using tables based on the International Temperature Scale

of 1948.
TABLE A-1
Thermocouple Calibration
ASPIRATION PROBE UNSHIELDED PROBE
Probe Standard Probe Standard
261.5 259.0 430.4 426.6
312.5 310.3 489.8 486.0

355.4 3533 349.4 346.0

357.8 355.5
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A.2 Probe Calibration

It was not only necessary to ensure that the thexrmocouples
themselves recorded true temperatures but it was also necessary to
ensure that the probe geametry and/or aspiration rate would permit
true gas temperatures to be measured in the column.

Traverses were made with the unshielded probe at Ports* 4 and
8 in the large colum as described in the procedure, Section 3.4.3.
The aspiration probe was then placed in position and several traverses
made with different suction rates applied to the innermost tube of
the probe. |

The best agreement was obtained when a vacuum of 4 cm. of
mercury was applied to the probe assembly. Table A-2 and Figure 2-1
illustrate the agreement between the average temperatures recorded
with the two probes. This agreement was considered quite good since
under the operating con&itions at which these com;_ﬁarisons were made
(Wall temperature 13OOOF, steam flowrate 200 lb./hr.) the r.m.s.

*
were always greater than 25°F and in some

tenperature fluctuations*
locations as large as 50°F.

At a vacuum of 4 cm. of mercury the mass flowrate of gas through
the probe was of the oxdér of 0.1 gm./min. As the mass flowrate was

decreased, the temperature recorded by the aspiration probe increased

X Numbering from the top.

** At these temperature levels it was found that the peak-to-peak
variation measured on the single pen recorder (undamped) was
approximately 3 times the magnitude of the r.m.s. reading.
Depending upon the frequency of the fluctuations the recorder
would only follow the thermocouple millivolt signal within
80 - 90%. Thus at an r.m.s. reading of 25°F, the gas temperature
fluctuation at a point was at least 75°F.
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above that recorded by the unshielded probe. At higher mass flow rates
same droplets were drawn into the probe when measurements were made with

the spray flowing.

TABLE A-2
Comparison of Aspiration and Unshielded Probe
°F)
Distance from PORT 4 PORT 8
F\zﬁiﬁzstfall Aspiration Unshielded Aspiration Unshielded

Prcobe Probe Probe Prabe
0.50 855 872 958 954
0.75 795 - ., 921 o
1.00 - - 765 - 892
1.25 735 - 870 -
1.50 2 704 - 847
1.75 670 - 836 -
2.00 - - 651 = 821
2.25 612 ' - 810 -
2.50 = 600" - 788
215 565 - 780 -
3.00 o= 525 = 765
3.25 509 - 767 -
3.50 - 501 - 746
3.75 480 , - 746 -
4,00 = 468 = 746
4.25 447 - 746 -
4.50 &= 460 .- 750
4.75 447 ' - 746 =
5.00 = 468 fL - 754
525 472 - 760 b=
5,50 - 509 - 769
D75 517 - 788 -
6.00 - 573 - 803
6.25 597 - 810 -
6.50 o 647 - 851
6.75 662
7.00
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A.3 Orifice Calibrations

*
(a) Orifice B - 0.636-in. diameter bore
Pim I.Dl - 10049_in0

The standard formula (P14) was used to calculate the weight

rate of discharge

' 2.ga”
w' o= CYS, \) ——5m— (A.3-1)
where
w! = ‘flow rate (1lb./sec.)
& = coefficientof discharge
X = expansion factor
S, = cross-sectional area of discharge opening (sq./ft.)
g = local acceleration due togravity (ft./secz)
dl = density at upstream temperature and pressure
(1bs./cu.ft.)
AH' = orifice differential - ft. of fluid of density dl
B = ratio orifice diameter/pipe diameter

After evaluating the various gecometric factors, expressing the
density in terms of the ideal gas law, and converting the orifice
differential to inches of mercury one obtains the following simplified

equation

w' = 0.159 —_— (A.3-2)

249,

* B refers to the equipment designation given in Table 3.3-1
of Section 1.
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where
w' = 1b./sec.
Pl = upstream pressure in p.s.i.a.
AH = orifice differential (in. - Hg.)
Ty = upstream temperatures (°R)

with the flow in lb./hr (A.3-2) becomes

PlAH
w = 572 —— (A.3-2a)
T
1
The orifice was then calibrated against two Fischer Porter
- rotameters connected in parallel.

The rotameters used were

(1) FP-1-35-10 with a 1-GSVT-64 s.s. float

(2) FP-B6-35-250 with a BSVT-64 s.s. float
Flow rates were obtained from the respective calibratioh curves supplied
with the units and corrected for pressure and temperature according
to the Fischer-Porter manual (F5) . Before calibrating the orifice the
rotameters were connected in series and checked against one another.
At the lowest flow rate of 15 S.C.F.M. the corrected flows fram the two
rotameters agreed within 1%. At all higher flows (31, 49, 59 S.C.F.M.)
the agreement was better than 0.4%.

Table A-3 campares the corrected, measured flow rate with the

flow rate calculated from equation A.3-2. It will be noted that in
every case the predicted flow is less than the measured flow. The

coefficient on the orifice equation was thus changed to give a new

equation,



PlAH
W’ = 0.162 —T—
1
or with the flow in 1lb./hr.
PlAH
w = 584 '—T——
1

(A.3-3)

(A.3-3a)

which predicts the measured flow within 0.5% at all flow rates.

TABLE A-3 : ORIFICE B CALIBRATION

Measured¥* Flow Calc'd Flow Calc'd
Flow - From A.3-2a From A.3-3a
270 265 271
316 - 312 317
362 354 361
399 389 400
428 417 427
535 520 533
* All flows in lb./hr.
(b) Orifice D - 0.370-in. diameter bore
Pipe I.D. - 1.049-in.

This orifice was calibrated for both steam and air flows.

calibration with steam as the flowing medium was made by collecting

The
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condensate from the condenser. For air as the flowing medium the
orifice was calibrated simultaneously with orifice B since the two
orifices were connected in series.

This orifice exhausts to essentially an atmospheric pressure
environment and hence at the higher upstream pressures the throat
velocity approaches the limiting acoustic velocity. It should be
noted however that since the orifice is a square-edged orifice, the
normal relationships for predicting the critical throat pressure do
not apply, i.e., the discharge will continue to increase as the ratio
of downstream to upstream pressure (PZ/Pl) decreases below r_ as

c
calculated from A.3-4.

2 k/ (k=1) ‘
rc = [m ] (A.3-4)

where k = Cp/Cv = 0.53 for air; 0.58 for saturated steam(PM)

Consequently for purposes of calibration the downstream pressure was

always taken as 14.7 p.s.i.a.

~ For flow in pipes of less than 2-in. I.D. it is recomnended(Tg)
that the discharge equation be expressed in the form
i _ 2 n 1-n
w' (lb./sec.) = KYD,™ AP" »p (A.3-5)

where
K = overall constant (includes discharge coefficient)
Y = compressibility factor

throat diameter in inches

O
]

AP = orifice differential (p.s.i.)
p = gas density (lb./ft3) at upstream T and P

n = constant to be determined empirically
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Rearranging the above equation and grouping KYD22 as one constant one

can write

w'/o = C(ap/p)" (A.3-6)
In logarithmic form equation (A.3-6) becomes

log (W'/p) = log C + n log (AP/p) (A.3-7)

Thus if log C remains constant (not a function of flow rate) a plot of

w'/p vs. AP/p on log-log paper will be a straight line of slope n.

253,

For steam n was found to be 0.582 and C was calculated as 67.15 thus the

flow equation becomes

0.582 00.418

w' = (67.15) (AP)

( ) (A.3-8)

which applies for

139.5 <« w (lb./hr.) < 285.3

271 °F) < 298

Tupstream

20 < AP  (p.s.i.)< 48

t mass flows greater than 177 1lb./hr. Equation (A.3-8) predicts flows
with less than 1% error. At lower'flow rates the error increases to
4%,

For air n was found to be 0.32 and C was calculated as 267

and thus the flow equation becames

0.68

w = (267 (ap)232 (p) (A.3-9)

which applies for
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270 < w(lb./hr) <535

28 < AP (p.s.i.) < 65
o

80 < TUpstream ("F) < 90

Using the ideal gas law and converting the flow rate to 1b./hr.

Equation (A.3-9) becames

0.68

_ o .
w= (525) (ap)0+32 (Tpstream (A.3-10)
Upstream
where
PUpStIeam ls m pQSolan
and TUps tream 1S degrees Rankine

A.4 Rotameter Calibration Curves

Figure A4-1 is the calibration curve for Fischer-Porter
rotameter FP - % - 25 - G - 5/81 - sapphire float.

Figure A4-2 is the calibration curve for Fischer-Porter .
rotameter FP - % - 21 - G - 10/80 with stainless steel float

No.16 USVT-40.
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A.5 Electrophotometer Calibration

The Fisher Model AC Electrophotometer was calibrated by measuring
the transmittance of a number of solutions of known KMnO 4 concentrations
on the logarithmic scale of the instrument. The solutions were prepared
by diluting a N/10 stock solution of BDH potassium permanganate.

All solutions were buffered with 10 ml. of 85% phosphoric acid.

Figure A5-1 is the calibration curve. It covers a concentration
range of 4 to 36 mg./litre. KMnO, solutions of known concentration*
were used to check the calibration. In all cases the indicated and

actual concentrations differed by less than 1.5%.

* Supplied by the Chemistry Department (Analytical Group) of
McMaster University; concentrations known to + 0.2%.
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A.6 Hot-Wire Calibration

A 0.00014-in. diameter 8 ohm tungsten wire probe* was used in
conjuction with a Hubbard Model IHR constant temperature anemometer.
The linearizing circuits of this instrument gave an amplified milliamp
read-out which was directly proportional to the gas velocity at the

wire (H17) .

To calibrate the wire, the probe was placed at the centre-line

and two inches above a carefully calibrated flow nozzle(m)

through
which air at 80°F was flowing.

Figure A6-1 is the calibration curve. AI on the abscissa
is the difference between the average milliamp reading at velocity V
and at zero velocity, i.e. (T - To) . It can be seen that over this

velocity range the relationship is linear. The least-squares straight

line through the points has a slope of 22.2
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* The procedure followed in making this probe is described in
reference (R7).
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APPENDIX B : PHYSICAL PROPERTIES

B.1l. General
The majority of the physical properties of both steam and air
at atmospheric pressure were taken from the tabulations presented in
National Bureau of Standards Circular 564. The viscosity of steam
was determined from the correlation given by Latto(Lg) . The heat
capacity of steam was also taken fraom the NBStables although the values
for Cp reported therein are not in agreement with those of Gordon(Gll’ Gl2)
and Wagman et. al.(W3) especially at steamtemperatures less than 500°F
The NBS data were chosen because the tabulated heat capacities were
calculated from experimental enthalpy measurements whereas Gordon's
values (corrected for rotational stretching by Wagman) were cbtained
from spectroscopic measurements assuming that steam was an ideal gas.
Since the theoretical development and most of the analysis of
experimental data involved the use of a digital computer it was
necessary to convert the tabulated data into a convenient analytic form.
The expressions which follow were obtained by least-squares analysis

of the tabulated data over the indicated temperature ranges.
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B.2 Physical Properties of Air

All temperatures are in degrees Rankine. The correlations for
heat capacity, viscésity and thermal conductivity cover the range
450 to 1980°R. The correlation for density covers the range 540 to
1800°R.

(i) . Density, lb./cu.ft.

£ 6,2

T + 0.39657 x 10 T

~0.18148 x 107013 + 0.31925 x 10 1374

s2(y) = 0.97789 x 10~/ on 11 degrees of freedam

o = 0.20738 - 0.41492 x 10

(ii) Heat capacity, B.T.U./lb. °R.

Cp = 0.24688 = 0.35554 x 10”7 + 0.49476 x 10™ /1%
-0.12047 x 1071073
SZ'(gr) = 0.13419 x 10°° on 14 degrees of freedom

(iii) Thermal Conductivity, B.T.U./hr.-ft.-CF

3 4 8.2

k = 0.28670 x 10 ° + 0.32778 x 10 T - 0.84398 x 10 °T

+0.13190 x 10743
s2(y) = 0.51112 x 10 on 14 degrees of freedam

(iv) Viscosity, 1lb./ft.-sec.)

: Tp - 0.13157 x 10”1072

-18T4

= 0.28967 x 10 ° + 0.28330 x 10

+ 0.44536 x 10~ 473 - 0.63962 x 10

15

s? (y) = 0.21966 x 10~ on 13 degrees of freedom
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B.3 Physical Properties of Steam

All temperatures are in degrees Rankine except for the viscosity
correlation where the temperature is in degrees Kelvin. This latter
correlation covers the temperature range 373 to 1373 %k. All other

correlations cover the range 684 to 1890 ORr.

(i) Density, 1b./cu.ft.

3 6,2

p = 0.11678 - 0.20820 x 10 T + 0.17673 x 10 T

- 0.71973 x 1071973 4 0.11322 x 107 131?

S2'(y) = 0.76594 x 10°° on 11 degrees of freedom
(ii) Heat Capacity, B.T.U./lb.-oR

1 2 Bl

T + 0.21208 x 10 T

- 0.99145 x 10 2T° + 0.17177 x 10 1274

52 (y) = 0.35893 x 10-5 on 11 degrees of freedom

Cp = 0.10765 x 10~ - 0.19007 x 10

(iii) Thermal Conductivity, B.T.U./hr.—ft.-oF.

2 4+ 0.21871x 10~%T + 0.22099 x 10”812

52 (y) - 0.81157 x 1078 on 13 degrees of freedom

k= 0.18361 x 10

(iv)  Viscosity, poise (°K)

5 6

= -0.65634 x 10 ~ + 0.26700 x 10 T

+0.25500 x 10727% - 0.13303 x 10 1273

- 0.22475 x 10~°1% + 0.18488 x 1071%7°

Latto(Lg) reports a standard deviation from the experimental

points of t 1.22%.



APPENDIX C ¢ CALCULATIONS

C.1 Determination of Droplet Sample Size

This calculation was made for the following conditions;

(1) a flow rate of x 1lb./hr. of water (density - 60.1 lb./cu.ft.)
(2) volume mean diameter of spray is d microns

(3) cross-sectional area of the 8-in. I.D. column,
A, is 0.349 sq.ft.

(4) area of collection cell, e, is 1.92 x 10~} sq.ft.
(5) velocity of spray, is, v, ft./sec.

(6) target efficiency is 100%

(7) exposure time of cell is t seconds

Since a flow rate of 1 1lb./hr. represents a volume flow rate

of 4,62 x 10~°

1.84 x 10—17 cu.ft., the number of drops generated per second is

cu.ft./sec. and the volume of a 1 micron drop is

N = (2.52 x 10M) (x)/a° (C.1-1)
and the droplet concentrations (drops/unit volume) is given by

N = @s2x10t) /@ @) W (C.1-2)

The volume swept by the cell when open for t seconds is
(AC) (v) (£) = v,

From equation (C.1-2) the number of drops collected is therefore

N 11

No= .= (2.52x 101 (0 (0 )/ @)

which for this particular system becomes

N, = (139 x 10%) ) () /a° (C.1-3)
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Example : For 5 lb./hr. with a d of 50 microns and t of 1 second
N_ = (1.39 x 10°) (5) (1)/(5 x 10)> = 5,500 drops

if d is 80 microns, Nc = 1,350 drops

It should be noted that while the number of drops collected
decreases as the volume mean diameter increases, a greater fraction of
the calcuiated theoretical maximum number of drops will be collected
because the overall target evfficiency of the cell increases with
increasing drop size.

The relationships developed by Ranz and Wang(RB) for a disc-
shaped collector indicate that for 5 micron diameter water droplets,
flowing in steam at 4 ft./sec., being intercepted by a 0.76 cm. diameter
disc, the target efficiency is approximately 0.40. For 10 micron droplets
the efficiency increases to 0.81 whiie for 20 micron droplets the
efficiency is > 0.95. At a velocity of 8 ft./sec. the target

efficiencies for the 5 and 10 micron drops become 0.62 and 0.90 respectively.
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C.2 Thermocouple Response

The following calculations were made assuming that the thermo-
couples were measuring the temperature of steam at 400°F. The properties
used were taken from tables W&z . It was also assumed that the thermo-
couple junction was formed by butt-welding the two wires thus giving a

junction of the same diameter as the wire.

C.2.1. Calculation of Thermocouple
Time Constant

Hoffman(Hl) used a thermocouple constructed of 0.010-in.
Pt - Pt 10% Rh thermocouple wire. The suction applied to the
thembcouple probe was such as to give velocities of the order
of 100 ft./sec. at the thermocouple junction. This velocity
corresponds to é Reynolds number for the wire of 211.
Using a standard correlation for flow over wires(p’4ll’ ®i
the Nusselt number is calculated to be 7.45 which corresponds to
a heat transfer coefficient, h, of 179 for this steam flow.
Using a density of 1334 1lb./cu.ft. and a heat capacity
of 0.0326 B.T.U./1b.°F ‘EM) for platinum and neglecting the

effect of rhodium, the time constant of the wire is calculated as:

CppV _ (0.326) (1334) (-010) (3600)

A = (I ey = 0-121 sec.

is assumed to be (%) = g-
sphere

where

<

Similarly for a 0.0005-in. diameter wire at a gas velocity of
5 ft./sec. the Reynolds number, Nusselt number and heat transfer

'coefficient are found to be 0.527, 0.721, 346 respectively.
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The time constant is thus

(0.121) (0.0005/0.010) (179/346) = 0.00314 sec.

For the same sized wire Brown(Bl3)

reports a time constant of
0.0037 seconds.

C.2.2 Calculation of Magnitude Ratio

The magnitude ratio, in frequency response studies, represents
the ratio of the magnitude of an output signal to an input signal,
If the output signal from a system is a linear function of the

input signal the magnitude ratio (M.R.) can be calculated from(PlB)

M.R. = 1/(1 + (2n£1)%)% (C.2-1)

where
f is the frequency of the input signal in éycles/sec.
T is the time constant of the system in sec.
For a thermocouple, if the millivolt fluctuation which corresponds
to a temperature fluctuation in the medium being monitored is
considered as the input signal, then the millivolt signal which is
‘transmitted to the measuring circuit can be considered as the
output signal. Thus the M.R. gives a measure of the ability of the
thermocouple to follow temperature fluctuations.
For a frequency of 10 c.p.s. the M.R. for Hoffmén's
thermocouple is
M.R. = 1/(1 + (20+10+0121)%) = 0.13
For the unshielded 0.0005-in. thermocouple

M.R. = 1/(1 + (20-10+0-00314)%)% = 0.98
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Thus the small thermocouple can be expected to follow the gas
temperature fluctuations approximately 8 times better than the

large thermocouple employed by Hoffman.

C.3 Comparison of Thermocouple Probes

Figure C.3-1 campares the gas-temperature profile which was
measured with the original probe (thermocouple junction %-in. above the
stop-rod) to that which was measured with the modified probe (thermocouple
junction 1%-in. above the stop-rod). The profiles were measured in an
air flow, (N, = 10,100) at a nominal wall temperature of 600°F, at an
axial distance of 3-in. from the start of the "hot zone". It can be
readily seen from the figure, that the extrapolated wall-temperatures
differ by approximately 50°F. The gradient measured with the original
‘probe is also seen to be steeper (approximately 60% steeper), than the
gradient measured with the nmodified probe. Consequently, f.he rate of
heat transfer calculated fram the data taken with the original probe
would be higher than that calculated fram the data taken with the
modified probe.

The geometxy of the original probe-tip '(junction %-in. above
the stop-rod) was identical to the probe-tip geametry employed by
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‘Brown (813); Brovm found that the heat-transfer rates which were

calculated from his experimentally measured temperature profiles were
20 to 45% higher than those of other workers (BL5; €10, E1) . Since

Brown's probe was the same as the original probe used in this work it
would appear that his apparent high heat-transfer rates were caused by

the effect of the probe on the gas-temperature profiles.
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C.4 Effect of Variable Thermal Conductivity on
the Temperature Gradient at the Wall

For purposes of illustration, consider a narrow slab of gas

adjacent to a hot wall (twall > tgas) as shown in the Figure below.

Lo
7 Lo
/ [
| 2
% Lo
e
/ ! I
% -olm‘w—

(o] X —

If the assumption is made that a heat-sink, Q' (B.T.U./hr. ft.3) rexists
in the gas (analogousto the heat transported away by the flowing gas
in the real system), a steady-state one-dimensional heat balance on a

slab of thickness Ax can be written as

qu = qx+AxA - Q'AxA =0 (C.4-1)

where g is the heat flux, B.T.U./hr. ft2

A is the area of the slab perpendicular to the direction
of the heat flux, ft2,

Dividing equation (C.4-1) by AxA and taking the limit as Ax goes
to zero gives

(Ao -0

Ax~+0 A (C.4-2)

The first temm of this equation is just the first derivative of g with
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respect to x and so' the equation becomes

R G ’
I 0 0 (C.4-3)
Fourier's law in the form, q = - k%;: is now substituted into equation
(C.4-3) to obtain
- d kdt o o -
- ( 5 ) -Q' =0 (C.4-4)

(i) Constant Thermal Conductivity

When the thermal conductivity is constant, equation (C.4-4) can
be written as
a’
dx2
This equation indicates, as expected, that the temperature

- Q'/k (C.4-'5)

gradient increases as the wall is approached. It is obvious from
‘equation (C.4-5) that if k is evaluated at t, all (k increases with
temperature for gases) with Q' kept constant, the temperature gradient

at the wall is not as large as when k is evaluated at tqas'

(ii) + Variable Thermal Conductivity

If k is considered now to be a function of t in equation (C.4-4),
the indicated differentiation yields

2
R (C.4-6)
ax

If k is only a function of t and t is only a function of x, the above
equation can be written as

@t _ o 1 & dt, 2

_d—;?- = " 5 E (a-; (C.4-7)



273,

Since in this case g—kg is known to be positive, the second term on the
right side of equation (C.4-7) is always positive; therefore a comparison
of equations (C.4-7) and (C.4-5) indicates that allowance for a variable
thermal conductivity will result in a decreased temperature gradient at

the wall.



APPENDIX D : FINITE-DIFFERENCE APPROXIMATIONS

D.1 Parabolic Equation (no axial diffusion)

(i) Dimensionless Energy Equation

The dimensionless energy equation (4.3-3) will be rewritten

here for ease of reference

2
T _ 1 . 3T , 3G 9T 3T
ROU == = RCG3*tsw = ¥ G—‘aRz (D-1)

where the dimensionless variables have the same definition as given in
Section 4.3.2. The mesh system to be used was given in Figure 4.3-3.

(ii) Derivative Approximations

(a) Axial direction - a standard forward-difference approximation

was used
3T _  Yi,5+l T Ti,j .
ox X. - X,
3.0 S|

(b) Radial direction = using the Crank-Nicholson approximation
for the radial temperature gradients the derivatives can

be represented as

aT _ 1 Tiel,g T e, Tkl T Tiel e i
&, - 4 Rl ~ Ry Riv1 = Ry

=274~
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2T 1 © i - 2 %
oR? 2 | Ry TR Ry "Ryl Ry TRy IRy =Ry
N 2 Tioa . 2 Tivl, 41
Ry _R ) Ry “Rig) 0 Ry =R Ry = Ryy)
ar By Awd P T
Ry = Ry p) (Ryyy = Ry Ry =Ry ) Ry =Ry y) [ (D=4

Ecquations (D-3) and (D-4) approximate the derivatives by using the
average of the derivatives at axial locations j and j+l. The expression
for the second derivative at any one axial location j is found from a
Taylor's series expansion for a variable step size(ng) . If the step

size is constant, equation (D-4) reduces to the more familiar form

3_21-_ o1 | Tie,g 727, YTy, N B T s e TETT s W IV
2 2 ‘ 2 2
3k (Riyy = By} (Riyp — Ry

(D-5)

Equation (D=3) is the standard central-difference form of the first
derivative for a constant radial step size. The more exact expression which
is derived from a Taylor's series for a variable step-size could not be
used because it was found (H19 that the solution was always unstable.
Equation (D-3) ‘was found to yield stable solutions under all conditions.
This equation has a truncation error of order
- Ri) 2] L =

2
[ Ry =Ry = Ry

whereas the more exact expression (analogous to equation (D-4) for the

" second derivative) has a truncation error of order
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3 5

)

=

=R

3 4

%

Thus although equation (D-3) has a higher truncation error than the
more accurate expression, the magnitude of the error is still very
small.

Similarly, the first derivative of the eddy diffusivity equation
was evaluated by a constant step-size central difference expression.
The derivatives were not averaged as in the case of the temperature
derivatives because the diffusivity was assumed to be independent of

axial distance. The resulting expression is

36 Gi+1 " Gy
R R - R (D-6)
i+l i-1

(iii) Boundary Conditions

(1) at x=0, Ti,l = Tinlet(R) (initial 1‘:emperature distribution
is known)

(2) at R=1, TN,j+l = Twall(x) (wall temperature is known)
(3) at R=0, %Ii‘ (i,3) =0 (axial symmetry)

1
R
indeterminate. , Applying L'Hopital's rule this term becomes

When boundary condition (3) is applied to (D-1) the term = G -gLI‘R— becomes

0

G =~ (3T/3R) 2
X = ¢ 23 (D-7)
IR (R) oR

 and the energy equation at the centre line becomes
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g L = 28 4L (D-8)
oX 8R2

The expressions for approximating these derivatives have already been

given.

(iv) Determination of Radial mesh-points

The radial step-sizes were calculated from a formula similar to

that used by Houghton (H19)
Pl N-1
sR = [2 1 ]/ r AR, (D-9)
P Z-1 p=l

where N is the number of radial mesh points, including the wall. The
larger the value of Z the more rapid the increase in step-size as p
increases.

Since the mesh-points were nunbered from the centre-line to
the wall, each radial mesh point was calculated as shown in équation (D-10).

for 1i=1 , R. =0

. e AT .
fori 22, R R, 1+ RN+l—i (D-10)

(v) Finite-Difference Equation

The . following new variables were defined to avoid the manipulation

of cumbersome equations.

BL = 1Ry =Ry

rF2 = ¥Ry = Ry) Ry = Rigy)
F3 = 2/(R; - R,_)) (R, - R)
BE ™ W Reg) By~ Ry
Dx = xX. - X,



. T N T R
Dify = (EE -~ R . -R
i i+l T Ni-l
~ Pl . % . F4
A = iy *PRI- S G
B - E3 G. - ROy
i 2 i DX
i . R Ri L "2 i
RO-U.
-~ F3 i
B = =5t g (D-11)

The following equation is the finite-difference equation for the

solution of the energy equation at mesh points i = 3 to i = N-1.

Ci Tapt, 40l ¥ 00 T 50 * 2 Tia 90
i Tien,5 "B T, 7B Tl (D-12)
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where the temperatures on the L.H.S. are all unknown and the temperatures

on the R.H.S. are known.
At the centre line, i = 1, and symmetry dictates that

Ti+1,5 = Ti-1,3 e
Tiv1, 541 = Ti-1,541
and the coefficients have the following form
A +C = —Gl [F2 + F4]
RO-U2
By = F3 G - %
RO-U
= it | (D-14)
Dl F3 Gl X
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The finite-difference equation is thus written as

L L Tl L R
1,54 b 1,3 Dy 24 Dy 2,5+1
(D=15)
Thus where 1 = 2, the value for Tl 3+l from (D-15) is substituted into
’
equation (D-12) to yield
[ 1~ A2 (A, + C.) T + C—2 T
5o WS Bieat 5 Baa
1 2 2
2 +J 2 12 rJ
C2
- 52- T3,j _ (D-16)

The temperatures at each axial-step were determined by inverting
the tri-diagonal matrix of coefficients given in equations (D-12) and (D-16).
The inversion was performed by a standard library routine which used a
Gaussian elimination technique (BNDSOL on the McMaster IBM 7040 computer) .
Thus the temperatures were determined for mesh points i = 2 to i = N=1
after inversion. The centre line temperature, Tl,j 417 Was then
determined from equation (D-15).

(vi) Determination of Ui

The equation for the dimensionless velocity profile (4.3-4) was
murerically integrated with the MIDAS library routine (5th order

Predictor-Corrector). The results were then regressed using a least-

squares, orthogonal polynaomial analysis (P16) . A ninth order polynomial

gave results which differed from Deissler's velocity profile‘DB) by

no more than 0.5% at all values of y+ up to 26.



280.

(vii) Program Listing

The program listing for the solution of the finite difference

equation is given in Appendix 2.1l.

D.2 Elliptic Equation (axial diffusion)

The dimensionless energy equation with the axial diffusion term

included, equation (4.3-10) is rewritten here as equation (D-17).

U = = 2 B+ B H L 254 ¢

= ©-17)

where the dimensionless variables have the same definition as given

in Section 4.3.2. The assumptions are the same as those employed in

the solution of the parabolic form of the energy equation with the
exception that axial diffusion is not neglected. The additional assumption
was made that the eddy diffusivity at a point is assumed to be the same

in the axial and radial directions.

All the derivatives in this analysis were written in texrms of a
central-difference approximation. As in the case of the parabolic fomrm,
the first derivatives were expressed in standard form without allowance
for a variable step size. As explained in Appendix D.l this leads to a
larger truncation error than is obtained with apprbximations which
account for the variable step-size but the solution remains stable under

all conditions. The expressions for the second derivatives reduce to
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the  standard form when the step size remains constant. |

(1) Derivative Approximations

(a) 2Axial Direction

T: . - T. .
L = 1,9+l i,j (D-18)
A 541 T ®4-1
2% _ ¢ Ty 541 €Ty 3
3x2 (xj+l - xj) (Xj+l - Xj-l) - ij+l - xj) (xj - xj-l)
. 2 Ti,5-1
(xj - Xj-l) (Xj+l - xj_D _ (D-19)
(b) Radial direction
: G. - G, :
G _ i+l i-1
R = R.,. - R, (D-20)
i+l i-1
bi 178 . = T. "
3T _ i+l,J i-1,3
W ~° R.-K (D-21)
i#l T3k
ar 2 Tin, 3 e )
or? Ry TRY Ry ~ R ) Ry TRy Ry - Ry )
2T 4
+ - L — ‘ ~ (D-22)
ARy = By n}(Rpy = Byy)

(ii) - Boundary Conditions

(1) at R=1, TN,j +1 - T all(x) (wall teniperature is known)

3 T —
(2)  atR=0 = (1,3 =0
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(3) at x=0 T, , = (initial temperature

distribution is known)

(4) at x=x"' T, . = T (R) (temperature distribution
from paraboli¢ equation is
used at x = x

As discussed in Appendix D.1l, at the centre-line the term

—g— g-g— is indeterminate. When L'Hopital's rule is applied, the energy
equation at the centre-line has the form

° £ = — i
ROV o = G(2 + ) (D-23)

(iii) Determination of Mesh Points

The radial mesh-points are determined as in the parabolic case
and can be found from equations (D-9) and (D-10). The axial mesh-size
is constant except in the entrance region where the initial step is
further subdivided because of the large axial temperature gradients
existing there.

(iv) Finite-Difference Equation

The following new variables were defined to avoid the manipulation

of curbersome equations.

Fl = VR, =R)
F2 = ARy Byl Byeg ™ By
#ow Y - Rg) Ry = Ry

Fd = YR =Ry ) Ry " Ryy)
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H = TL/(xj - xj—l)
H2 = 2/(Xj+l - xj) (Xj+l - Xj-l)
H3 = 2/(x. = x. ) (% - X.
/ J J=1° T4l J)
H = 2/(xj - Xj-l) (Xj+l - Xj—l)
G; - G-
DlFi - (g_g_) = Rl+l _ Rl 1
i T i-1
Gy
D = F1 (DIF. + =—) = F4G,
i i R, 1
i
B. = (F3 + H3) G.
3. i
G
Ci = -Fl (DlFi + ﬁj__) - FZGi
Di = RO-Ui H1 - HZG:.L
E. = RO-U. Hl - HA4G, (D-24)
i i i

The following equation is the finite-difference equation for
the solution of the elliptic form of the energy equation atdl mesh points

where the temperature is unknown except at the centre-line mesh point,
(i=1).

By T O T g T A Wy g s ¥ D Ty s FE Ty =0 D25

At the centre-line where i =1

., because of symmetry,

Tiv1,5 = Ti-1,3

and the coefficients Ai ' Bi' Ci become
Al + Cl

-

- (2F4 + 2F2) Gl

{ (2F3 + I3) G : (D-26)
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The finite-difference equation at the centre-line is thus

written as

B, T .+(Al+C

1715 x

) Ty 3 ¥ Dy Ty s

TE Ty 5 0 © (D-27)

The temperature coefficients in equations (D-25) and (D-27) are
inserted as the elements in a banded matrix which was inverted by a
standard library routine (BNDSOL). This routine also performs the
appropriatemultiplications with the. inverted matrix which are necessary
for the determination of the unknown temperatures.

(v) Program Listing

The program listing for the solution of the finite-difference
approximation to the elliptic partial_—differential equation is given

in Appendix Z.2.



APPENDIX E RADIATION ANALYSIS

E.1 Gas Emissivity

The gas emissivity was calculated from the following correlations

of Bevans (B3)

e =K, (p0) + (K, pO)* (E.1-1)

0.01 § p¢ < 0.1 atm.-ft. (BE.1-1)

i

0.1 <pl gl atm-ft. (E.1-2)

e =Kg Log (K7 pl)
1.0 < pf £ 20 atm.-ft (E.1-3)

The coefficients K are functions of temperature. The tabulated
values of K given by Bevans were regressed to yield X as a quadratic
function of temperature. (K =. a, +aT+ asz) . The calculated values
of K never differed from the tabulated values by more than 0.8%. The
K's were fitted over two temperature ranges; Table E.l1-1 gives the
coefficients of the quadratic equation.

(H8)

The emissivity data of Hottel were fitted by a third-order

polyncmial at.600°R, for 0.005 ¢ pl < 20 atm.-ft. The calculated
emissivity never differed fram Hottel's values by more than 0.9%. The

equation used to calculated e was

1 2

e = -1.1463 + 0.33723 (p2) - 0.37953 x 10 = (pl)

+ 0.78059 x 107> (pt)° (E.1-4)

-285~



286.

TABLE E.l1-1 : Temperature Coefficients

(i) Temperature Range 800 to 1399°R

K a, x 10 a; x lO2 a, x lO6
Ky - 0.25874 0.20647 - 0.67997
K, - 0.15806 - 0.11528 - 0.42670
Ky - 0.55392 0.25207 - 0.84426
K, - 0.17307 - = 0.06902 0.01824
Kg 0.33601 ~0.09476 - 0.77771
Kg - 0.17335 0.06512 - 0.24112
Ko 00.37366 - 0.17653 0.45636
(ii) Temperature Range 1400 to 2000°R

K, - 0.15737 0.07146 - 0.23242
B - 0.21956 - 0.04953 - 0.58523
Ky - 0.46312 10.12027 - 0.36588
K, - 0.20928 - 0.02076 - 0.14210
Ky 0.40372 - 0.02445 - 0.27222
Kg | - 0.12568 0.00529 - 0.05695

0.32675 - 0.10382 0.17586

Xo
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A linear interpolation was used to obtain gas emissivities at
temperatures between 600 and 800°R.

(H8) 0 allow for

The correction factor, Cw, given by Hottel
a non-zero partial pressure of the water vapour (Hottel's data are given
for a zero partial pressure of water vapour.) was regressed to yield

the equation
Cw = 1.3633 - 0.86801 x 10":L (n(pl) - 0.45815) (E.1-5)

for a total pressure of 1 atmosphere and pure steam (vapour pressure =

1 atmosphere)

E.2 Direct-Interchange Areas

Erkku's(m) modified interchange areas were tabulated at values
'of kB of 0.0, 0.10, 0.25, 0.50, 0.75, 1.00, 1.25, using the following

relationships

Interchange Area, End—to—Wall/B2

Interchange Area, End-to-End /iB2

Interchange Area, Wall-to-Wall/s

8 8 H ¢
]

= Interchange Area, End-to-Gas/(kB)B>
GG = Interchange Area, Gas-to-Gas( (kB)zB2
GN = Interchange Area, Gas—to-Wall/(kB)BZ (E.2-1)
Each interchange area was identified by three numbers, e.g., GG 324.
The first number is the maximum axial distance, measured in

B units, between points in the two zones under consideration.
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The second number is the maximum radial distance, in B units,
from the centre-line to the furthest point in the zone closest to the
centre-line.

The third is the maximum radial distance to the furthest point
in the other zone. For example, the designation GG 324 would be the
modified interchange area for the cross-hatched zones shown in the
following diagram, or any other pair of zones with this particular

orientation.

(e, [, [S——) S—

|

Interchange Area Illustration

Figure E.2-1

Erkku's tabulations were all regressed to third-order polynomials.

(Since there are a total of 960 interchange areas, each having 4 coefficients,
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they are not listed here. A listing of the ccefficients, as well as a
binary card-deck, is available :Ln the Chemical Engineering Department of
McMaster University.) In only 39 of the possible 960 interchange-area
equations did the calculated values differ by more than 0.5% from the
tabulated values. Of these 39, only 9 differed by 1 to 2%, the remainder
differed by 0.5 to 1%.

(1) Characterstics of Direct-Interchange
Areas

Since the net flux between two zones is equal to the difference
in the two one-way flux terms, it follows that when the two zones are

at the same temperature, the net flux must be zero and hence

H1% = Sy 98 = €8 ete.

These reciprocal relationships are true only if the absorption coefficient
is the same in the two one-way terms, regardless of temperature. This
requirement is realized if the absorption coéfficient is evaluated from
the gas emissivity or absorptivity at some average gas and surface
temperatures (Equation 5.2-2) rather than at the temperature of each
zone. Evaluation of k and the direct-interchange area at the temperature
of each zone is a more rigorous approach .but the added calculational
complexity is not warranted in most engineering applications.

The total of all the interchange "areas" representing flux fram
any one zone to each of the others in the enclosure, including itself,
rust be equal to the energy originating from that zone, per unit
emissive power, i.e.,

I s, + I s9; = A | (E.2=2)
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and similarly

; 919; + I %i = 4ng (E.2=3)

The direct-interchange areas apply only in a black enclosure,
i.e., no radiation is reflected from the walls of the enclosure. If the
walls are not black, reflection must be taken into account; this is done
through total-interchange areas which are derived from direct-interchange

areas as described in Section E.3

E.3 Total-Interchange Areas

Most surfaces of industrial importance are partial reflectors,
i.e., non-black; they also approximate diffuse, rather than specular,
reflectors for which incident radiation is reflected almost uniformly
in all directions. The reflected radiation is distributed among all
the gas and all the surfaces in the enclosure in accordance with the
geometrical configuration of all the various surfaces and the absorbing
power of the gas. The reflected radiation which in turn is incident
on the surfaces of the enclosure is agaih partially absorbed and partially
reflected and the process is repeated ad infinitum. Consequently a
calculation of the total-interchange area applicable to any two zones
will require a knowledge of all zones they can "see" either directly or
by wall reflection.

(H7)

As Hottel and Cohen indicate, the interchange area between

any two zones in the enclosure cannot be a function of temperature as
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long as the emissivity and absorptivity are not considered to be functions
of temperature. Consequently the total-interchange terms can be evaluated
at any convenient temperature. Hottel and Cohen show that the evaluation
of the total-interchange areas can be simplified by assuming that all
surface and gas zones in the enclosure except one are at a temperature of
absolute zero; hence all such zones have an emissive power of zero. The
one emitting zone can then be assigned a temperature such that it has a
black emissive power (E=oT4) of one. As a result of this particular
arbitrary temperature distribution there will be a radiant flux at and
toward every surface in the system, and at and away from it as well,

owing solely to original emission from the one zone and to the multiple
reflections within the enclosure. The terminology(H7) to describe this
outgoing flux density is R, with a presubscript designating the original
source of the energy and a postsubscript designating the reflecting
surface. .

(1) Original Emitter is a Gas Zone

If, for example, gas zone 9 is the sole emitter, then the total
radiant flux at and away from any surface, sj, in the enclosure is
designated as gj‘Rsi Asj. Since this is the reflected flux, multiplication
by the ratio of absorptivity (equal to emissivity) of the surface to
the reflectivity of the surface (p' = l-¢) yields the rate of energy
absorption at the surface. Since the original emitter was assigned an

emissive power of one, this rate of energy absorption must be, by definition,

identical with the desired total-interchange area GiSj; or

me— - ——— - L -
Gisj = SjGi g.Rs. As. €g /p o (E.3~1)

173 =73 T3 73
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The problem of finding §;§5 has thus been reduced to one of determining
the reflected flux gist. To do this one must solve the system of
simultaneous equations which result from writing a radiant energy balance
on each surface. The total rate of energy impingement on surface S, is
equal to the contributions fram all the surfaces in the system, including
itself, plus the energy it receives fram the single emitting gas zone.

If the sum .of all these terms is then multiplied by the surface reflectivity,

the result, which is the reflected flux, must be equal to _ R A_ ; or

9 %1 51
(ss. R. + s.s, R + ..+4g.s,) p'
171 9; S LL2gis2 g S1
= R. A (E.3-2)
9 %1 51

This summation can be carried out for every surface in the enclosure,
yielding a set of linear equations, cne for each surface, which can be

expressed in a more campact form as

I s,s. R - A R. /o', = =-g4g.s
3 173 9; sj s19; s 5 < g |
for surface 1, and
I S.s. R - A R /p' = -g.s (E.3-3)
j 273 95 sj Sy 95 Sy Sy 12

> 2, and so on.
This simultaneous set of linear algebraic equations, with the

direct-interchange areas as coefficients, can be solved for the unknown
reflected fluxes, R, with the aid of a high speed digital computer,
utilizying standard matrix-inversion techniques. The appropriate total-
interchange areas are then calculated from the relationship given

previously (E.3-1).
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If gas zone I is the original emitter, then the total reception
at any other gas zone, I’ is equal to the direct radiation from I to Iy,
§;§h , plus the sum of the products of the reflected flux at each surface
in the enclosure multiplied by the fraction of that flux thch reaches
and is absorbed by gas zone 9" Since the emissive power of zone 9 has

been set equal to one, the sum represents the desired G.G,i o I

G = gg.  + I R s.g (E.3-4)
mn m°n i 9,81 in

(ii) Original emitter is a Surface Zone

To obtain the total-interchange areas between surfaces (SS), a
surface zone is considered to be the sole emitter, with an emissive power

of cne. A radiant'energy balance is again written for each surface,

€.Gs,
(5, (R +¢c ) + 55, R+ .eee)p’
Lk S1 8 Sq 172
g 5 By
and the resultant set of simultaneous algebraic equations is solved for
the unknown R's

The total-interchange areas are then calculated from

S.S. = A € R /p' = §.8S. (E.3-6)
i7j sj 8y 8 84 8y 53 .

The total-interchange areas obey the following relationships

(analagous to equations E.2-2 and E.2-3 for direct-interchange areas)

§ Sjsi + i sti = B As ) (E.3-7)
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)j; GiGj + § Gisj = 4k ng (E.3-8)
Equations E.2-2, E.2-3, E.3-7, and E.3-8 can be used to check
that the interchange areas have been properly evaluated.
The preceding discussion applies to a gray gas with an absorption
coéfficient, k. For a real gas, the total-interchange area is the sum
of the products of the total-interchange area and the appropriate weighting
factor "ai" of each gray gas camponent; e.g., for the one gray, one

clear gas approximation

S.S. = a S.S. -+ l-a) S.S.
55 4 Jlk (-a) s;8] .
GS; = a Gisjlk .
and GiGj = a GiGj lk (E.3-9)

The computer program listings for .the calculation of the total-
interchange areas, for the present cylindrical system, are given in

Appendix Z.3.
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APPENDIX F : FLASH PHOTOGRAPHY

The discovery that the immersion cell technique was not a suitable
method for drop sampling at low velocities necessitated the development of
another technique for the determination of drop-size distributions in
sprays. The technique which appeared most amenable to this work was the

(04) and earlier

in situ flash photographic technique which Ostrowski
workers at the University of Michigan have employed for determining
drop-size distributions in conventiocnal sprays and flashing liquid jets.

A single-flash electronic circuit as shown in Figure F-1 was
designed, built, and tested. The flash lamp (Ernest Turner Electrical
Instruments Limited, England) was a quartz tube, high pressure Xenon
lamp designed to yield a flash duration of 2 to 3 microseconds. The
lamp was rated at 4 kilowatt seconds per flash.

The 0.1 uf, 15 k.v. capacitor (Dubilier, Nitrogol Non-Inductive)
was charged by a 0-18 k.v. portable high voltage power supply (Universal
Voltronics Corp.).

The physical lay-out of the camponents was arranged to permit
installation of a second capacitor and timing circuit for double-flash
photography. A double-flash technique is required to determine droplet
velocities and hence permit the spatial distribution on the photographs
to be converted to a temporal distribution.

Preliminary tests were made using a 100 mm. focal length lens and

a 4 x 5 film holder (Graphlex) mounted 5 ft. fram the lens. The droplet

images were recorded on Kodak Ortho Process film.

=295~



SCHEMATIC OF FLASH CIRCUIT

(,L+15 KV

5C22-

300 V— \

INDUCTOR _:
T FLASH
LAMP
N O\ &
SWITCH\
o—-

FIGURE F 1

“96¢
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APPENDIX G : EXPERIMENTAL DATA

Temperatures in Or. Flowrates in 1b. /hr.

VPl corresponds to 0.5-in. frcam the start of the hot zone
VP2 corresponds to 3.0-in. from the start of the hot zone

VP4 corresponds to 9.0-in. from the start of the hot zone

Radial distances from the wall are given in thousandths of an
inch up to a distance of 0.502-in. The radial distances from 0.502-in.

to the centre line of the column (4-in.) are given in inches.

(1) Gas temperatures - Air (page 298)
(i1) Gas temperatures - Steam (page 302)
(iii) Wall temperature distribution  (page 305)

(iv) Velocity Measurements (page 307)




12
22
32
42
52
12
102
202
502

W N b

12
22
32
42
52
72
102
202
502

W N

AIR 3c

AIR 4c

Flowrate 241 1lb./hr. Inlet Temperature 85°F

- Nominal Wall Temperature 145°F

139
136
134
128
126
122
117
111
102
92
88
87
87
87
87

Flowrate 503 1lb./hr. Inlet Temperature 85°F
- Nominal Wall Temperature 300°F

303, 300
294, 290
282
263, 256
235

215
197
167
130
102

92
89
89
89
89

306, 310
299
293, 287
268
233
240, 231
216
198
140
115
94
90
90
90
90

140
139
137
134
131,
130
126
120
111
100
92
88
88
88
88

307
299

295, 288

274
259
242
235
213
170
133
101
9l
89
89
89

298
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AIR 5¢ : Flowrate 238 lb./hr. Inlet Temperature 85°F
- Nominal Wall Temperature 300°F

Ve ve2 VR4
2 306 308 309, 307
T 296 © 306 303, 305
12 287, 294 296 301, 297
22 276 285 293, 289
32 261 277 279
42 255 268 267
52 241 259, 250 263
72 207 226 251
102 165 193 213, 210, 207
202 117 138 158
502 94 101 105
1 90 93 96
2 87 88 89
3 87 88 89
4 86 88 89
AIR 6c : Flowrate 504 lb./hr. Inlet Temperature 86°F
- Nominal Wall Temperature 600°F
2 590, 595 590, 585 596
7 563 569, 555 590, 584
12 524, 532 536, 530 560, 570
22 453, 461 482, 490 511, 522, 530
32 407 436 481
42 360 405 439
52 322 374, 366, 358 411
72 286, 278, 272 315 376, 390
102 235, 245 290, 286, 272 350, 344
202 147 176 227
502 100 108 130
1 89 90 99
2 88 88 94
3 88 88 92
4 88 88 g2
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22
32
42
¥
72
102
202
502

=W N

¥
22
32
42
52
72
102
202
502

= Wi+

AIR 7c

AIR 8c

Flowrate 239 lb./hr.

Inlet Temperatures 86°F

- Nominal Wall Temperature 600°F

VPl

602, 600
578
546, 552
490, 496
465
436
402, 408
348

301, 281

174
124
103
98
98
98

VP2

597, 595
565, 572
555
509, 513
472
443
426
368
316, 320
218
143
110
29
99
29

VP4

586, 590
580, 572
563
525, 531
501
476
446
401, 410
348
247
172
140
113
102
99

Flowrate 504 lb./hr. Inlet Temperature 85°F
- Nominal Wall Temperature 900°F

864, 869
820, 808
766, 755
683
571
514
421, 425
377

322, 312, 304

159
112
99
95
95
95

878, 868
836, 828
788, 780
01, 732
632
564
532
463
400, 412
229
128
102
96
%6
96

885, 879
848
823, 830
772
703
632
607
516
443
291
172
112
102
98
98

300.



AIR 9c : Flowrate 241 1lb./hr.

301

Inlet Temperature 88°r

- Nominal Wall Temperature 1450°F

Vel

2 1327, 1338

7 1241, 1254

12 1195, 1182
222 1016
32 895
42 771
52 702
72 659

102 523, 541
202 311
502 174
1 131
2 102
3 102
4 102

VP2

1380, 1388
1348
1286, 1271
1167
1054
1024
886
705
611, 634
402
221
151
104
102
104

VP4

1357, 1366
1256, 1267, 1285
3133, 1150
1035, 1051
941
913
825
769

666, 689
541
320
181
116
111
106
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STEAM lc : Flowrate 364 lb./hr. Inlet Temperature 250°F
- Nominal Wall Temperature 300°F

VPL ve2 VR4
2 298 295 298
7 291, 293 _ 291 293
12 285, 287 290, 287 293
22 274 280 281, 283
32 264 273 277
42 254 . 268 273
52 251 264 270
12 243 256 260
102 232 242 253
202 236 238 245
502 243 243 242
1 247 246 245
2 250 250 248
3 251 252 249
4 251 252 249
STEAM 2¢ : Flowrate 184 lb./hr. Inlet Temperature 250°F
- Nominal Wall Temperature 300°F
2 296 293 295, 297
7 292 289, 292 294
12 290, 288 288 293
22 281 283 287
32 272 278 4 282
42 263 272 ' 280, 277
52 255, 259 267 274
72 _ 243 257 265
102 233 246 256
202 232 235 248
502 236 237 239
1 239 238 240
2 245 244 241
3 245 244 243
4 245 244 243
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52
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32
42
52
72
102
202
502
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STEAM 3c

STEAM 4c

: Flowrate 364 1lb./hr.
- Naminal Wall Temperature 600°F

VPl

578
543
530, 516
445
382
364
332
280, 292
255
245
248

© 249
252
252
252

585
513
538
492
459
426
379
352
302
245
241
244
244
244
244

VP2

588
556
540, 531
479
433
407
380
356, 340
301
261
246
248
251
253
253

VP2

595
568
560
527
505
476
451
416, 431
361
285
242
243
246
245
246

Inlet Temperature 250°F

580
565
537
516
463
447
422
394
337
298
260
254
256
256
256

: Flowrate 184 1b./hr. Inlet Temperature 255°F
- Naminal Wall Temperature 600°F

589
574
568
535
501
472
477
452
401
326
268
249
247
247
247

303.



STEAM 5¢ : Flowrate 364 lb./hr. Inlet Temperature 247°F
- Nominal Wall Temperature 1400°F

veL ve2 ve4
2 1327, 1345 1351, 1320 1360
7 . 1278 1309, 1285 1321
12 1265, 1251 1269 1325
22 1150, 1176 1219 1278
32 1060, 1079 1128 1231
42 983 1087 1159
52 896 1023, 995 1135
72 794 921 1029
102 605,633 780, 750, 731 964
202 403 502 701
502 276 300 442
L 263 287 321
2 263 276 299
3 263 276 295
4 263 276 292
STEAM 6¢c : Flowrate 184 1lb./hr. Inlet Temperature 252°F
- Nominal Wall Temperature 1400°F
ve2 ]
2 1335 1348
7 1307 1325
12 1289 1300
22 1295, 1275 1307
32 1209 1241
42 1164 1237
52 1134, 1103 1188
72 1069 1104
102 968, 925 -~ 1039
202 775 868
502 551 659
L 362 436
2 306 340
3 293 305
4 290 296



Wall Temperature Distribution

Axial distances are given in inches.
The indicated temperatures were obtained by interpolation between
the actual measured wall temperatures. The data were converted to this

form for ease of camputation in the theoretical model.

Axial distance Air 3c Air 4c & 5c¢ Alir 6c & 7c
0 113 237 393
0.5 125 269 496
1.0 136 300 598
LB 140 307 613
2.0 142 309 616
2:5 142 311 610
3.0 142 313 606
4.0 140 - 314 604
5.0 138 314 605
6.0 135 313 607
740 133 311 608
8.0 134 310 608
9.0 137 310 607
10.0 140 311 603
11.0 142 311 - 603
12.0 145 309 608
13.0 140 . 302 598
Air 8c Air 9c
0 575 371
0.5 735 1117
1.0 895 1363
1.5 906 1384
2.0 3910 1396
2.5 909 1413
3.0 906 1430
4.0 902 1446
5.0 902 : 1456
6.0 903 1452
7.0 906 1440
8.0 906 1425
9.0 903 1432
10.0 903 1462
11.0 908 1494
12.0 909 1484
13.0 898 1380



306.

Axial distance Steam lc & 2c¢ Steam 3¢ & 4c Steam 5¢ & 6¢
0 240 346 856
0.5 266 459 1112
1.0 292 575 : 1368
1.5 301 597 1376
2.0 304 605 1384
2.5 304 608 1389
3.0 301 607 1394
4.0 298 605 1393
5.0 298 602 1382
6.0 293 600 1350
7.0 298 598 1334
8.0 298 597 1348
9.0 298 597 1380
10.0 300 597 1406
11.0 303 599 1416
12.0 304 603 . 1408
13.0

296 591 1320
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Velocity Measurements (Hot Wire Probe)

Symbols after the run identification number refer to the

identification used in Figure 4.6-1.

Run 3 O

4 Rin 4 O Rm 5 O
P 108 N_ = 2.1x 10° N_ = 2.1x 10
X G i be
Al . S
25 12,3 72 15.9 37 13.0
46 141 109 17.0 147 17.8
%2  15.7 217 18.7 220 19.5
138 16.6 - 289 19.8 . 293 20.6
184 17.4 362 21.0 420 21.6
276 18.4 433 21.5 586 22.2
322 19.2 506 21.8 880  22.2
368 19.7 578 22.1
44 20.1 651  22.3
460  19.7. 723 22.6
Run 6 4 4 Rin 7 VvV 4 Rin 8 © 4
N = 2.1x 10 N_ = 1.6 x 10 N_ = 1.6 x 10
AN A AR
37 14.4 58 15.2 29 13.3
110 16.6 87  16.3 58 15.2
220 18.8 144 18.0 116 17.4
293 20.4 202 19.0 173 18.6
367 20.9 231 19.6 231 19.3
440 21.2 347 20.7 347 20.6
587 22.2 162 21.3 462 21.3
735 22.2 577 21.3 577 21.3
694  20.1 694  21.0



APPENDIX Z COMPUTER PROGRAM LISTINGS

The operations performed in the programs listed here have been
documented rather extensively by "comment cards" inserted throughout the
program listings. Consequently, only a brief summary of the calculational
procedure precedes each of the separate listings. The times indicated

for each program are those required by an IBM 7040 computer.

Z.1 Solution of the Parabolic Form of the
Energy Equation by Finite-Difference Techniques

This program was used to solve equations (D-12) and (D-16).
The program has a number of optional features which are controlled
by information on the first 7 data cards read in at the time of execution.

The remaining data input is arranged as follows,

(1) wall temperature distribution

(2) coefficients for dimensionless velocity correlation

(3) coefficients for physical property correlations

(4) cylinder radius and selection of mesh size

(5) number of mesh points in the radial and axial directions
(6) identifier (alphameric)

(7) average inlet temperature, representative wall temperature,
mass flowrate

(8) inlet gas-temperature distribution.
The calculation proceeds as follows,
(1) Calculate Reynolds and Prandtl numbers.
(2) Calculate friction factor, £ (Subroutine FRFAC)

(3) Calculate dimensionless, radial mesh-point locations

2=1



(4)

(5)

(6)

(7)
(8)

9)
(10)
(11)

Source Program - Compilation time
Object Program - Load time
Execution time per case

Z-2

Calculate dimensionless velocity at each radial mesh point
(if y* < 26, U is calculated from Subroutine UPLUS)

Calculate dimensionless effective diffusivity at each radial
mesh point

Calculate wall temperature from initial input distribution
(Subroutine INTERP) .

Calculate coefficients for finite-difference equation

Ioad and invert tri-diagonal matrix (BNDSOL Library Routine) to
obtain temperature profile at one axial location

Calculate Nusselt number (Subroutine NUSS) and bulk temperature
Move to next axial location and repeat steps 6, 7, 8, 9.

Repeat step 10 until desired axial distance has been traversed.

. 14 sec.

. 3 sec.

3 min. (depending on mesh
size)

4 min
1 min
2 to

ce 08 oo



$IBFTC ENOO7

c

C SOL'N OF ENERGY EQU'N BY FINITE DIFFERENCES
c 3636 36 3 3 3 3 33636 3 3 3 36 3 I 336 3 336 3 30 36 9 I 1 3 H I I I 3 M3 H
C

COMMON ALPHA(15)s BETA(15)y BEE(15)»
1 PRTW(200)sPRTB(2C0)sPRNUL1(200)sPRNU2(200)sPRNU3(200) sPRNU4(200) >
2 PRNU5(200)sPRNU6E(200) s PRGRAD(200) sPRREW1(200)sPRREW2(200) s
3 PRREB(200)sPRREF(200)sPRPRW(200) sPRPRB(200) +PRPRF (200) 9sPRX(200)
4 PRXD(200)sPRTWTB(200)
COMMON /ONE/ GRADWZ2sHsCEPT9SSLOPE
DIMENSION GAS(1)s DUMR(60)s R(60)s Y(60)s YPLUS(60)s U(60)
1 G(60)s DIF(60)s T(6095)s X(60)s A(60)s B(60)s C(60)s D(60)>
2 TRI(3s60)s RHS(60)s XW(150)s TW(150)s TT(60)s GG(60)sYTHOU(60)
DATA, CORYPLsCORUsCAPPASEN / 260y 124849y 0e36s 0el24 /
DATA SECHRsCONVERSPI / 3600e0s 0406729 3414159 /
KPR = 0
IPRINT = 0
ENSQ = EN*EN

&

READ(5+8) FTEMP

FTEMP CONTROLS THE TEMP, BETWEEN TIN AND TWALL AT WHICH THE
REYNOLDS NOe. AND PRANDTL NOe ARE EVALUATED

IF FTEMP IS O TIN TWALL

IF FTEMP IS 1 TIN TIN

f"

Y OO0 0 0

READ(592) INUSSs NENT
IF INUSS IS O CORRELATE ON TBULK
IF INUSS IS 1 CORRELATE ON TT AT RADIAL LOCATION *NENT!

IF ADIFUS LT 1 NORMAL EVALUATION OF G(I)

IF ADIFUS IS 1 ADD GFAC*G(I) TO G(I) IF Y+ LT YL2 (26)
IF ADIFUS IS 2 ADD GFAC*G(I) TO G(I) IF Y+ GT YL1 (5)
READ(5+8) ADIFUSs YL1s YLZ2s GFAC

2NN NANAXA!

N

READ(592) KIKOUTSKTEST

1 THEN KIKOUT WILL CONTROL THE PROGRAM TERMINATION

IF KTEST
0O PROGRAM OPERATED UNDER NORMAL CONTROL PROCEDURE

IF KTEST

ZERO OUT MATRICES

NANOONOO

DO 70 I=1s60

DUMR(I) = 00
R(I)

Y(I)

YPLUS
YTHOU
ulti) B
G(I) .
GG(I) = O
DIF(I)
X(I)
ACT)
B(I)
C(T)
D(I)

H il ~~1u

SQOoOoOoCoon
e o o o o



0y R0 O 0N

OO0

ey O

N O N NN

75
70

80

90

1

Z-4

RHS(T) = 0.0
TT(I) = 0.0

DO 75 J=1s5
T(IsJ) = 060
CONTINUE

DO 80 I=1,15
ALPHA(I) = 0.0

BETA(I) = 0.0
BEE(I) = 0.0
CONTINUE

DO 90 I=1,3

DO 90 J=1+60
TRI(IsJ) = 00

READ PRINT CONTROL VARIABLES AND WALL TEMP.

READ(592) NPRCONsNDUMP

NPRCON 0O NO PRINT UNTIL XINCHeGTeXLIM

NPRCON 1 PRINT CONTROLLED ENTIRELY BY NPRIN1sNPRIN2sNPRIN3
NDUMP = 0 DON'T CALL PRINTO

NDUMP = 1 CALL PRINTO - DUMP NU COMPARISONS

READ(596) XLIM .

READ(592) NPRIN3sNPRIN1sNPRINZ2

READ(592) KEN

KEN NOe. OF WALL TEMP. DATA POINTS

READ(597) (XW(I)sTW(I)sI=1sKEN)

READ CONSTANTS FOR LOPF FIT OF U+ VS Y+

READ(594) (ALPHA(I)sI=2414)

READ(59s4) (BETA(I)s1=2914)

READ(S5s4) (BEE(I)esI=2514)

CONSTANTS FOR PROPERTY VALUE CORRELATIONS

READ(593) VISCCTs VISCAy VISCBs VISCCy» VISCDs VISCE

READ(593) TCONCTs TCONAs TCONBs TCONC

READ(593) CPCTs CPAs CPBs CPCs CPD

READ(593) DENSCTs DENSAs DENSBs DENSCs DENSD

VISC(Z) = VISCCT + Z*(VISCA + Z*(VISCB + Z*(VISCC + Z*(VISCD +
ZAVISCE)})))

TCON(Z) = TCONCT + Z*(TCONA + Z¥(TCONB + Z*¥TCONC))
CP(Z) = CPCT + Z*(CPA + Z*(CPB + Z*¥(CPC + Z#CPD)))
DENS(Z) = DENSCT + Z¥*(DENSA + Z*(DENSB + Z¥(DENSC + Z*DENSD)))

READ IN GEOMETRY CONDITIONS

READ(591) RADIUSs DRNOTIs Hs DXI
READ(592) Ns Ms MEXTRAs IGAS

IGAS = 0 AIR IS THE FLOWING MEDIUM
IGAS = 1 STEAM IS THE FLOWING MEDIUM
READ(595) GAS(1)

INITIAL TEMP CONDITIONS AND MASS FLOWRATE (T IN DEGeFe)

READ(591) TINFs TWALLFs WFLOW
TIN = TINF + 460460
TWALL = TWALLF + 460.0




N

NOONON

NN N

aNaNg)

10

20

30

. Z=5
CALCULATE INITIAL INLET PARAMETERS

TNORM = TWALL - TIN
AREA = PI*RADIUS*RADIUS/14440
GFLOW = WFLOW/AREA
UAVE = GFLOW/(DENS(TIN)*SECHR)

TIN = TWALL - (TWALL.- TIN)#FTEMP

FTEMP CONTROLS THE TEMP, BETWEEN TIN AND TWALL AT WHICH THE
REYNOLDS NOe. AND PRANDTL NOe. ARE EVALUATED

IF FTEMP IS O TIN = TWALL )

IF FTEMP IS 1 TIN = TIN

TQ = TIN

IF(IGASeGE«l) TQ = TQ/1.8

RE = (RADIUS/640)*GFLOW/ (SECHR*¥VISC(TQ))
IF(IGAS«.GEel) RE = RE/CONVER

PR = CP(TIN)*VISC(TQ)*SECHR/TCON(TIN)
IF(IGAS«GE«1) PR = PR*CONVER

CALL FRFAC(REsFFACQC)

ROOTF = SQRT(FFAC/2.0)

RO = ROOTF*RE/2.0

DRNOT = DRNOTI/RADIUS

DX = DXI/RADIUS

CALC'N OF RADIAL MESH POINT LOCATIONS

NMINUS = N - 1

DO 10 II=1sNMINUS

DUMR(II) = DRNOT#(H#*#*¥II = 1e60)/(H = 1e0)
SUM = SUM + DUMRI(IT) '
NORMALTIZING

DO 20 II=1sNMINUS

DUMR(II) = DUMR(II)/SUM

SUMX = SUMX + DUMRI(II)

RADIAL STEPS

R(1) = 060

Y(1) = 10

YTHOU(1) = RADIUS#1000.0

DO 30 I=2»N

NX =N+ 1 =1

R(I) R(I-1) + DUMR(NX)

Y¢T) leO = R(I)

YTHOU(I) = Y(I)*RADIUS*¥1000.0
CONTINUE

CALCULATE DIMENSIONLESS Y+(YPLUS) AND U+(U) AND DIFFUSIVITY(G)

DO 35 I=1sN 4

YPLUS(I) = Y(I)*ROOTF*RE/240

IF(YPLUS(I)eLE«CORYPL) CALL UPLUS(YPLUS(I)sU(I))
IF(YPLUS(1)eGTeCORYPL) U(I) = ALOG(YPLUS(I)/CORYPL)/CAPPA + CORU
IF(I«EQeN) U(I) = 0.0

IF(YPLUS(1)eLE«CORYPL) G(I) = 140/PR + ENSQ*U(I)*YPLUS(I)*(1le0O =
1 EXP(=ENSQ*U(TI)*YPLUS(I)))

IF(YPLUS(I)eGE«CORYPL) GG(I) = 140/PR + CAPPA*YPLUS(I)*(1le0 =
1 YPLUS(I)/RO) = 140
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IF(YPLUS(I)eEQeCORYPL) GO TO 1000
IF(YPLUS(I)e«GT«CORYPL) G(I) = GG(I)
IF(YPLUS(I) «eGToeCORYPL4ANDeYPLUS(I)eGTe(RO/260)) G(I) = G(I) + 1.0
GO TO 36
G(I) = (G(I) + GG(I))/240

IF ADIFUS LT 1 NORMAL EVALUATION OF G(1I)
IF ADIFUS IS 1 ADD GFAC*G(I) TO G(I) IF Y+ LT YLZ2 (26)
IF ADIFUS IS 2 ADD GFAC*GI(I) TO G(I) IF Y+ GT YL1 (5)

IF(ADIFUSeLTe0e5) GO TO 35
IF(ADIFUS«GTele5) GO TO 37
IF(YPLUS(1)eGTeYL2) GO TO 35
GO TO 38

IF(YPLUS(I)eLEeYL1l) GO TO 35
G(I) = G(I) + GFAC*G(I)

CONTINUE
CALCULATE DIFFERENTIAL DIFFUSIVITY

DO 45 I=2sNMINUS

DIFITY = {(G(I+1} = G(I-1)1)/Z(R(I+1) = R{lI=1))
CONTINUE

DX1 = DX

DX2 = DX/ (FLOAT(MEXTRA))

MXTR = DX2/DRNOT + 0.01
MARK = MEXTRA + MXTR
KEV = MXTR

MMAX = MXTR + MEXTRA

OUTPUT OF RUN CONDITIONS

WRITE(69999) GAS(1)

TIN1 = TIN = 460.0

WRITE(69983) TINls INUSSs NENTs ADIFUS

WRITE(69998) TINFsTWALLFsWFLOWsGFLOWSUAVESIREsPRsFFACYRADIUSIRO
WRITE(69997) DRNOTIs DRNOTs DXIs DXs H

WRITE(69996) NsMsMXTRSMEXTRA

WRITE(6+995) SUMX

WRITE(69994)

WRITE(69993) (IsR(INVesY(I)oYPLUS(I)U(I)eG(I)sYTHOU(I)»I=1sN)

READ INITIAL GAS TEMPERATURES

M = M + MEXTRA + MXTR
READ(596) (T(Is1)sI=1sNMINUS)
DO 41 I=1sNMINUS

T(Isl) = (T(Is1l) = TINF)/TNORM

CALCULATE AXIAL POS'NS AND COMMENCE MARCH IN AXIAL DIRECTION

J =1

X(1) = 0.0

XINCH = 0.0

CALL INTERP(KENsXWoeTWsXINCHsT(Ns1))
T(NsJ) = (T(NsJ) = TINF)/TNORM

DO 100 KGP =1sM .
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DX = DX1 z-7
IF(X(J)eLTeDX1) DX = DX2

IF(X(J)eLTeDX2) DX = DRNOT

X(J+1) = X(J) + DX

XINCH = X(J+1)%RADIUS

CALL INTERP(KENsXWsTWsXINCHsT(NsJ+1))

i n

T(NsJ+1) = (T(NsJ+1) = TINF)/TNORM
IF(KGPeEQel) T(NsJ) = (T(NsJ) + TINMINUS»J))/240
JJ = KGP + 1
CALCULATE COEFFe FOR I = 1 )
DR1 = R(2) = R(1)
DR2 = R(2) = R(1)
DR3 = 2.0%#DR2
F2 = 20/(DR2¥%DR3)
F3 = 2¢0/(DR1%DR2)
F4 = 260/ (DR1%DR3)
A(l) = =G(1)*F4 ‘
B(1l) = —=RO*U(1)/DX + G(1)%*F3
C(1) = =G(1)*F2
D(1) = RO*¥U(1)/DX + F3%G(1)
CALCULATE COEFFe FOR I GT 1
DO 200 I=2sNMINUS
DR1 = R(I) = R(I=1)
DR2 = R(I+1l) - R(I)
DR3 = R(I+1) = R(I=1)
F1 = 1.0/DR3
F2 = 2.0/(DR2%DR3)
F3 = 20/(DR1%DR2)
F4 = 200/ (DR1*DR3)
ODD1 = F1#(G(I)/R(I) + DIF(I))/20
0DD2 = G(I)#F4/240
ObD3 = RO*#U(I)/DX
ODD4 = G(I)%F3/240
ODD5 = G(I)*¥F2/2.0
A(I) = ODD1 = 0ODD2
B(I) = -0ODD3 + ODD4
c(I) = -0DD1 - 0ODD5
200 D(I1) = ODD3 + ODD4
SOL'N OF SIMULTANEOUS EQ'NS BY INVERSION OF TRIDIAGONAL MATRIX

DO 300 I=2sNMINUS
TRI(29I=1) = 140
IF(IeEQe2) TRI(291) = TRI(291) = A(2)%(A(1) + C(1))/(D(1)*D(2))
IF(I«EQe2) GO TO 301
TRI(1sI=1) = A(I)/D(I)
IF(I.EQeNMINUS) GO TO 302
301 TRI(3sI=1) = C(I)V/DI(I)

302 RHS(I=1) = =A(I)*T(I=19J)/D(I) = B(IN*¥T(IsJ)/D(I) = C(I)*
1| TAI+1sJ)/D(1)
IF(IeEQe2) RHS(1) = RHS(1) + B(1)*A(2)#T(1sJ)/(D(1)%D(2)) +

1 (A(1) + C(1))*A(2)%T(2+J)/(D(2)%D(1))
IF(1<EQeNMINUS) RHS(I=1) = RHS(I=1) = C(NMINUS)*T(NMINUS+1sJ+1)/
1 D(NMINUS)




300 CONTINUE
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NN = NMINUS = 1
CALL BNDSOL(TRI®RHS»3s1sNN)

IND = O

DO 400 I=29NMINUS

T(IsJ+1) = RHS(I=1)
IF(T(I9J+1)eGTe2e0e0ReT(IoJ+1)elTo(=0e5)) IND = 1

CONTINUE
IF(INDeEQel) GO TO 3000
T(lsJ+1) = =B(1)%T(19J)/D(1) = (A(1) "+ C(1))*T(2+J)/D(1) =

(ACL1) + C(1))*T(2+J+1)/D(1)
IF(IPRINT«EQel) GO TO 4500
IF(NPRCON.EQe1) GO TO 8000
IF(XINCHeLTeXLIM) GO TO 110
IPRINT = 1
GO TO 6000
IF(KGP«eGT«MMAX) GO TO 4500
IF(KGPeGTeMXTR) GO TO 6500
IF(KGP.EQel) GO TO 5500
LIM = KGP - IL
IF(LIMsEQeNPRIN3) GO TO 5500
GO TO 110
IL = KGP
GO TO 3500
LIM = KGP = KEV
IF(LIMsEQeNPRIN1) GO TO 7000
GO TO 110
KEV = KGP
GO TO 3500
LIM = KGP =~ MARK
IF(LIMeEQeNPRIN2) GO TO 6000
GO TO 110
MARK = KGP

CALCULATE LOCAL NUSSELT NOo AND WALL GRADIENT AND BULK TEMPe
USE TRAPEZOIDAL RULE FOR BULK TEMPs CALC'N

KPR = KPR + 1
TVR = 060
VR = 0.0

DO 155 I=1sNMINUS
TVR = TVR + (R(I+1) = R(IN)I*¥(U(I+1)*¥T(I+1eJ+1)*R(I+1) +

UCI)*T(IsJ+1)%R(I))/240
VR = VR + (R(I+1) = R(INI*(U(I+1)*R(I+1) + U(I)I*R(I))/2.0
CONTINUE
TBULK = TVR/VR

TBULKF = TBULK*TNORM + TINF

DO 55 I=1sN

TT(I) = T(IsJ+1)*¥TNORM + TINF

GRADW1 = (T(NsJ+1) = T(N=45sJ+1))*TNORM* 3,0/(R(N) = R(N=4))
SNUSS1 = (T(NsJ+1) = T(N=49J+1))/2¢0 *RADIUS/((R(N) = R(N=4))*

(T(NsJ+1) = TBULK))
CALL NUSS(YTHOUsTTsN)
SNUSS2 = =GRADW2¥RADIUS/((TT(N) = TBULKF)*640)

IF INUSS IS 0O CORRELATE ON TBULK
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9000
110
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4000
5000

A
IF INUSS IS 1 CORRELATE ON TT AT RADIAL LOCATION *NENT? #

IF(INUSS.EQeO0) GO TO 3001
SNUSS2 = SNUSS2*(TT(N) = TBULKF)/(TT(N) = TT(NENT))

CONTINUE

XX = X(J+1)/260
WRITE(695992) JJsXXsXINCHs»SNUSS19GRADW1 9 SNUSS29GRADW2
WRITE(69991)

WRITE(65990) (T(IsJ+1)sI=1sN)

WRITE(69988) SSLOPEsCEPT» TBULKF s TBULK

WRITE(6+987) (TT(I)sI=14N) '

WRITE(69985)

WRITE(7+984) JJsXXsXINCH»SNUSS2sGRADW2s TBULKFsTT(N)9GAS(1)
IF(IND«EQel) GO TO 4000

ALL VARIABLES BEGINNING WITH 'PR' ARE PRINTED OUT AT END OF CALC'N
PRTB(KPR) = TBULKF

PRTW(KPR) = TT(N)

PRX(KPR) = XINCH

PRXD (KPR) X

PRNUL (KPR) = SNUSS2

PRGRAD (KPR) = GRADW2

RCONST = (RADIUS/640)*GFLOW/SECHR

WALLT = TT(N) + 460.0

BULKT = TBULKF + 4600

FILMT = (WALLT + BULKT)/2.0

Tl = WALLT

T2 = BULKT

T3 = FILMT

IF(IGAS.LT«1l) GO TO 8500

Tl = T1/1.8

T2 = T2/1.8

T3 = T3/1.8

PRREW1 (KPR) = RCONST/VISC(T1)

PRREW2(KPR) = PRREW1(KPR)*BULKT/WALLT

PRREB(KPR) = RCONST/VISC(T2)

PRREF(KPR) = RCONST/VISC(T3)

PRPRW(KPR) = CP(WALLT)*VISC(T1)*SECHR/TCON(WALLT)
PRPRB(KPR) = CP(BULKT)*VISC(T2)*SECHR/TCON(BULKT)
PRPRF(KPR) =

CP(FILMT)*VISC(T3)*SECHR/TCON(FILMT)
IF(IGAS.LTel) GO TO 9000 :
PRREW1 (KPR) PRREW1 (KPR) /CONVER

PRREW2 (KPR) PRREW2 (KPR) /CONVER

PRREB (KPR) PRREB (KPR)/CONVER

PRREF (KPR) PRREF (KPR)/CONVER

PRPRW (KPR) PRPRW(KPR) #*CONVER

PRPRB (KPR) PRPRB(KPR)#CONVER

PRPRF (KPR) PRPRF (KPR)#CONVER

PRTWTB(KPR) = WALLT/BULKT

DO 85 I=1»sN

T(IsJd) = T(IsJd+1l)

IF(KTEST«EQeQ) GO TO 100

IF(KGP+GESKIKOUT) GO TO 5000

X(J) = X(J+1)

GO TO 5000

WRITE(65989)

IF(NDUMP.EQe1l) CALL PRINTO(KPR)

WRITE(69986)
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Ql = 140
Q2 = 2.0
STOP
FORMAT(6E12.5)
FORMAT(1615)
FORMAT(6E1346)
FORMAT(1X95E15e7)
FORMAT(10A6)
FORMAT(13F6e1)
FORMAT (2F1045)
FORMAT (8F10e1)
FORMAT (10X s23HPROPERTIES EVUALATED ATs F7.1s 7H DEGeFes5Xs
1 8HINUSS = s I295XsT7THNENT = s I39s5X98HADIFUS =5 F51/10Xs37(1H=)/)
S84 FORMAT(1X9I592F9e39F10e29F10e19F10e29F10e199XsA6)
985 FORMAT(2X9125(1H=-))
986 FORMATI(///7)
987 FORMAT(10Xs10F1le4)
988 FORMAT(1HOs4Xs4HSDEVse E12e494Xs 11HTWALL(CALC)s F9e295Xy
1 22HTEMPERATURES IN DEGeFes 10Xs16HBULK TEMPERATUREs F10e292Xy
2 1H(sF10e792H )/25X95(1H=)s 20X922(1H=)910X916(1H=)/)
989 FORMAT(1HO///10Xs89HSOLUTION TERMINATED BECAUSE ONE OR MORE TEMPER
1ATURES ARE LESS THAN =045 OR GREATER THAN 2/10X»89(1H*)/)
990 FORMAT(10X910F11e7)
991 FORMAT(50Xe26HDIMENSIONLESS TEMPERATURES/50X925(1H=-)/)
992 FORMAT(1HO/5Xs11HAXIAL POS'NsI5s S5Xs3HX/DsF9eb4s 5X9s8HX (INCH)»
1 F9el4s 5X911HNUSSELT NOesF9e29 5Xs25HWALL GRADIENT (DEGeF&/FT)y
2 FOel/T76X9F9e2930X9F9e1/)
993 FORMAT(I119F12e89F13e793E14e49F1562)
994 FORMATI(10Xs1HIs7Xs1HR13Xs 1HY911Xs2HY+912Xs 2HU+910Xs6HDIFFUSS
1 9Xs12HY(INCH#E=-03)//)
995 FORMAT(11Xs43HSUMX = TOTAL OF NORMALIZED RADIAL DIVISIONSsF9e4//)
996 FORMAT(11Xs17HNOe RADIAL POS'NSsI5y 9X9s16HNOe AXIAL POS'NS»I5»
2 10X»23HEXTRA INITIAL DIVISIONSsI5/96Xs15/)
997 FORMAT (6X»13HDRNOTI (INCH)sE1lle&s 5Xs5HDRNOTsE12e4s 5Xs
2 10HDXI (INCH)9F9el4s 7Xs2HDXsElleé4s 10Xs1lHHsF11e3//)
998 FORMAT(10X9e1OHINLET TEMPsF7els S5Xes9HWALL TEMPsF8els 5Xs
1 12HFLOW (LB/HR)sF7els 5Xs9HMASS VELesF10e2s5Xs13HVELs (FT/SEC)
2 F842//16Xs2HREsF10e1s 11Xs2HPRsFBe2s 5X»12HFAN FRIC FACsF9e5,
3 4Xs6HRADIUSsF7els 13Xs2HROsF1846//)
999 FORMAT (1HO/50Xs20(1H=)//57XsA6//50Xs20(1H=)///)
END A

WO NOU S WN -

O
@



$IBFTC FRFAC 7-11
SUBROUTINE FRFAC(REsFFAC)
C
C EVALUATE ADIABATIC K-N FRICTION FACTOR
C
DATA EPSs FTRY / 0400003s 04007 /
FLHS = 1.0/SQRT(FTRY) ,
2000 FRHS 46 0¥ALOG1O(RE/FLHS) = 0440
IF(ABS((FRHS = FLHS)/FRHS)«LT+EPS) GO TO 1000
FLHS = FRHS
GO TO 2000
1000 FFAC = 10/ (FRHS*FRHS)
RETURN
END

$IBFTC UPLUS
SUBROUTINE UPLUS(YsU)

C
C CALCULATE U+ FOR A GIVEN VALUE OF Y+
C

COMMON ALPHA(15)s BETA(15)s BEE(15)

DIMENSION P(20)
IF(YeLE«0480) GO TO 101

P(1l) = 0.0

P(2) = 10

DO 100 KK=2+14

P(KK+1) = (Y = ALPHA(KK+1))#P(KK) = BETA(KK)*P(KK=1)
100 U = U + BEE(KK)*P(KK)

GO TO 102
101 U =Y
102 RETURN

END



$IBFTC INTRP

805
804

809
806

807

808

810

800
801

811
812

SUBROUTINE INTERP(JKsXsYsXAsYA)
DIMENSION X(150)sY(150)
IF(XAeGEeX(JK)) GO TO 811
YA=0,0

IF((X({1)=X(2))eGTe0,0) GO TO 804
DO 805 II=1sJK
IF((XA=X(II))eLEeOeO) GO TO 806
CONTINUE

DO 809 ITI=1sJK
IF((X(IT)=XA)eLEeOsO) GO TO 806
CONTINUE

IF(Il«LEe3) GO TO 807
IF(II+GEs(JK=2)) GO TO 808
MM=11-3

MMM=T1+2

GO TO 810

MM=1

MMM=6

GO TO 810

MM=JK=5

MMM =JK

DO 801 I=MMsMMM

PROD=Y(I)

DO 800 J=MMsMMM

IF(JeEQeI) GO TO 800
PROD=PROD* ( XA=X(J) )/ (X(I)=X(J))
CONTINUE

YA=YA+PROD

GO TO 812

YA = Y(JK)

RETURN

END

Z-12



$IBFTC NUSSLT 7-13
SUBROUTINE NUSS(XXsYYsNN)

THIS ROUTINE EVALUATES THE TEMPERATURE GRADIENT AT THE WALL BY
PERFORMING A LINEAR LEAST SQUARES FIT OVER THE MESH POINTS WHICH
ARE ADJACENT TO THE WALLeeessseTHE NUMBER OF POINTS TAKEN DEPENDS
UPON THE NOe OF RADIAL MESH POINTS USED

OYNOY YOO O

COMMON /ONE/ GRADW2sHsCEPTsSSLOPE
DIMENSION XX(60)s YY(60)s Y(35)s X(35)
DATA THOUSFT/ 1000409 1240/
IF(NNeEQe20) N = 11

AN = NN

IF(ANeEQe20e¢0eANDeHeLEele6) N ‘= 8

IF(NNeEQe25) N = 10
IF(NNeEQe40O) N = 13
IF(NNeEQse60) N = 30

DO 50 I=1»sN
L = NN+ 1 =I

Y(I) = YY(L)
50 X(I) = XX(L)/THOU
SUMX = 060
SUMY = 06,0
SUMX2 = 00
SUMY2 = 0.0
SUMXY = 0.0

DO 100 I=1sN
SUMX = SUMX + X(I)
SUMY = SUMY + Y(I)

SUMX2 = SUMX2 + X(I)*X(I)

SUMY2 = SUMY2 + Y(I)*Y(I)
100 SUMXY = SUMXY + X(I)*Y(I)

DATA = N

XP2 = SUMX2 = SUMX#*SUMX/DATA

YP2 = SUMY2 = SUMY#*SUMY/DATA

XYP = SUMXY = SUMX*¥SUMY/DATA

XAV = SUMX/DATA

YAV = SUMY/DATA

SLOPE = XYP/XP2
CEPT = YAV = SLOPE#XAV
R2 = XYP*XYP/(XP2#YP2)

VARY = (140 = R2)%YP2/(DATA = 2,0)
SSLOPE = SQRT(VARY/XP2)

GRADW2 = SLOPE*FT

RETURN

END



$IBFTC PRIN -
SUBROUTINE PRINTO(KPR)

C
& CALCULATES NUSSELT NO. AND PRINTS OUT FOR COMPARISON

C
COMMON ALPHA(15)s BETA(15)s BEE(15)
1 PRTW(200)sPRTB(200)sPRNUL1(200)sPRNU2(200)sPRNU3(200)sPRNUL(200)
2 PRNUS5(200) sPRNU6(200)sPRGRAD(200) sPRREW1(200) 9y PRREW2(200) »
3 PRRERB(200)sPRREF(200)sPRPRW(200) sPRPRB(200)sPRPRF(200) sPRX(200)
4 PRXD(200)sPRTWTB(200)
DATA C13C29sC39C4sHUN / ¢0249602390e7960205910060 /
WRITE(69981)
WRITE(69G80) (IsI=1s12)
WRITE(69983) (IsI=1412)
DO 400 I=1sKPR
400 WRITE(69982) IsPRXD(I)sPRX(I)s PRTW(I)sPRTB(I)sPRGRADI(I)
1 PRREW1(I)sPRREW2(I)sPRREB(I)sPRREF(I)y PRPRW(I)sPRPRB(I)Y»
2 PRPRF(I)sl
WRITE(69981)
WRITE(69978) (IsI=1s7)
WRITE(69977) (IeI=197)
DO 455 I=1sKPR
PRNU2(I) = C2#(PRREW1(I)*¥0e8)%(PRPRW(I)*%0es4)%¥(1e0 +
1 (1eO0/PRXD(I))##C3*¥PRTWTBI(I)#*¥C3)

.

PRNU3(I) = PRNU2(I)/PRTWTB(TI)

PRNU4(I) = Cl*(PRREB(I)#%048)%(PRPRB(I)¥*%0e4)*((1e0/PRTWTBI(I))
1 #%C3)%(1e0 + (1e0/PRXD(I))#*C3%¥PRTWTB(I)**C3)

PRNUS(I) = C4¥*(PRREF(I)%¥048)*(PRPRF(I)#¥0e4)¥%(1e0 +

1 (140/PRXD(I))**C3%#PRTWTB(I)*¥%C3)
PRNUG(I) = PRNUS(I)*¥PRTB(I)/((PRTB(I) + PRTW(I))/2e0)

DIF2 = (PRNU2(I) = PRNU1(I))/PRNU1(I)*HUN
DIF3 = (PRNU3(I) = PRNU1(I))/PRNUL(I)*HUN
DIF4 = (PRNU4(I) = PRNU1(I))/PRNUL(TI)*HUN
DIF5 = (PRNUS(I) = PRNU1(I))/PRNU1(I)*HUN
DIF6 = (PRNU6(I) = PRNU1(I))/PRNU1l(TI)*HUN

455 WRITE(69979) IsPRXD(I)sPRNU1(I)s PRNU2(I)sDIF2s PRNU3(I1)sDIF3,

1 PRNU4(I)sDIF4s PRNUS(I)sDIF5s PRNUG6(I)sDIF6
RETURN

977 FORMAT(1HO921Xs12918911394117/)

978 FORMAT(25XsI3s43HeeeX/D (COLe 3-7 ARE NU AND PERCENT DIFFe)/25Xs
1 13+36HeeeCALC!D NU FROM FINITE DIFFe SOL'N/25X3s13950HeeeNU BASED
20N P+W EQU'N 11 (NO TEMPe RATIO ON RE)/25XsI13s27HeeeNU BASED ON P+
3W EQU'N 11/ 25Xs13927HeeeNU BASED ON P+W EQU'N 10 /25XsI13951HeeeNU
5 BASED ON DML EQU'N 16 WITH ENTRANCE PARAMETER /25Xs13944HeseNU AS
6IN (6) EXCEPT HAS TEMPe RATIO ON RE /)

979 FORMAT(15Xs149FT7e29sFTels5(F10elsFT7el))

980 FORMAT(25X913922HeeeX/D DIMENSIONLESS /25Xs13930HeeeX AXIAL DIS
1TANCE IN INCHES /25Xs13523HeeeWALL TEMPe IN DEGeFe /25X513523HeeeB
2ULK TEMPes IN DEGeFe /25X913924HeesGRADIENT — DEGeFe/FTs /25Xs135»

3 20HeeeWALL REYNOLDS NOo /25Xs13529Hee sMODIFIED WALL REYNOLDS NO.
4 /25X913920HeeeBULK REYNOLDS NOe /25X313920HeeeFILM REYNOLDS NOe

5 /25X913919HeeePR AT WALL TEMPe /25XsI3919HeeePR AT BULK TEMP. /25
6X313919HeeePR AT FILM TEMP. /)

981 FORMAT(1H1)

982 FORMAT(15X91492F7e292F7el9F1l0elsé4F9el93F6e2915)

983 FORMAT(1HO921X9sI29I79I89179110+s4199159216/)

END
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Solution of the Elliptic Form of the Energy
Equation by Finite-Difference Techniques.

The program was used to solve equations (D-25) and (D-27).

The program has two optional features which are controlled by

information on the first data card.

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)

(1)
(2)
(3)
(4)

(5)

(6)
(7)

The remaining data input is arranged as follows
wall temperature distribution
coefficients for dimensionless velocity correlation
coefficients for physical property correlations
cylinder radius and selection of mesh size
number of mesh points in radial and axial directions
identifier (alphameric)
average inlet and wall temperatures, mass flowrate

radial gas-temperature distributions at the beginning and
end of the region of interest.

The calculation proceeds as follows
Calculate Reynolds and Prandtl numbers
Calculate friction factor, £, (Subroutine FRFAC)
Calculate dimensionless, radial mesh-point locations

Calculate dimensionless velocity at each radial mesh point
(if y*t < 26, U is calculated from Subroutine UPLUS)

Calculate dimensionless effective diffusivity at each
radial mesh point.

Calculate dimensionless axial mesh-point locations.

Calculate wall temperatures at each axial location
(Subroutine INTERP)
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(8) Calculate coefficients for finite-difference equation.

(9) Load and invert banded matrix (BNDSOL Library Routine)
to obtain temperature distribution over entire region
of interest.

3 min. 16 sec.
57 sec.
34 sec.

Source Program - Compilation time
Object Program - Load time
Execution time per case

ee o0 e



IBFTC |[EN21
=17
SOLUTION OF ENERGY EQU'N IN ELLIPTIC FORM USING CENTRAL

9

C

G

C DIFFERENCES IN BOTH DIRECTIONS

¢ 336 3 36 3 36 3 3 3 9630 K 3636 33 K K 333 H 3 33 K 3 K K 3 3 33
C

COMMON ALPHA(15)s BETA(15)» BEE(15)

A TO E MATRICES ALLOW A MAX'M OF 40 RADIAL POINTS

T MATRIX MUST BE CHANGED AS NOe. OF MESH POINTS CHANGE

T MATRIX IS DIMENSIONED FOR TOTAL NOe. OF MESH POINTS

ABC MATRIX CHANGES AS NO. OF MESH POINTS CHANGE

IN ABC THE FIRST NO. IS NOs OF COLUMNS = 2%(NO., OF AXIAL POSITIONS

- 3

SECOND NOes IS THE PRODUCT OF (NOe. OF RADIAL POS'NS = 1)%*

(NO. OF AXIAL POS'NS - 2)

RHS MATRIX IS ALSO DIMENSIONED FOR THIS PRODUCT

THIS PRODUCT REPRESENTS THE TOTAL NOe OF UNKNOWN TEMPS,.

X AND XINCH MATRICES CHANGE DIMENSIONS AS NOe. OF AXIAL POS'NS

CHANGE

N = NO. OF RADIAL NODES INCLUDING WALL AND CENTRE LINE

M = NOe. OF AXIAL NODES INCLUDING BOTH BOUNDARIES

NOTE = IN THIS PROGRAM M IS NOT CHANGED FROM IT'S INITIAL READ IN
VALUE AS IT IS IN THE PARABOLIC SOL'N (EN15 OR EN16)
IeEe NOe. OF AXIAL NODES IS FIXED EVEN THO' THE SIZE OF
THE MESH MAY CHANGE CLOSE TO THE ENTRANCE

AN TYOYO DO OOV DY DYDY OO D

DIMENSION GAS(1)s DUMR(30)s R(30)s Y(30)s YPLUS(30)»
1 U(30)s G(30)s DIF(30)s A(30)s B(30)s C(30)s D(30)s E(30)>»
2 XW(50 )s TW(50 )s TT(30)s GG(30)s YTHOU(30),

3X(20)s XINCH(20)sT(25+20)s ABC(37+432)s RHS(432)
DATA CORYPLsCORUsCAPPASEN / 26405 1248495 04365 0124 /

DATA SECHRsCONVERsPI / 3600409 040672y 3414159 /
ENSQ = EN¥*EN

CORYPLs CORYs CAPPAs EN ARE CONSTANTS USED IN DIMENSIONLESS
VELOCITY CORRELATION

0N Oy Y DY

READ(592) KPRINsINZ

INZ 0O STANDARD CALC!'N

INZ 1 CALC'N STARTS PART WAY THRU THE COLUMN AT XW(1)

KPRIN CONTROLS INTERMEDIATE PRINT QUT OF ABC AND RHS MATRICES
eeeloeeNO PRINT OUT

eseleoeePRINT OUT ABC AND RHS JUST BEFORE INVERSION

eee2eeePRINT OUT RAW COEFFICIENTS AsBsCsDsE AS WELL AS ABOVE CASE

non

OO N OO OO

READ WALL TEMPERATURES
_READ(552) KEN

KEN NOe. OF WALL TEMPe. DATA POINTS

NN O

READ(597) (XW(I)sTW(I)sI=1sKEN)

READ CONSTANTS FOR LOPF FIT OF U+ VS Y+

03 Oy

DO 80 I=1,15
ALPHA(I) = 0.0
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NN NN

NN N

aNaNe!

Y 0O

80

BETA(I) = 0.0 2-18
BEE(I) = 0.0

CONTINUE

READ(5s4) (ALPHA(I)sI=2,14)

READ(5s4) (BETA(I)sI=2514)

READ(5s4) (BEE(I)sI=2414)

CONSTANTS FOR PROPERTY VALUE CORRELATIONS

READ(593) VISCCTs VISCA, VISCBs VISCCs VISCDs VISCE
READ(593) TCONCTs TCONA, TCONBs TCONC

READ(5+3) CPCTs CPAs CPBs CPCs CPD

READ(5+3) DENSCTs DENSAs DENSBs DENSCs DENSD

VISC(Z) = VISCCT + Z*(VISCA + Z¥(VISCB + Z*(VISCC + Z¥(VISCD +
Z*VISCE) ) ))

TCON(Z) = TCONCT + Z*¥(TCONA + Z¥*(TCONB + Z*TCONC))

CP(Z) = CPCT + Z*(CPA + Z¥(CPB + Z#(CPC + Z#%CPD)))

DENS(Z) = DENSCT + Z*(DENSA + Z*(DENSB + Z*(DENSC + Z*DENSD)))

READ IN GEOMETRY CONDITIONS

READ(591) RADIUSs DRNOTIs Hs DXI
READ(592) Ns Ms MEXTRAs IGAS

0 AIR IS THE FLOWING MEDIUM
1 STEAM IS THE FLOWING MEDIUM

IGAS
IGAS

READ(595) GAS(1)

INITIAL TEMP CONDITIONS AND MASS FLOWRATE (T IN DEGeFe)
READ(591) TINFs TWALLFs WFLOW

TIN = TINF + 46040

TWALL = TWALLF + 460.0

VARIABLES TO CONTROL COLUMN SELECTION IN ABC MATRIX

IUN = N -1
JUN = M - 2
KOL1 = 1

KOL2 = JUN
KOL3 = M -1
KOL4 = M

KOL5 = 2%M = 3
LAST = TUN¥*JUN

LBF = LAST = JUN
ZERO OQUT MATRICES

DO 70 T =1
DUMR(I) =
R(I) = °
Y(I) = 0,
YPLUS (
YTHOU (
u(l) = °
G(I) = 0.
GG(I) = 0
DIF(I) =

0]
0
I
I)
0
0

0
0
0
0
0
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e ¥aHa)

70

75

85

10

20

30

A(I) = 060 2-19
B(I) = 0.0

C(I) = 0.0

D(I) = 060

E(I) = 040

TT(I) = 0.0

CONTINUE

DO 75 I=1sN
DO 75 J = 1M

T(IsJ) = 040

DO 85 J=1sLAST

RHS(J) = 040 .
DO 85 I=1sKOL5

ABC(IsJ) = 040

CALCULATE INITIAL INLET PARAMETERS

TNORM = TWALL - TIN

AREA = PI*RADIUS*RADIUS/ 14440

GFLOW = WFLOW/AREA

UAVE = GFLOW/(DENS(TIN)*SECHR)

TQ = TIN

IF(IGAS.GEs1l) TQ = TQ/1.8

RE = (RADIUS/6.0)*GFLOW/ (SECHR*VISC(TQ))
IF(IGAS.GE«1l) RE = RE/CONVER

PR = CP(TIN)*VISC(TQ)*SECHR/TCON(TIN)
IF(IGAS.GE«1) PR = PR*CONVER

CALL FRFAC(REsSFFACQ)

ROOTF = SQRT(FFAC/2.0)

RO = ROOTF*RE/2.0

DRNOT = DRNOTI/RADIUS

DX = DXI/RADIUS

DX1 DX

DX2 DX/ (FLOAT(MEXTRA))

MXTR = DX2/DRNOT + 0.01

CALC'N OF RADIAL MESH POINT LOCATIONS

NMINUS = N = 1

DO 10 II=1sNMINUS

DUMRI(II) = DRNOT#(H#%¥II = 1e0)/(H = 1le0)
SUM = SUM + DUMRI(II)

NORMALIZING

DO 20 II=1sNMINUS

DUMR(II) = DUMRI(II)/SUM

SUMX = SUMX + DUMRI(II)

RADIAL STEPS

R(1)
YiL1l)
YTHOU(1)
DO 30 I=2sN

NX = N+ 1 =1

R(I) R(I-1) + DUMRI(NX)

Y(I) = 140 = R(I)

YTHOU(TI) = Y(I)#RADIUS*1000.0
CONTINUE

O.
le

oo

RADIUS*1000.0

1]
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oYY DY

1000
35

45

41

42
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CALCULATE DIMENSIONLESS Y+(YPLUS) AND U+(U) AND DIFFUSIVITY(G)

DO 35 I=1,N

YPLUS(I) = Y(I)*ROOTF#RE/2.0

IF(YPLUS(TI)e«LE«CORYPL) CALL UPLUS(YPLUS(I)»U(I))
IF(YPLUS(I)eGT«CORYPL) U(I) = ALOG(YPLUSI(I)/CORYPL)/CAPPA + CORU
IF(Ie«EQeN) U(I) = 0.0

IF(YPLUS(I)eLE«CORYPL) G(I) = 140/PR + ENSQ*¥U(I)*YPLUS(I)*(1le0Q =
1 EXP(-ENSQ*U(I)*YPLUS(I)))

IF(YPLUS(I)eGE«CORYPL) GG(I) = 140/PR + CAPPA¥YPLUS(I)*(le0 -
1 YPLUS(I)/RO) = 1.0 .

IF(YPLUS(I)eEQeCORYPL) GO TO 1000

IF(YPLUS(I)eGTeCORYPL) G(I) = GGI(I)
IF(YPLUS(I)eGTeCORYPLoANDeYPLUS(I)eGTe(RO/240)) G(I) = G(I) + 1.0
GO TO 35

G(I) = (G(I) + GG(I))/2.0

CONTINUE

CALCULATE DIFFERENTIAL DIFFUSIVITY

DO 45 I=2sNMINUS
DIF(I) = (G(I+1l) = G(I=1))/(R({I+1l) = R(I=~1))
CONTINUE

OUTPUT OF RUN CONDITIONS

WRITE(69999) GAS(1)

WRITE(63998) TINFsTWALLFsWFLOWsGFLOWSUAVESRESPRsFFACSRADIUSHRO
WRITE(69997) DRNOTIs DRNOTs DXIs DXs H

WRITE(69996) NsMsMXTRsMEXTRA

WRITE(6+995) SUMX

WRITE(69994)

WRITE(695993) (IsR(IIDesY(I)sYPLUSII)sU(I)sG(I)sYTHOU(I)sI=1sN)

READ INITIAL AND FINAL KNOWN GAS TEMPERATURES

READ(59e8) (T(Isl)sI=1sNMINUS)
READ(598) (T(IsM)sI=1sNMINUS)
DO 41 I=1sNMINUS

TCIsM) = (T(IsM) = TINF)/TNORM
T(Isl) = (T(Isl) = TINF)I/TNORM

J =1

XINCH(1) = XW(1)

X({1l) = XINCH(1)/RADIUS

CALL INTERP(KENsXWsTWeXINCH(L1)sT(Ns1))
T(NsJ) = (T(NsJ) = TINF)/TNORM

DO 100 J=1sKOL3

DX = DX1
IF(X{J)eLTeDX1) DX
IF(X(J)elLTeDX2) DX
X(J+1) = X(J) + DX
XINCH(J+1) = X(J+1)*RADIUS

CALL INTERP(KENsXWsTWsXINCH(J+1) sT(NsJ+1))
TINsJ+1) = (T(NeJ+1) — TINF)/TNORM
IF(INZ<EQel) GO TO 100

IF{JeEQel) TI(NsJ) = 0.0

DX2
DRNOT



C

OO

OO0y

NnNNNn

100

2002

2003

200

2000

1500

CONTINUE

L =20

DO 500 I=1sIUN

K =1

IF(I«EQel) GO TO 2002
DR1 = R(K) = R(K-1)
DR2 = R{(K+1) = R(K)
DR3 = R(K+1l) - R(K-1)
F1 = 1.0/DR3

F2 = 2.0/(DR2%DR3)

F3 = 240/(DR1%DR2)

F4 = 2.0/(DR1*DR3)

GO TO 2003

CONTINUE

DR1 = R(2) = R(1)

DR2 = R(2) = R(1)

ODR3 = 2.0%DR2

F2 = 20/(DR2%DR3)

F3 = 2.0/(DR1%*DR2)

F& = 260/(DR1%*¥DR3)
CONTINUE

DO 500 J=2,sKOL3

L =L +1

AX1 = X(J) = X(J=1)
AX2 = X(J+1) = X(J)
AX3 = X(J+1) = X(J=-1)
H1 = 1«0/AX3

H2 = 260/AX2/AX3

H3 = 2.0/AX1/AX2

H4 = 20/AX1/AX3

IF(I«EQel) GO TO 2000

CALCULATE COEFFe FOR I GT 1

ODD1 = F1*(DIF(K) + G(K)/R(K))
ODD2 = RO*U(K)#*H1

A(K) = 0ODD1l = G(K)*F4

B(K) = G(K)*(F3 + H3)

C(K) = -0DD1 = G(K)*F2

D(K) = ODD2 = G(K)#*#H2

E(K) = -0DD2 = G(K)*H4

GO TO 1500

CALCULATE COEFFe FOR I =1

CONTINUE

A(l) = =G(1)%240%F4

B(l) = G(1)*(24,0%F3 + H3)
C(l) = =G(1)*2,0%F2

D(1) = RO¥U(1)%¥H1 = G(1)%*H2
E(1) = =RO*U(1)#H1 = G(1)¥*H&4

LOAD COEFFICIENTS INTO ABC MATRIX

IF(KPRIN«LT«2) GO TO 605
WRITE(69991) L
WRITE(6+9992) (A(K)sK=1924)
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DN 0N )

OOy Oy

605

801

820
802

840
804

806
805

500

505

550

WRITE(659992)
WRITE(69992)
WRITE(69992)
WRITE(69992)
CONTINUE
IF(LeLToKOL3
ABC(KOL1lsL)

)

(B(K)sK=1924)
(C(K)sK=1524)
(D{K)sK=1924)
(E(K)sK=1924)

GO TO 801
A(I)/B(I)

IF(JsEQe2) GO TO 820

ABC(KOL2sL) = E(I)/B(I)

GO TO 802

RHS(L) = =(E(I)/B(I))*T(Is1)
ABC(KOL3sL) = 140 .
IF(JoEQ.KOL3) GO TO 840

ABC(KOL&sL) = D(I)/B(I)

GO TO 804

RHS(L) = =(D(I)/B(I))*T(IsM)
IF(L+LE.KOL2) GO TO 806

IF(LeGT«LBF) GO TO 805

ABC(KOL5sL) = C(I)/B(I)

GO TO 500

ABC(KOLS5sL) = (C(1) + A(1))/B(1)

GO TO 500

RHS(L) = RHS(L) = C(IUN)*T(NsJ)/B(IUN)
CONTINUE

IF(KPRIN.LT«1l) GO TO 505

WRITE(69991)
WRITE(69992)
WRITE(69991)
WRITE(69992)
WRITE(69991)
WRITE(6+992)
WRITE(69991)
WRITE(69992)
WRITE(69991)
WRITE(69992)
WRITE(6+986)
WRITE(69992)
WRITE(6+986)
CONTINUE

KoL1
(ABC(KOL1sL)sL=1sLAST)
KOoL2
(ABC(KOL2sL)sL=1sLAST)
KOoL3
(ABC(KOL3sL)sL=1sLAST)
KoL 4
(ABC(KOL&4sL)sL=1sLAST)

KOL5

(ABC(KOLS5sL)sL=1sLAST)

(RHS(L)sL=19sLAST)

CALL BNDSOL(ABCsRHS»37s18sLAST)

DIMENSIONS IN BNDSOL MUST BE CHANGED IF NO. OF MESH PTS. CHANGED

LOAD T MATRIX FROM RHS MATRIX

L =20

DO 550 I=1sIUN
DO 550 J=2sKOL3

Li= L +1

T(IsJ) = RHS(L)

Z-22

WRITE OUT TEMPERATURES IN SAME FORM AS PARABOLIC SOLUTIONS

DO 551 J=1sM
WRITE(69989)

JeXINCH(J)



WRITE(65992) (T(IlsJ)elI=1sN) %4-23
DO 552 I=1sN
552 TT(I) = T(IsJ)*TNORM + TINF
WRITE(6+988)
WRITE(69987) (TT(I)sI=1,N)
551 WRITE(6+985)

WRITE(6+986)

Ql = 1.0

Q2 = 260

STOP

FORMAT (6E1245) .

FORMAT(1615)

FORMAT(6E1346)

FORMAT(1Xs5E1547)

FORMAT (10A6)

FORMAT (13F6.1)

FORMAT (2F10e5)

FORMAT(8F10e4)

985 FORMAT(3Xs125(1H=))

986 FORMAT(///7)

987 FORMAT(10Xs1lOFlle4)

988 FORMAT(1HO)

989 FORMAT(1HO/10X»sI59F10e4/)

990 FORMAT(10Xs10F11le7)

991 FORMAT(1HO/10Xs14/)

9602 FORMAT(8Xs10E1264)

993 FORMAT(I119F12e89F1l3e793E14e439F1562)

994 FORMAT(10Xs1HIs7X9s1HR9»13Xs 1HYs11Xe2HY+912Xs 2HU+510Xs6HDIFFUS,
1 9Xs12HY(INCH*E-03)//)

995 FORMAT(11Xs43HSUMX = TOTAL OF NORMALIZED RADIAL DIVISIONSsF9e4//)

996 FORMAT(11Xs17HNOe RADIAL POS'NSsI5s 9X9s16HNOe AXIAL POS!NSsI5,
2 10X923HEXTRA INITIAL DIVISIONSsI5/96Xs15/)

997 FORMAT(6X913HCRNOTI (INCH)sEl1le4s S5Xs5HDRNOT9E12e49 5X»
2 10HDXI (INCH)sF9el4s 7Xs2HDXsElle4s 10XslHHsF1lle3//)

998 FORMAT(10Xs1OHINLET TEMPsFT7els S5Xs9HWALL TEMPsF8els 5Xy
1 12HFLOW (LB/HR)sF7els 5Xs9HMASS VELesF10e235Xs13HVELe (FT/SEC)»
2 F8e2//16X92HRESF10els 11X92HPRsFBe2s 5X912HFAN FRIC FAC»F9e5,
3 4Xs6HRADIUSsF7els 13Xs2HRO9F18e6//)

999 FORMAT(1HO/50Xs20(1H=)//10X»15HELLIPTIC EQU'NSs 32XsA6//10X>
1 15(1H%*)925X920(1H=)///)
END

@O ~NOWUH LN



SIBFTC FRFAC

C
C
C

2000

1000

SUBROUTINE FRFAC(REsFFAC)
EVALUATE ADIABATIC K=N FRICTION FACTOR

DATA EPSs FTRY / 000003s 0007 /

FLHS = 1.0/SQRT(FTRY)

FRHS = 4.0%ALOGlO(RE/FLHS) = 0440
IF(ABS({(FRHS ~ FLHS)/FRHS)«LT«EPS) GO 7O 1000

ALHS = FRHS

GO TO 2000

FIFAC = le0/(FRHS*FRHS)

RETURN .
END

$IBFTC UPLUS

€
C
C

100

101
102

SUBROUTINE UPLUS(YsU)
CALCULATE U+ FOR A GIVEN VALUE OF Y+

COMMON ALPHA(15)s BETA(15)s BEE(15)
DIMENSION P(20)

[F{YeLE«Oe80) GO TO 101

P(l) = 060

P(2) = 160

DO 100 KK=2,14

P(KK+1) = (Y = ALPHA(KK+1))*P(KK) = BETA(KK)¥P(KK=1)

U = U + BEE(KK)*P(KK)
GO 70O 102

us=1yY

RETURN

END
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SIBFTC INTRP

OV D Dy

805
804

809
806

807

808

810

800
801

811
812

SUBROUTINE INTERP(JKsXsYsXAsYA) 2-25

INTERPOLATES WALL TEMPERATURES IN REGION WHERE WALL TEMPERATURE
IS NOT CONSTANT

DIMENSION X(50)s Y(50)
IF(XAeGEeX(JK)) GO TO 811
YA=0.0

IF(IX(1)=X(2))eGTe0e0) GO TO 804
DO 805 II=1sJK
IF((XA=X(II))eLE«OeO) GO TO 806
CONTINUE .
DO 809 II=1sJK
IF((X(II)=XA)eLE«OeO) GO TO 806
CONTINUE

IF(ITI.LEe3) GO TO 807
IF(IleGEe(JK=2)) GO TO 808
MM=11-3

MMM=T11+2

GO TO 810

MM=1

MMM=6

GO TO 810

MM=JK=-5

MMM =JK

DO 801 I=MMsMMM

PROD=Y(I)

DO 800 J=MMsMMM

IF(JeEQeI) GO TO 800
PROD=PROD* ( XA=X(J))/(X(I)=X(J))
CONTINUE

YA=YA+PROD

GO TO 812

YA = Y(JK)

RETURN

END



Z.3 Calculation of Total-Interchange Areas

This program was used to calculate the total-interchange areas,

described in Section E.3, from the modified direct-interchange ar%as

evaluated by Erkku (B} .

The program has several optional features which are contrg
by information on the first 4 data cards.
The remaining data input is arranged as follows

(1) colum dimensions (inches) and shape factor

blled

(2) average gas and surface temperatures

(3) emissivity of surfaces

(4)  coefficients for determination of Bevans' K values (BB)'
(5) coefficients for Cw versus pf correlation

(6) matrix of coefficients (6, 180, 4) for direct-interchange
area versus kB correlations

The calculation proceeds as follows
(1) Load zone-identification matrices

(2) Calculate gas absorptivities at P L and 2PwL .
(Subroutine ABCAIC) .

(3) Calculate absorption coefficient and weighting factor
for gray-gas component of the real gas.

(4) Calculate total-interchange areas (Subroutine LOAD) for
clear-gas fraction (k = 0).

(5) Calculate total-interchange areas (Subroutine LOAD) for
gray-gas fraction.

Subroutine LOAD calculates the direct-interchange areas for

each zone-pair in the system from the modified direct-interchange

areas of Erkku (Subroutine FACT and Function EQN). The total
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interchange area calculation involves (1) loading a matrix
of coefficients (direct-interchange areas) of the reflected
fluwxes, R, (2) solving for the various R's by inverting th
matrix (INVMAT Library Routine) and
interchange areas by the relationships giwven in Section E.3

The total-interchange areas are obtained as a binary-output

card deck.

Source Program - Compilation time
Object Program - Load time
Execution time per case

(3) evaluating the total-

4 min. 10 sec.
50 sec.
1 min. 10 sec.
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PIBFTC TIA

TOTAL INTERCHANGE AREAS = (TIA) 2-28

$
C

C

C

C IAF  eeeeeINDICATOR - IF IAF = Os AF IS SET = Oe (IsEe NO RADIATION
C eeeesEFFECT ON THE GAS TEMPERATURE)

C  NTESTeeeeeeesesl — BLACK BODY SYSTEMe. BY~-PASS TOTAL INTERCHANGE

C AREA CALC'N

C ssunssd = GRAY SURFACESs CALCe TOTAL INTERFHANGE AREAS

C  NPRINTeeeoeesssPRINT CONTROL VARIABLE

C IF NPRINT = 1 PRINT OUT 'HBAL® ARRAY
C IF NPRINT = O NO PRINT OUT

C  RADIUSeececsssssRADIUS OF COLUMN IN INCHES

C  HEIGHTeeeeeseeeHEIGHT OF COLUMN IN INGHES

C Rz....’...‘....NUMBER OF RADIAL ZONES

C NR............QNUMBER OF RADIAL ZONES

C  NWeesoooosossessNUMBER OF WALL ZONES

E  NGssswssssssessNUMBER OF GAS ZONES

C  NEessseessesessNUMBER OF END ZONES E

C  NNTOTeeeeeceesss TOTAL NUMBER OF SURFACE ZONES - CONSIDERING ENDS AS
C SURFACE ZONES

C  NTOTeesoceoaseeeTOTAL NUMBER OF ZONES IN COLUMN (NR + NW + NG)
C  MATSIZeesesoesesSIZE OF MATRIX CONTAINING DIRECT VIEW| FACTCRS

C I.E. (NTOT)*%2, MAXIMUM SIZE OF 82 X 82 CORRESPONDS
C : TO A 12 WALL ZONE» 5 RADIAL ZONE SYSTEM

C  KBeesosoossoose  ABSORPTION COEFF.)*(ZONE SIZE IN FEET)

C  Aececesossssee s MATRIX OF COEFFICIENTS IN BINARY MODE FOR CALC'N
C OF DIRECT VIEW FACTORS AT VARIOUS 11KB1Sts

C COEFFICIENTS CALC'D ASSUMING A CUBIC FIT OF DATA

C  IDENeesssssesesMATRIX CONTAINING GEOMETRICAL IDENTIFIERS

C  IDEN2eeceecesseesGEOMe IDENTIFIERS FOR WALL TO WALL SYSTEM

C  NAeessosseeesss IDENTIFIER CALC'D FROM RELATIVE POSITIONING OF THE
C ZONES. - COMPARED WITH IDEN OR IDEN2 IN ORDER TO

C SELECT THE CORRECT POSITION IN THE 'A} MATRIX

C  FLXDNOeoeosoesssOUTGOING FLUX DENSITY (HOTTEL'S NOMENCLATURE)

C  AVETWesoseossss s AVERAGE WALL TEMPe IN DEG4Fe

C  AVETGeeecoesssesAVERAGE GAS TEMPe IN DEGeFe

C  PHleeseseosssss SHAPE FACTOR FOR CYLINDER

C  PWeessoososssssPARTIAL PRESSURE OF WATER VAPOR

C PROBLEM ASSUMES STEAM ATMOSPHERE AT 1 ATMe (PW =1)
C EMGAS..........GAS EMISSIVITY

C ABGASeeeeesssssGAS ABSORPTIVITY

C  CORECTeeceeeesss CORRECTION REQUIRED SINCE PWL IS NOT ZERO (HOTTEL)
C  EMSURFeeseessesSTORES SURFACE EMISSIVITIES

C  AAeccececscssesssCONTAINS VALUES OF 4KV AND ZONE AREA

C  HBALeoeoeeooosss CONTAINS TOTAL OR DIRECT INTERCHANGE AREAS

C  COEFeecececosesessCOEFFe FOR K VS T OVER THREE PL RANGES (BEVANS DATA)
C K'S FITTED OVER TWO TEMP. RANGES 800/ - 1399 DEGeRe
s AND 1399 = 2000 DEGeRe (QUADRATIC FIT)

C  COR600eseeessesCOEFFs FOR EMISSIVITY VS PL AT 600 DEG.Rs

C  S5Seecssccsessss SURFACE TO SURFACE DIRECT INTERCHANGE|AREASe 1S5St

C MATRIX IS INVERTED TO CALC. TOTAL INTERCHANGE AREAS
C  FACTeceesesesss SUBROUTINE TO EVALUATE THE DIRECT VIEW FACTOR

C  ABCALCeecoessseeSUBROUTINE TO EVALUATE GAS ABSORPTIVITIES

C  LOADesecsseeesssSUBROUTINE TO EVALUATE TOTAL INTERCHANGE AREAS

C

REAL KBsKLsLNGTH

C .
DIMENSION CC(13) \



<

&
c

50

55

35

2000 KK=1

LOAD IDEN AND IDEN2 MATRICES

25
20

Z=29

D MENSION NOS(6)s GRP(69)
MENSION COEF(14+3)

COM 1ON II’PIaTW’TG,CORECTaINDICaNP{INTaNTESTaIDEN 180) s IDENZ2(60) >
1 AAA(B2)s A(69180s4)s SSEXTR(22922)s ACOEF(753)s PWL(2)> COR600(4)
2 355(22922)s NRsNWsNGsNEsNTOT>NNTOTsRZsHEIGHTsRADIUS»AVETW
3 AVETGsPHIsBsKBsAFsEMSURF(22)s REFL(22)sEMGAS(2)sABGAS(2)>
4 AA(12)s HBAL(82,82) ‘

EQUIVALENCE (NOS(1)sNR)s (NOS(2)sNW)s (NOS(3)sNG)s (NOS(4)sNE)>
1 (NOS(5)sNTOT)s (NOS(6)sNNTOT)

EQUIVALENCE (GRP(1)sRZ)s (GRP(2)sHEIGHT)s (GRP(3)»RADIUS) s
1 (GRP(4)sAVETW)s (GRP(5)>AVETG)s (GRP(&)sPHI)s (GRP(7),8B1)>»

2 (GRP(8)sKB)s» (GRP(9)sAF)> (GRP(10)9EMSURF (1)) (GRP(32)sREFL(1))>
3 (GRP(54)sEMGAS(1)) s (GRP(56)sABGAS( 1)) s (GRP(58)>AA(1))

DO 50 I=1,82
DO 50 J=1+82
HBAL(I9J)
PO 55 1I=1222
DO 55 J=1s22
SSEXTR(IsJ)
READ(5+1) IAF
READ(592) IPW»
READ(5s14) CC
READ(591) NPRINTs NTEST

READ(536) RZsRADIUSSHEIGHT»PHI

READ(596) AVETWSAVETG

B RADIUS/RZ/12.0

NR RZ

NW HEIGHT/12.0/8

NG NR*NW

NE 2%NR

NTOT NG + NW + NR%*2

NNTOT NE + NW

MATSIZ NTOT*NTOT

PI1=361415927

WRITE(65998) RZsRADIUSSHEIGHTsPHIsBsAVETWIAVETG
READ(5913) (EMSURF(I)sI=1sNNTOT)
READ(5516) ( (COEF(IsJ)sJd=193)s1=1514)

READ(5915) (COR6Q0O(I)sI=194)

READ(5) A

IF(NWeGTe12) GO TO 99

DO 35 I=1sNNTOT

REFL(I) l¢0 - EMSURFI(TI)

WRITE(6911)
WRITE(699) ,

0e0

0.0

PWRDIN

o un

(I1sEMSURF(I)sREFL(I)sI=1sNNTOT)

DO 20 I=1s12
DO 20 J=155
NN=(1-1)%5 + J

IDEN2 (NN)=100%] + 10%J
DO 25 K=Js5
IDEN(KK)=I%100+10%J+K
KK=KK+1
CONTINUE
INDIC = O
IF(IAF<EQ.O)

GO TO 101




OO NN

100
1000

150
1500

CALCULATE KL AND WEIGHTING FACTOR *AF*' ASSUMING ONE
GRAY GAS WITH ABSORPTION COEFFICIENT *K!

101
102
103

45

500

99
2222

CONOLV PN

=

KL = ALOG(ABGAS(1)/(ABGAS(2) - ABGAS(1)))
AF = ABGAS(1)#ABGAS(1)/(2+0%ABGAS(1) = ABGAS(2))
IF(IAF«EQe0) AF = 040

KB = 0.0

CALL LOAD

IF(IAF<EQ.O0) GO TO 102

KB = KL/LNGTH*B

CONTINUE

WRITE(65997) PWL(1)sPWL(2)sEMGAS(1)sEMGAS(2) sABGAS
1 KLsAFsKB

IF(IAF.EQe0) GO TO 103

CALL LOAD

CONTINUE

IF(NPRINT<EQeQ0) GO TO 500

DO 45 I=1sNTOT

WRITE(694)

WRITE(6s5) (HBAL(IsJ)sJ=1sNTOT)

WRITE(7) NOS

WRITE(7) GRP

WRITE(7s14) CC

WRITE(T7) ((HBAL{IsJ)sJ=1sNTOT)sI=1sNTOT)

GO TO 2222

WRITE(6510) NW

WRITE(657)

XX = 140

XX = l.O

STOP

FORMAT(1615)

FORMAT(I55F10e1)

FORMAT (/)

FORMAT(8X5s10E12¢5)

FORMAT(8F1045)

FORMAT(//7)

FORMAT (1HO»11952F10e4911052F10e45s11092F1064)
FORMAT (1H=»35Xs47HTOO MANY WALL ZONES #¥% NUMBER OF

PW = 160

IF(IPWeEQal) PW = PWRDIN
LNGTH = PHI*2.,0%RADIUS/12.0
PWL1 = PW*LNGTH

TW = AVETW + 46060

TG = AVETG + 460.0

PWL(1) = PWL1I*(TW/TG)
PWL(2) = 2.0%PWL(1)
IF(TGeGE«14000) GO TO 1000
DO 100 I=1s7

DO 100 J=1+3

ACOEF(IsJ) = COEF(IsJ)

GO TO 1500 v
DO 150 I=8s14

DO 150 J=1+3

ACOEF(I=7sJ) = COEF(IsJ)
CALL ABCALC

IF(INDICeEQel) GO TO 2222

1 13)
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11 FORMAT(1HO»31X»35HSURFACE EMISSIVITY AND REFLECTIV#TY/29X’37(1H-)
13 FORMAT(13F6.3)
14 FORMAT(1Xs13A6) ‘
15 FORMAT(4E1568)
16 FORMAT(3E1548)
17 FORMAT(1HO»23HHBAL READY TO BE DUMPED//)
998 FORMAT(1HO217X9s2HRZ 94X s 6HRADIUS»4Xs6HHEIGHT 9 7X9 3HPHI 96X 1HB»8X»
1 S5HAVETWs5Xs5HAVETG/10Xs3F10e192F10e492F10e1/7/)
997 FORMAT(lHO,IBX’éHPWL(I)912X,8HEMGAS(I)912X98HABGASVI)leX,ZHKL,
1 8X92HAFs8X92HKB/10X92F10e23s7F10e4)
END |

|
$IBFTC AB

SUBROUTINE ABCALC

COMMON IIsPIsTWsTGsCORECTsINDICsNPRINTsNTESTsIDEN(180)sIDEN2(60) ;
1 AAA(82)s A(635180s4)s SSEXTR(22922)s ACOEF(7s3)s PWL(2)s COR600(4)]
2 95S5(22922)9 NRsNWsNGsNEsNTOTsNNTOTsRZsHEIGHTsRADIUSSAVETW
3 AVETGsPHIsBsKBsAFsEMSURF(22)s REFL(22)sEMGAS(2) s ABGAS(2)»
4 AA(12)s HBAL(82+82)

DIMENSION CORRK(7) \

TT = TG \

IF(TGeLTe80040) TT = 800.0 \

DO 100 I=1,7

100 CORRK(I) = EXP(ACOEF(I1s1) + TT*(ACOEF(Is2) + TT*ACOEF(Is3)))
DO 150 I=1s2
KOUNT = 0

IF(PWL(I)eGEeOeUleANDePWL(I)eLEeOo10) KOUNT =1
IF(PWL(I)eGTe0elOeANDPWL(I)elLEeleQO0) KOUNT =2
IF(PWL(I)elLTeO0o0le ORePWL(I)eGTe2060) GO TO 1000
GO TO (20005250053000) sKOUNT

2000 EMGAS(I) = CORRK(1)*PWL(I) + SQRT(CORRK(2)#PWL(I))

GO TO 150

2500 EMGAS(I) = SQRT(CORRK(3)*PWL(I)) + CORRK(4)*ALOG1O(CORRK(5)*
1 PWL(I))
GO TO 150

3000 EMGAS(I) = CORRK(6)*ALOG1O(CORRKI(7)*PWL(I))

150 CONTINUE
IF(TGeGE«800.0) GO TO 4000
DO 200 K=1s2
PWLLN ALOG(PWL(K))
EM600 EXP(COR600(1) + PWLLN#*(COR600(2) + PWLLN*(FOR&OO(B) +
1 PWLLN#COR600(4))))
200 EMGAS(K) = (EM600 = EMGAS(K))*#(80040 = TG)/200.0 + EMGAS(K)

4000 DO 250 K=1»2
CORECT = 0013633333E 01 = 0.86801048E-01*(ALOG(PWL(K)) =

1 0.45814537E 00)
EMGAS({K) = EMGAS(K)*CORECT \

250 ABGAS(K) = EMGAS(K)*((TG/TW)¥*%0445)

GO TO 1500 i
1000 WRITE(6999) PWLI(I)

INDIC ="1 |

99 FORMAT(1HO»20Xs6HPWL = sFB8e3931H - OUTSIDE RANGE OF CORRELATION//)

1500 RETURN |
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