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ABSTRACT

A study was rﬁade of forced convection heat-transfer to -
water and air-water mixtures in a horizontal rectangularl’ duct with
air injection through one porous heated wall. The main independent
variables were the rate of air injection through the porous wall,‘

~the liquid velocity in the duct and the amount of air mixed with
the water ubstream of the heated test section; the method of mixing
the upstream.air and water was also varied. The dependent variables
reported were the heat-transfer coefficient and the flow'pattem.

The conditions analyzed here were those for which the heat-
fransfer'coefficient increased with increasing rate of air injection
through the pbrdus heat-transfer surface (analogous in saturated
nucleate boiling to the'heat—transfer coefficient increasing with
vapour formation rate, i.e. with heat flux). For these conditions,
the heat-transfer coefficients were correlated using the concept
(analogous to Chen's for forced-convection saturated boiling) that
the heat—trénsfer coefficient was comprised of two contributions,
one associated with the forced convec%ion flow and one with the
bubbling at the heat-transfer surface. The quantities appearing
in the correlating equation were found empirically.

As part of this study, a quantitative comparison of the
heat-transfer coefficients in pool barbotage and saturated nucleate -

pool boiling was presented. This comparison took into account the



vapour formation rate near the heating surface in boiling and the
absence of ''latent heat transport' in barbotage. A "heat-transfer-
coefficient-through-the-liquid" Qg Was defined which took into |
account the same mechanisms in boiling and barbotage. It was con-
cluded that, at the same dimensionless vapour/gas flow rates, the
dimensionless ae in boiling and barbotage: were closely comparable

in magnitude. : -
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NOMENCLATURE

a Height of channel normal to heated surface, ft

a' Empirical constant, see equation (D.37)

A Area, ft2

Ay A;pect ratio; defined in Section 6.3
Width of channel and of heated surface, ft
Embirical constant, see equation (D.37)

B Empirical constant, see equations (6.45) and (6.46)

c Coefficient of diséharge for orifice

CD Correction fdr pipe size (orifice calculation)

Cp " Specific heat at cénstant pressure, Btu/lb degF

CRe Correction for Reynolds number (orifice calculation)

d Diameter of tube, ft

de Equivalent diameter of flow chamnel, defined in equation
6.3), ft

dOr Diameter of orifice, ft or in. ‘

dpipe Diameter of pipe in which orifice was installed, ft

D Bubble diameter, ft

E Velocify of approach factor, see beneath equation (E.Z2)

E DC emf in any thermocouple signal, uV

E_. AC émf in any thermocouple signal, V.

Edc DC emf in any therﬁocouple signal, W

E

ref

DC emf at the terminals of the two reference wires, wV



E

std Voltage read on standard voltmeter, V
Eth - Thermal emf in any thermocouple s;ignal» ﬁV
AE Voltage drop between two points on heater Ax apart in
distance, V
AEoveralloverall volta%e drop between the two ends of the heater, V
f Erequency of bubble formation, 1/h
F Upstream turbulence facﬂ‘:);r
FC Reynolds numbe_er factor (of Chen)
Fg Ratio of the local to the overall heat generation rate
fv - Vapour content of air and vapour mixture, 1b vapour/lb air
Fr* Special form of Froude number,. defined in ec-luation (6.42)
g Acceleration Slue to gravity, ft/h2
g, Constant én Newton's Sgcond Law of Mbtion;
4.17 x 10° 1b ft/Ibf h
G Mass velocity, 1b/ft2h
h Enthalpy, Btu/1b
h Pressure drop across orifice, in. water
hfg Latent heat of vaporization, Btu/lb
I Current in the porous heater, amps
Id Current read on standard ammeter, amps-
k Thermal conductivity, Btu/ft h degF
K Flow coefficient (orlflce calculatlon) defined above
equation (E.3)
KT Dimensionless group used in correlating saturated nucleate

pool boiling data, defined in equation (6.29)
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D1men51on1ess group used in correlating barbotage data,
defined in equation (6 35)

Kutateladze number, defined in equation (2.24)

Modified form of the Kutateladze number, defined in equation
(2.34) ' o,

Length of porous heater, ft
OﬁﬁwcmﬁmudﬁmwbwwmewﬂMn@J)
Mass flow rate,‘lb/h

Mass flux, 1b/ft’h

Used for convenience, defined in equation (D.25)

Number of bubble sources on the heating surface

Diméensionless group, defined in equation (2.46)

Single-phase Nusselt number, defined in equation (6.2)

Special form of Nusselt number, defined in equation (6.32)
Special form of Nusselt number, defined in equation (6.40)
Special form of Nusselt number, defined in equation (2.41)

Special form of Nusselt number, defined in equation (2.43)

Porosity, defined in Table 2.4

Pressure, psi

Prandtl number

Pressure drop in the flow channel between inlet to, and
exit from, the porous heated section, psi

Heat flux, Btu/ft’h



Net heat flux, defined in equation (D,32), Btu/ftzh

q'r;et

q'*! Volumetric heat generation rate, Btu/ft3h
Volumetric flow rate, ftslh
Resuit, as used in Section E.1

Re Reynolds number, defined in equation (6.4)

R s Resistance of the heater between the two reference
wires, ohms

Rrc Resistance of the heater between the points of electr1ca1
contact of the two wires of a thermocouple.

Re . Reynolds number based on orifice diameter (orifice calcuiation) -

S Suppression factor (of Chen)

S, Empirical constant, see equation (D.37)

T Temperature, °F

u {felocity, ft/h or ft/s
Variable, as used in Section E.1

v Volume of bubble, ft>

V‘g‘ Barbotage-rate or gas volume injected throughsporous
heater per unit time and unit heater area, ft /ftzh
or fts/ftzs

W Mass flow rate, 1b/h

X Position along heater, ft

Xtt Martinelli flow parameter, defined in equation (6.8)

y Distance from the heating surface, ft
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. Thickness of the liquid film at the base of a bubble in

boiling, in.
Thermal boundary layer thidkness; in.

Proportionality constant used in estimating the evaporation
correction to the heat flux

- Distance through the porous heater, ft

Factor in orifice calculation, defined beneath equation (E.2)

\

Greek Symbols

o

a

Heat-transfer coefficient, Btu/ftzh degF
Mean heat-transfer coefficient, Btu/ftzh degF
Volumetric quality

Latent heat fraction, defined in equation (2.18)

Thickness of the porous heater, ft

Correction for expansion (orifice calculation)

Ratio of the heat-transfer-coefficient-through-the-liquid

. to the total heat-transfer coefficient in boiling, see

equation (2.12)
Dynamic viscosity, 1b/ft h

Ratio of liquid viscosities evaluated at bulk temperature
to that evaluated at wall temperature’

Density, 1b/ft>
Density of porous material when keff =0, 1b/ft3

Gas density at the high-pressure orifice tapping, 1b/ft3
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Surface tension, 1bf/ft

Bubble effecfiveness factor

Bubble effectiveness factor for zero inlet-quality tests
Ratio ¥/¥

Product of bubble break-off diameter and frequency, ft/h

Uncertainty interval, as used in Section E.1l

Subscripts

ac

app

bub

cr

dc
diff

eff

- Air

Conditions at the A-surface (a plane an arbitrary distance

-above the heating surface)

Electrical ac current or potential
Apparent

Bubble break-off conditions

Bulk conditions

Maximum obtainable due to bubbling for fixed fluid
properties and bubbling rate

Critical

Conditions at one bubble-detachment height above heating
surface

Electrical dc current or potential
Indicates diffusion mechanism
Conditions at exit from the heated porous section

Effective, based on bulk volume
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elec Electrical

f Refers to heat transfer, or heat-transfer coefficient,
through the liquid

f Liquid
g Gas (barbotage) or vapour (boiling)

i " Conditions at inlet to the heated porous section

in Conditions on entering the control volume

IH Refers to mechanism of latent heat transport

mac Due to macroconvection

mean ~ Conditions at the mean pressure and mean bulk temperature

within the heat- transfer section
meas Measured

Metal Refers to solid metal

mic Due to microconvection

) Refers to tests with zero inlet-quality

0 Conditions at the O-surface (bottom face of porous element)
out Conditions on leaving the control volume

P Projected (area)

PB Pool boiling

plen Conditions in the plenum chamber .

pred Predicted
S Conditions at the S-surface (solid-liquid interface)

sat Refers to saturation vapour content



SP

tot

TP

tr
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Single phase
Total cross-section
Total (for heat transfer and heat-transfer coefficient)

Two phase, but restricted to conditions of zero barbotage

and finite inlet-quality

Transition condition beyond which any finite barbotage-rate
causes a reduction in the heat-transfer coefficient -

Vapour
Local value (along the porous heater)

Conditions at some very large distance from the heating
surface

Refers to various locations in the flow éircuitry, see
Fig. 3.2
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CHAPTER 1 INTRODUCTION
1.1 Background

Boiling heat transfer is a very important method of heat
removal, particulaf/iy in systems, such as nuclear reactors and
1iquid propellant, rocket motors, which involve high heat-flux densities.
However, boiling is a complex phenomenon affgcted,by_many variables
- [941.

Because of this complexity, several authors [1,27,28,49,63]
have sought to imprové the understanding of heat transfer across
bUbEie—étirred boundary layers by simulating nucleate boiling using
"barbotage" or electrolysis to produce bubbles on the heat-transfer
surface. (Tﬁe term "barbotage" used here is defined as the bubbling
of a gas through a drilled or porous heat-transfer surface into a
liquid.) Barbotage systems are attractive for the study of bubble-
stirred boundary layers mainly because, in contrast with boiling,
the bubble generation rate is independent of the rate of heat transfer -
and can be.accurately controlled and measured [89].

As with boiling, barbotage systems may be divided first
into two categofies, némely (i) "free convection' or ''pool" syStéms
in which the porous heat-transfer surface is located in a pool of
liquid and (ii) "forced;convection“ systems in which the porous heat-
transfer surface is situated in a wall past which the liquid or gas

and liquid mixture is forced. Further subdivision is possible [19].
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The experiments described in this thesis are of forced-
conveﬁtion barbotage. A study is made of heat transfer to water
and air-water mixtures flowing in a horizontal rectangular duct'
having one porous wall (the bottom) through which air is bubbled.
A rectangular channel with air injection through one wall was chosen
for the.following reasons.
(i) The geometry simulates that of a rocket motor cooling channel.
The present project forms part of a larger study [42,43,81] dealing
with this geometry (boiling work is currently in progress).
(ii) The use of transparent side-walls (as in the present apparatus)

permits flow patterns to be observed along the porous heat-transfer

section. This is in contrast to a tube in which such observations
are not possible. -

(iii) No previous barbotage results for this geometry have so far
appeared in the literature.

When considering barbotage as an analog of boiling, various
aspects may be examinéd; these may be purely hydrodynamic or may
include heat transfer. Zuber [92], Wallis [88], and more recently
Kudirka [48], have noted the similarities in appearance of the
bubbling flow regimes in barbotage and saturated nucleate pool boil-

ing; the similarity of initiation [92,86] and of growth rates and

~growth times [86] have also been pointed out.

In boiling a hydrodynamic crisis has been postulated [50]

to occur at the critical heat flux (burnout). In barbotage, a
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similar hydrodynamic crisis has been postulated [54] and studied
[1,54,58,80,87]?

With regard to heat transfer, a first step toward under;
standing the connection between barbotage and boiling is to compare
the heat-transfer coefficients in both these phenomena [63,27,80,49].
Part of the present study deals in considerable detail with this
- comparison, to which the following paragraphs give soﬁe background.
(Althougﬁ the investigation of Mixon, Chon and Beatty [63], involving
electrolytic gas evolution at the heat-transfer surface, does not
strictly fall within the definition of barbotage, the following dis;
cussion occurs as if it did.) §

-In making heat-transfer compafisoﬂs between boiling and
barbotage the following ;;pects should be considered.

(i) The boiling results used should be for saturated, as opposed
to subcooled, nucleate boiling. This is because the hydrodynamic
similarities [92,86,89,48] (particularily bubble growth rate and
daeparture [86]) in boiling and barbotage refer to saturated boiling
conditions. In highly;subcooled boiling, the bubbles grow and
collapse on the heating surface [33] without detaching at all, a
behaviour unlike that of a barbotage bubble. Most previous com-
parisons have used saturated nucleate boiling results [27,80,49].
(ii) A significant variable in both barbotage and boiling is the
rate of vapour/gas formation [63]. It is later argued that the

relevant vapour formation rate for use in the comparisons is that
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near the heating surface (perhaps it is obvious). Unfortunately,
this rate is usually not known (with the exception noted later) in
saturated nucleate boiling. In general, previous comparisons were
based on using a vapour formation rate which would exist if all the
heat.flux produced vapour [27,80,49]. It is especially a recent
paper by Rallis and Jawurek [68], giving vapour formation rates

" near the heating surface in the saturated nucleate pool boiling of
water over a wide range of heat fluxes, which allows an improvement
to be made over previous comparisons. Use is made of this new in-
formation in the comparisons performed in the present work. |

[

(iii) It is desirable ta plot both the boiling and the barbotage -

data on dimensionless coerdinates which accommodate fluid property
differences. Earlier combarisons were on dimensional coordinates
[63,27] while later comparisons [80,49] were on dimensionless co-
ordinates, the first presentation of this type being in Ref. 80.

(iv) It has been recognized [63,27,49]} that, as a means of trans-
ferring heat, the 'latent heat transport' [68] which occurs in boiling
has no counterpart in barbotage. To date no attempt has been made
to quantitatively account for this difference. The present work
makes a first attempt. It is necessary however to have knowledge of
the latent heat transport in saturated nucleate boiling; measurements
of vapour formation rates also provide information on latent heat

transport. It is largely the recent work of Rallis and Jawurek [68]

which provides this.



30

Unfortunately, fhe information on vapour formation rate
and latent heat transpert, which are necessary for the present
method of comparison, are available only. for pool (as opposed to forced
convection) systems in saturated nucleate boiling. For this reason,
the ﬁeat-transfer comparisons in the present work are restricted -
(with one exception appearing in Section 6.10) to pool barbotage

" and saturated nucleate podl boiliﬁg.

1.2 Purpose and Scope

The purpose of the present investigation is:

(i) to present a quantitative méthod of comparing the heat-transfer
coefficients in pool bariootage and saturated nucleate pool boiling
which takes aécount of (a) the vapour formation rate near the surface
in boiling and (b) the different heat-transfer mechanisms which exist
in barbotage and boiling;

(ii) to measure and correlate the heat-transfer coefficient between
one heated porous wall of a rectangulér duct and an air-water mixture
flowing within the duct.

The main dependent variables observed are the heat-transfer
coefficient and the flow pattern; the main independent variables are
the barbotage-rate V'g' (rate of air injection through the porous heat-
ing surface), the water flow rate and the amount of air introduced
upstream of the heated porous test section. A minor independent
. variable was the method of introducing the air into the water up-
stream of the test section. The range of ﬁariaﬁles is given in

detail in Table 4.2.
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The conditions of greatest interest here are those for
which the heat-transfer coefficient increases with increasing
barbotage-rate VE (analogous in boiling to the increase in the
heat-transfer coefficient with increasing vapour formation rate;"

i.e. with heat flux). The heat-transfer coefficient is correlated

for this region.

1.3 Layout of Thesis

A review of the previous forced convection barbotage in-
vestigations is presented in Section 1.4.
Chapter 2 presents the method of comparing the heat-transfer

coefficients in pool bafbotage and saturated nucleate pool boiling.

The main result erthe comparisons is shown in Figs. 2.5 and 2.7.
The remainder of the body of the thesis is divided into
five parts, thus
Apparatus
Procedure
Flow Pattern Observations
Presentation and Discussion of Heat-Transfer Results
Sumﬁary and Conclusions.

In the chapter on flow observations the main results take

the form of: the flow map Fig. 5.3, the tabulated flow pattern
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boundaries Tahle 5.1.and the discussion in Section 5.5,

The experimental results for the heat-transfer coefficient
are presented in Figs. 6.2 to 6.13 while a summary of the correlat-
ing equations is given in Section 6.6.1.

A In order to assist the discussions which occur in this
thesis, Fig. 1.1 shows a schematic diagram, the contents of which
" are classified a&cording to (i) boiling or barbotage and (ii) pools
or forced convection. The figure indicates the location in the
thesis of discussion of the various "links" or relations between
the subjects in the rectangles.

‘The number of each-figure, equation and table begins with
the number of the chapter, of the letter of the appendix, in which

it appears.

1.4 Review of the Forced Convection Barbotage Heat-Transfer

Literature

An excellent review of the pool-barbotage 1iteréture
has recently been presented by Duffield [19]. The present review
is therefore limited to forced convection barbotage. However,
later in this thesis, éxtensive use is made of the pool-barbotage
heat-transfer results of Akturk [1] and of Gose, Acrivos and
Petersen [27]; details of their experiments will be given where
their results’are first used. Similarily, topics will be dis-

cussed such as saturated nucleate pool boiling and two-phase two-
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component forced convecfion flow patterns. The relevant literature
will be discussed at appropriate points throughout the thesis.
Attention is further restricted in the present section to forced -
convection barbotage in enclosed channels and to investigations
with.heat transfer. This then excludes: the theoretical analysis
of Hirata and Nishiwaki [36] for bafbotagb from a flat porous plate
" to a liquid of infinite extent flowing past the plate, and the
studies in channels in which purely hydrodynamic quantities (pres-
sure drop [89,62] and velocity and density profiles [90]) were of
interest.

The investigations of direct interest are those of Gose,
Petersen and Acrivos [28], Gose, Acrivos and Petersen [27] and
Kudirka, Grosh, and McFadden [49]. Details of thesé investigations
are summarized in Table 1.1.

The previous investigations were in vertical, round tubes
[28,27,49] with upward flow of the liquid'or gas-liquid mixture.
The gas—liqﬁid systems used were nitrogen-water [28], air-water
[27,49] and air-ethylene glycol [27,48]. Provision was made for
mixing gas with fhe liquid upstream of the heated porous test
section in the most recent investigation [49]. The earliest in-
vestigétion [28] was considered to be of a preliminary nature [27].

Gose et al. [27] obéerved that the effect of barbotage was
approximately ''linearly additive" to the effect of single-phase

forced convection, i.e. for a given barbotage rate and liquid, the
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Table 1.1 Details of Previous Forced Convection Barbotage Experiments

Gose, Petersen and
Acrivos [28]

Gose, Acrivos and
Petersen [27]

Kudirka,
Grosh and McFadden
{491

Geométry of
heat-transfer
tube

Vertical round
porous tube,
7/8-in. ID (2-in.
OD) and 6-in.
long; liquid flow
upward.

Vertical round
porous tube,
7/8-in. ID (2-in.
0OD) and 6-in.
long; 1liquid flow
upward.

Vertical round
porous tube,
5/8-in. ID (7/8-
in. OD) and 11-in.
long; liquid flow
upward.

Description of
porous tube

Sintered bronze;
porosity of inner
surface 25%; pore
diameter 7-13 u
(0.000276 -
0.000512 in.)

Sintered bronze;
porosity of inner
surface 0.128%;
mean pore diame-
ter 0.000625 in.;
4170 pores/in.2

Machined from
0Oilite bronze-cored
bar stock, etched
in dilute nitric
acid; pore density
on outside of tube
possiblg about

700/in.
Gas-liquid Nitrogen-water Air-water Air-water
Air-ethylene Air-ethylene
glycol glycol
Liquid-velocity
range, ft/s 0.11 - 3.0 0.3 - 9.9 1.0 - 9.0
Reynolds num-
ber range 749 - 20,500 380 - 50,000 380 - 45,000
Range of bar-
botage rates,
Vg, ft/s 0 - 0.045 0 - 0.185 0 - 0.62
Gas velocity. 0 - 76
along channel at location of
upstream of the| Zero Zero reported heat-
heated test transfer coef-
section, ft/s ficients
Heat-transfer Mean Mean Local at a location

coefficients
reported

14 diameters from
the beginning of the
heated section
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absolute increase in the heat-transfer coefficient over that for
single—phase flow was approximately the same regardless of the v‘alue
of the heat-transfer coefficient in the absence of barbotage.
Kudirka et al. [49] found that the effect of barbotage was "alge-
braicélly additive", i.e. the magnitude of the effect of barbotage
on the heat-transfer coefficient depended not only on the barbotage
‘rate and the liquid, but also on the factors affecting the heat-
transfer coefficient in the absence of barbotage (liquid velocity
and gas velocity along the channel).

~ Another method of gas production at the heat-transfer wall
was studied by Metais [61]. - He measured heat'—transfer coefficients
in vertical and horizonfal tubes in which water, saturated with air
at entry to the tube, was heated, so liberating air at the walls of
the tube. The maximum rate of air liberation was approximately 2
or 3 orders of magnitude less than the smallest finite barbotage
rate in the previous [27,28,49] and the present barbotage experiments.
Maximum changes in the heat-transfer coefficients over those for
deaerated water (no air liberation at the tube wall) were only 20%
(compared with, in some cases in the present inves;tigation, changes
of some hundreds of per cent in the heat-transfer coefficient with
finite barbotage over that with zero barbotage). .For these reasons,

the work of Metais is not treated further in this thesis.
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CHAPTER Z COMPARISON OF HEAT -TRANSFER COEFFICIENTS IN POOL
BARBOTAGE AND SATURATED NUCLEATE POOL BOILING

®
2.1 Introductory Remarks

This chapter presents a quantitative comparison between.
heat-transfer coefficients in pool barbotage and saturated nucleate
pool boiling. The main considerations presented in the chapter
‘are arranged as follows. First, an examination is made of heat-
transfer mechanisms, noting particularily that latent heat trans-
port occurs in boiling, but not in barbotage. A '"heat-transfer-
coefficient-through-the-1iquid" O.p is then defined which accounts
for the same heat-transfer mechanisms in boiling and barbotage;
this is used as the basié of comparison. Next, vapour formation
rates and latent heat transport in boiling are estimated from
published data; this information is used in the comparison. Finally,
the comparison is made of the dimensionless o¢ in boiling and bar-
botage at the same dimensionless vapour/gas flow rates; this re-
presents the main result of this chapter and is shown in Figs. 2.5
and 2.7.

The preéent comparisons are restricted to:

(1)  heat-transfer coefficients,
(ii) saturated, as opposed to subcooled, nucleate pool boiling on
smooth surfaces,

(iii) pool or free convection systems, as opposed to forced convection,

E3

The author gratefully acknowledges many helpful discussions with
Dr. P. L. Duffield in connection with the material presented in
this chapter.

L
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(iv) horizontal heaters.
There are many equations presented in this chapter; for

this reason the important equations are summarized in Table 2.5.

2.2 Heat Transfer Mechanisms

2.2.1 Boiling Heat Transfer Mechanisms

The cyclic distributions of heat and mass fluxes and
'~temperatures which occur during the formation and departure of'
vapour bubbles are replaced here by a simple one-dimensional éystem
invo%ying only time andarea means of these quantities; this is done
fér both boiling and barbotage. This replacement allows a simple
treatment of the problem (only a simple treatment is justified in
the presenf é;ate of knowledge); further, the measured heat-transfer
coefficients which are compared are inaeed time and area means.
Semeria [77] presents an excellent review of boiling heat-transfer
analyses based on the bubble cycle.

The system is. shown in Fig. 2.1la in which a control volume
extends from the horizontal heating surface (S-surface) to a plane
A-A (A-surface) at an arbitrary distance above the heating surface.
For the most general case shown, A-A is contained within the thermal
boundary layer. Also shown is a plane D-D (D-surface) located at
the ”bﬁbble detachment height" (defined as the height of the bubble

at the moment it detaches from the heating surface); the signifi-

cance of the D-surface will be seen later. There are no fluxes

ig
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through the sides of the control volume,

An energy balance applied to the control volume yields

h he i * iy B (2.1)

1 = & .1y - ‘.
Aeot qgiff ¥ m%,out f,out Ih'f,in ‘gg

where the "dot" over the symbol signifies per unit time and the
"double prime' superscript signifies per unit area of heating surface;

q%ot is the total heat flux crossing the S-surface; in boiling

experiments it is the usual heat flux measured;

Hiff is the heat flux through the A-surface due to the presence

of the temperature gradient; it includes both molecular
and eddy diffusion; -

m”

€ in and ! . are the mass fluxes of liquid entering and leaving
, :

f,out
the control volume respectively; they are caused by the action
of the bubbles and by density gradients in the liquid;
M  is the mass flux of the vapour passing out through the A-
surfa;e; |
£,in and hf,out are the mean enthalpies of the liquid entering
and leaving the control volume respectively; due to the
presence of the superheated liquid they may have values

greater than that of the bulk saturated liquid; in genefal,

of course, h h

f,out g f,in;

h is the enthalpy of the saturated vapour;

hfg is the latent heat of vaporisation (used below).
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From mass continuity

m! l.

£in = ME our * My o 2.2)
and from thermodynamics
hg - hf,in = hfg (2.3)

" Substitution of equations'(z.z) and (2.3) in (2.1) yields

m!h

tot = ddier * r.n;i;',r:)ut (hf,out B hf,in) * g Reg (2.4)

" In the above equation, the term mg hfg is called the

"latent heat transport" for which the symbol qEH is used, i.e.

iy = mg hfg _ (2.5)

The remaining two terms on the right-hand side of equation (2.4) re-
present the heat transfer through the liquid, for which a symbol

q% is defined by

- "
Af = d3ief * f,out (hf,out N hf,in) (2.6)
Equation (2.4) may be rewritten as
Aor = O * @7

It is important to note that the relative magnitude of

the terms in equation (2.7) vary:
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tot ?

(i) with distance y from the heating surface for a fixed q't' ot
(Fig.2.2a illustrates this qualitativély), and
(ii) with the intensity of bubbling, i.e. with 4} for a fixed

distance from the heating surface.

2.2.2 Barbotage Heat Transfer Mechanisms

The barbotage system is shown in Fig. 2.1b. An energy
"balance together with the mass continuity equation written for the
control volume yields

-
N

1" = AN 1"
tot = daige T M

f,out (hf,out - hf,in) (2.8)

where all the symbols are as for boiling. The quantities hf in
- 3

and h may have values greater than that of the bulk liquid

f,out
due to the presence of liquid moved bodily from the thermal bound-
ary layer. In equation (2.8) the gas-enthalpy term has been neg-
lected as it is small compared with the other terms.’

If the same definition of qg as for boiling, equation

(2.6), is used, then equation (2.8) becomes
Ao = 4 2.9
In barbotage then, the heat transferred through the liquid q% is
the total heat flux. The ratio 'f'/qlc'ot is shown in Fig. 2.2a for
comparison with the same quantity in boiling. A significant dif-

ference between barbotage and boiling is seen; namely, the ratio

q'/q" . is constant and equal to one for barbotage while for
' Mtot £°
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boiling it varies with the distance from the heated wall.

2.3 Basis of .Comparison of Heat-Transfer Coefficients

2.3.1 The Heat-Transfer-Coefficient-Through-the-Liquid

A "heat-transfer-coefficient-through-the-liquid" ap
is now defined; it is the reciprocal of the total resistance to
the flow of heat through the tﬁermai boundary layer in the liquid.
"The resistance to the flow of heat through the liquid in an incre-
mental length of thermal boundary layer dy is - dT/dE while the

resistance across the whole boundary layer is

B &
] dr
af
Tg

where TS is the temperature at the 1iduid-solid interface and TB
is the bulk liquid temperature (saturation temperature in boiling).

Therefore, o is defined as

- 1 = 1 (2.10)

This definition is used for both boiling and barbotage and is the

basis of the comparisons of the heat-transfer coefficients.

2.3.2 Boiling Heat-Transfer Coefficients

In boiling §'§ varies through the thermal’boundary layer
£
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and in general the function q% ~ T is unknown. There are, however,
two limiting cases for og . Before listing the limits it is useful

to define the following quantities:

A¥ot

Ceot = Ts - T : (2.1
o .

£ = £ . : : (2.12)

- Ttot . ’

. q" D

Yp = {JH, (2.13)
Aot ' :

The quantity O ot is, of.coursé, tﬁe usual heat-transfer coefficient
reported‘for boiling experiments; z has been introduced for conveni-
ence. The synbol qEH,D is the latent heat transport crossing the D-
surface; Yp therefore represents the fraction of the total heat flux
crossing the D-surface as latent heat.

The two limits of op are:

upper limt , Op = Qo ,i.e. =1

q!l
lower 1imit , ap = (1 - 7%549-) O ot ,d.e. T
: qtot

Il

-

1
=)

A discussion of the physical conditions which would exist
for each of these limits is given in Section 2.6. At the present
time it is very difficult, if not impossible, to determine to which

1limit the real og is closer.
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2.3.3 Barbotage Heat-Transfer Coefficients

In bafbotage,-Q% is uniform through the thermal boundary

layer and equal to qzot' Equation (2.10) for this case is

G e
e (2.15)

O~ =
£ Tg-Tg Tg-Tp

which is the usual definition of the heat-transfer coefficient in

barbotage.

2.4 Definition of Vapour and Gas Velocities

2.4.1 Boiling Vapour Velocity.

If the mass flux of vapour crossing any plane is mg, then

the vapour velocity VE crossing that plane is

R Ihll
V= & (2.16)
g Py

where pg is the vapour density. Combination of equations (2.16) and

(2.5) yields
v YH
"= 2.17
Vg pg Hfg (2.17)

Generally mg or Vg, and hence QEH, as functions of y are unknown.
However, sufficient information is available to obtain these quantities
at one 'bubble detachment height" Yp above the heating surface.

It is convenient for later use to define a ratio vy, to be

called the ''latent heat fraction", by
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A’y ‘
Y = o . (2.18)
tot
A symbol V", , representing the vapour velocity which would cbtain
g o0
if all the heat flux qgot produced vapour (e.g. at some very large

distance from the heating surface), is defined by

. A qgot ' '
i VH’OO = ) (2.19)
. 8 pg Hfgj
‘Substitution of (2.17) and (2.19) in (2.18) gives
\']'H :
y = —8 (2.20)
VH,
g o

tot ”
might vary with distance'y from the heating surface for otherwise

Fiégfz.Zb indicates qualitatively how Vé/Vg,°° , 1.e. y or qEH A

fixed conditions. Combination of(217) and(218) yields a relation to

be used later:

¥ qlc'ot
V= oy —p— (2.21)
g pg fg
At the D-surface (one 'bubble detachment height' above the

heating surface):

q" V" .
Yp = LH,D _ 80D (2.22)
Qtot Vyren
q!l
— tot

where VE D is the vapour velocity crossing the D-surface.
b
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2.4.2 Barbotage Gas Velocity

In barbotage the gas velocity &g is defined as the gas
volume injected through the heating surface per unit time and pro-
jected area of heating surface; ﬁg i; uniform with respect to y.

The ratio &g/&g,m for barbotage is shown in Fig. 2.2b in
order to illustrate the second significant difference between boiling
. and barbotage (ﬁg,m in barbotage may be interpreied,as the géé velocity

at some large distance from the heating surface). The ratio &g/&g,m

for barbotage is uniform and equal to one while for boiling it varies
with y.

In summary, two significant differences between boiling and
barbotage are seen to be that, in barbotage (i) ﬁg and (ii) q% are
uni form with respect to y, while in béiling both these quantities

vary with y.

2.5 The Latent Heat Fraction at the D-Surface in Saturated Nucleate

Pool Boiling -

2.5.1 General Remarks

In making comparisons between barbotage and boiling, it is
necessary to know the vapour generation rate in boiling, which, how-
ever, is a function of the distance from the heated wall. It is
therefore necessary to decide at which position in the pool &; should
be uséd for the purpose of the comparisons. The choice is limited

as there is some knowledge of Vg at only two positions, namely:
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(1) at very large distances from the heating surface where
(2.19)

i.e. where all the heat flux has produced vapour, and
(i1) at the D-surface (coincident with the top of the bubble at the

moment of detachment), where

' qgoéu
V'g,D = 'YD E;H-Eg— A (2.23)

It seems reasonable that the vapour generation rate which
most influences the heat-transfer coefficient is that near the heating
surface, i.e. the growing and departing bubbles cause vigorous agit-
ation of the thermal boundary layer, so markedly affecting the heat-
transfer coefficient. For this reason, the relevant vapour genera-

_tion rate in the comparisons is taken as ég’D.

In previous quantitative comparisons [27,80,49] between
barbotage and saturated nucleate pool boiling heat-transfer coef-
ficients, the vapour Vvelocity was taken as.qgot/pg hfg‘ In the
absence of a knowledge of, or assumptions concerning vyp, this would.
be the only altefnative. It is especially a recent publicafion [68]

which has given information on Yp SO making the present comparisons -

possible.

2.5.2 Choice of Coordinates

The coordinates for presenting the information on latent

heat transport, or vapour velocity, at the D-surface are (i) the
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dimensionless ratio Yp as ordinate, and (ii) as abscissa, the dimen-

sionless group to be called the Kutateladze number Ku and defined as
q" .
Ku = —ot (2.24)

i %
hey 0g l08,8(0g - 0 )1*

C
where:

,qgot’ hfg and Pq have beenlpreviougly defined,

g 1is the gravitational acceleration,
g6 is the constant in Newton's Second Law of Motion,

o 1is the surface tension of the liquid-vapour interface,

Pe is the density of the liquid.
The Kutateladze number Ku is chosen to non-dimensionalize

q;ot for the following reason. For saturated pool boiling on horizon-
tal heating surfaces the critical heat flux qgot or (burnout) is
2

determined by the Kutateladze relation [50]
1"

ku. = —OhC = 0.16 £0.03 (2.25)
2 - .
hfg pg [Ugog(pf Og)]

Ne

which is the maximum limiting value of Ku for nucleate boiling of
all 1iquids*. The degree of development of nucleate boiling is most
ciearly seen then if data are plotted in terms of Ku; for all liquids
Yp is expected to increase with Ku reaching a maximum value when Ku

is in the vicinity of 0.16. -

E3 .
Strictly speaking, the term 'all liquids", as used in this work,
refers to liquids wetting the heat-transfer surface (by far the
more common case in boiling heat transfer).
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Unfortunately the available information on Yp is limited;
certain assumptions to be discussed in Section 2.5.3 are necessary

when applying the Yp v Ku function in the comparisons.

2.5.3 Sources of Experimentai Da@a

Measurements of vapour formation in saturated pool boilihg
‘are very limited. The data of Rallis and Jawurek [68] are directly
usable; Yamégata et al. [91] present data which can be used after
some inference; other possible sources [16,76] afe also treated.

The investigations of Gunther and Kreith [33] and Rohsenow and Clark
[71] are excluded as they refer to subcooled conditions. The result
of plotting the data is shown in Fig. 2.3, which is later used in
the comparisoﬁ of boiling and barbotage heat-transfer coefficients.
Each source of Yp information is treated in more detail below.

The most important source of information is the work of Rallis
and Jawurek [68]. The system investigated was the saturated nucleate
pool boiling of water at atmospheric pressure on a horizontal wire.
Over a wide range of heat fluxes cing photography was used to obtain
measurements of ﬁg,b Ehe rate of formation of vapour bubbles up to

the moment of detachment or 'break-off" from the heating surface;

this was obtained from

be (2.26)

pSI=

Vg,b ~

where:
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n is the number of bubble sources on the heating surface,
A is the area of the heat-transfer surface,

f\'fg is the arithmetic mean of products f - Vb for all nucleatiné sites?
f is frequéncy of bubble formation, .

Vb is the bubble volume at detachment or "break-off". The authors
[68] are then able to calculate qEH,b from

.

11} h
qLH,b - 'g,b pg

fg (2.27)

where qLH‘ b is the rate at which energy is required to form bubbles
up to the moment of detachment from the heating surface [71,68]; it
is the ''usual" definition of latent heat transport.

| In the present work the teﬁn "latent heat transport',
' hfg or V h is qualified by specifying the 'y-plane at which

g g Pg fg’

Ihé or VE occurs. Because the bubbles grow little in rising a distance

of one bubble detachment height from the heating surface [84], it is

possible to write:

{/'n o~ {/’n
g,b g,D
4n,p = 9H,D
> (2.28)
b . Gmp o b §
[ - T (1] -
qtot‘ tot qtot D
Vll VH \}H
—-&——— x ._g_._. or _.____,’___ ~ .YD
VII Vn w V‘"’w
g’ g _ g j
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- "
The Rallis and Jawurek [68] results, presented as .%H’b

i tot
Vs, qgot in the original work, are plotted in Fig. 2.3 in the form

of Yp VS- Ku.

Further information on vapour velocity leaving the heating
surface.can be inferred from the investigation of Yamagata et al.[91].
The system investigated was the saturated nucleate pool boiling of
water at atmospheric pressure on a smooth horizontal plate. "These
authors present experimental data which are described by the equation

(see Fig. 21 of Ref. 91)

a = C 2/3

tot 1 q:c'ot (2'29)

In their Fig. 24, Yamagata et al. present the same data on different
coordinates, through which they draw the line

0.23

oy = Cyn ) (2.30)

where:

Dbsf is the mean value of Db3 - £,
Db is the bubble diameter at detachment.
Combination of equations (2.29), (2.30), (2.26), (2.27) and

(2.19) together with a knowledge of the heat-transfer surface area

yields
ql' \.]'"
a—.—.@ﬁ = &2 - g w9 (2.31)
tot vy,
goo

where:
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_ 1 N 2
C1 = 2.81 for atotln.Kcal / m” h deg C,
. 2
= =1
C2 229 qtotln.Kcal / m” h,
C; = 3.72 x 10710 n Dbsf in mn’/ s.

For distilled water at atmospheric pressure (the relevant test con-

ditions), equation (2.31), combined with (2.28), becomes

vy = 4020 Kul+90 (2.32)

This equation, over the range for which it applies, is plotted in
Fig. 2.3.

The information on water-surfactant solutions given by
Yamagata et al. cannot be used here as the dynamic surface tension,
as opposed to the static surface tension, of the solutions is unknown
[72,73]. The calculation of Ku requires a knowledge of the dynamic.
surface tension (which is equal to the static surface tension for
pure liquids).

Semeria [76] also provides some relevant information. In
his paper, which deals with different bubble types found in boiling
water on horizontal wires, tubes and flat plates, Semeria reports that
in his experiments at 50 to 93 kg/cm2 pressure (710 to 1320 psia)
and heat fluxes from 40 to 130 W/cm® (130,000 to 430,000 Btu/ft?h),

30 to 50% of the surface heat flux was transported by the latent heat
of vaporisation of the coalescing bubbles leaving the heating surface.
The information is plotted in Fig. 2.3; it appears as an ''area" on

the fi gﬁre .
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In} 1A
Deev et al. [16] report n, I, Db and qtot for a total of
five data points for water boiling at three different pressures on
a horizontal flat surface. It is possible to obtain an approximate

value of Yp for these poinfs using

. = 3
qH I p h

T (2.33)
Aot qtot

Yp =

- where:
ﬁg'is the mean break-off 6r detachment diameter of the bubbles,
f 1is the mean frequency of bubble formation.

" Rallis and Jawurek [68] have pointed out that, for purposes
of calculatlng vapour generatlon rates, the use of Db and T as in
equation (2.33) is 1nfer10r to the use of be or IV" as in equations
(2.26) or (2.30). However, because of the general paucity of data
in which any combination of n, f and D, is reported in the same work,

the Deev et al. data is included here on Fig. 2.3.
o

2.5.4 Presentation and Discussion of the Yp v Ku Function

The information available(from papers in which some combina-
tion of n, f and Db or Vb is reported in the same work) for determin-
ing the Yp ~ Ku function is presented in Fig. 2.3. All the data is
for water at various preséures. The fluid properties for the Semeria
[76]1 and Rallis and Jawurek [68] data are different, yet the data
are in close correspondence on the figure. Four of the five data

points at three different pressures (one of which is atmospheric
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pressure) of Deev et al. [16] are in reasonable agreement with the
Semeria and the Rallis and Jawurek data.

In detérmining the function to be used in the present work,
cognizance is taken of the relative importance of the different
sources of data; these are, in descending order of importance: Rallis
and Jawurek [68], Yamagata et al. [91], Semeria [76] and Deev et al.
_ [16]. The Yp ~ Ku function is obtained by: foliowing the Yéﬁagata'
et al, data in the low Ku région, joining (dashed 1line) the Yamagata
et al. data to the Rallis and Jawurek data, following the smoothed
Rallis and Jawurek data and then extrapolating (dashed line) these
latter data to the region of the critical Kutateladze number.

It is apparent that the Yp © Ku function is based on a
limited amount of data. For this reason, three separate assumptions,
each to be used in turn in the comparisons of the heat-transfer
coefficients, are made concerning the validity of the data. All
assumptions refer to smooth surfaces. It is assumed that the yb "~
Ku function represents:

Case 1 - all liquids regardless of fluid properties,
Case 2 - water and organic liquids at atmospheric pressure,
Case 3 - water at atmospheric pressure.

Case 1 has been included in order.to keep the comparisons
as general as possible. Even if subsequent evidence shows that Yp
is a function not only of Ku, but also of one (or more) fluid pro-

perty groups, then at least the method of comparing heat-transfer
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coefficients for the most general case will have been illustrated in
this work. It méy well turn out that Yp is also a fhnctionAof héater
geometry; it is likely that Yp will depend on surface foughness. '

Case 2 is more restrictive than Case 1; it has been included
as all the existing barbotage data, against which boiling heat-transfer
coefficients can be compared, are for water and organic liquids at
-atmospheric pressure. |

Case 3 has béen included as there can be little argument as
to the validity of this assumption. The Yp v Ku function of Fig. 2.3
follows the Yamagata et al. [91] data and the Rallis and Jawurek [68]
data, both of which investigations are for water at atmospheric pres-
sure (for'the latter work, atmospheric pressure was 12 psia). .

It will be seen in Section 2.7 how each of the above cases
is combined with an appropriate equation representing boiling heat

transfer.

2.6 Limiting Values of ¢ (= uf/utot)-ln Boiling
The basis of heat-transfer comparisons in the present work
is the heat-transfer-coefficient-through-the-liquid Op defined in

equation (2.10) as

1 1
. = - (2.10)
£ JIB ar - ‘s ar
qF q
Tq © T, =
S B
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In order to det_emine.uf,. a knowledge of the function q; ~v T is neces-
' sary; in general this function is unknown.

Conbination of equations (2.7) and (2.17) yields

[P _ T
A = dor ~ Vg P P

fg

g
~ y (this would give q% v y) and (ii) T ~ y. Measurements of T " y

The function qf ~ T could therefore be determined by knowing (i) v

are available for a few cases in saturated [40,59] or nearly-saturated
[29]1 nucleate pool boiling while no measurements of V‘g' ~ y in the region
of interest (where T is varying with y) are known to the author. It

is therefore necessary to work with the two limiting cases of ag or

o .
z(= £ ) which are found to be
o
tot
upper limit |, ae = utat , i.e. 0 =1
" (2.14)
lower 1limit a='1-i%.-H-’-9 o ie.z=1-7
’ £ qtot tot ? D J

The- limiting cases would be ob‘tained under certain combina-
tions of the following:
(i) the ratio of the thermal boundary layer thickness y; to the
bubble detachment height yy, |
(ii) the ratio of yp to the thickness of the liquid film at the base
of the bubble Vg (64,691,

(iii)the y-location at which vapour is generated.
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Evidence concerning Yrs Vg and YD for saturated water boil-
ing at atmospheric pressure is presented in Table 2.1 which is an
enlarged version of a table originélly prepared by Duffield [20].
The conclusions to be drawn from the table are:

Yr < ¥p alwafs and possibly Yr << Yp»

YT > Vg always and possibly Y1 >> Vg
The lower limit,g = 1 - vp»would be obtained if:

Yr < Yps

NN Yr 2> Yo
all the vapour is generated at the film [64].

The upper limit,z = 1,would be cbtained if:’
Yr << Vpo
either Yr > Yg OT Yp >>Yp»
all the vapour is generated from the top of the
bubble [93].
The physical conditions attending these two limiting cases

are depicted in Fig. 2.4 and listed in Table 2.2 together with the’

£ and z.

resulting qg , O

2.7 Comparison of Heat-Transfer-Coefficients-Through-the-Liquid in

Pool Barbotage and Pool Boiling

2.7.1 General Remarks

The comparisons will be effected'by plotting on the same

graph of dimensionless coordinates both boiling and baibotage heat-

[
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Table 2.1 Evidence 6n the Relative Magnitudes of Yp» Y and:yD in
* x
Saturated Nucleate Pool Boiling at Atmospheric Pressure .
' y Yy y Yo
Author(s) _g _g _g L Comment
10"°in|10"%in|10™%in| YD w
Moore and Mesler [64] NO:OS Calculated; ,
' qéot = 135,000 to 202,000
Sharp [78] ~0.01 Mbasured+; 0.1 atm
: or press., TB = 85 deg F
0.02 .
Méaéén [57] 0.6- Calculated;
1.7 , Aot = 52,000 to 87,000
Grant and Patten [29] 30-35 At initiation of boiling;
11 deg F Subcooling
Marcus and Dropkin [59] 6-36 Function of Ot ot 3
qgot = 1,000 to 40,000
Yamagata et al. [91] 28-59 Function of O g
Afor < 14,000
Gaertner [24] 130 ++M'ean value, independent
1A
of qtot for qtot
10,000 to 70,000
Jacob and Linke [41] 110 ++Mban, low d¢oe
Semeria [75] 77
110
++
Cole [12] 600 Mean, at qgot or
Behar and Semeria [ 4] 1 to 1|Measured on Schlieren
6 "~ 4|photograph

Unless otherwise stated,

- 2
qgot in Btu/ft“h

Included because of the lack of measured yF's.

N
~

USlng bubble break-off dia. = Yp -
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: ‘ ' o
Table 2.2 Conditions Attending the Limiting Cases for z(= :f )
. : tot
in Boiling -
Lower Limit Upper Limit
t=1-vp =1
(1) Yr ™ ¥p Yr <¥p Yr << ¥p
(i1) yp v v Yr >> Vg Yr > Yg OF Y >> Vg

(iii) Where the vapour

is generated.

All generated
at yp from the
liquid £ilm.

All generated
from the top
of the bubble,

and (2.22)

Physical .
Conditions
Depicted in Fig. 2.4a 2.4b
q; = Const. =~ Const.
. ~ AN - AN ~ AN
Qtot qLH,D tot
qn _ qn "
af,fnmemwdmx ‘%t_TﬁtD T ??
(2.10) S B S B
Resulting
Relations '
z, from equations 1 - gﬁ’D 1
(2.11), (2.12) tot
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)
transfer data. It was mentioned earlier that in making the compari-

sons,-it would be necessary to use information on the latent heat
fraction at the D-surface Yp in conjunction with the boiling daté.
Bgcause the information, on which the Yp Ku function was based,
was limited, three different assumptions in varying degrees of Te-
striction were made concerning the function's'applicability (Section
2.5.4). /

Now, to represent the boiling data, equations are used
below; the applicability of the equations correspond with the appli-
cability of the Yp v Ku function. This is illustrated in Table 2.3.
This table shows three cases of comparison which are performed below.
The barbotage data used in each comparison is also indicated in the
table.

There is more detailed discussion below on the dimensionless
coordinates, the boiling equations and the barbotage data used in the
comparisons. The final result of the comparisons is shown in Figs.2.5

and 2.7.

2.7.2 Dimensionless Coordinates Employed

The coordinates for the comparison are:

(1) as the abscissa, a non-dimensionalized Qg,

(i1) és the ordinate, non-dimensionalized O '

Both %g and ap are maae diménsionless by the use of fluid propertiés.
In more detail, the abscissa is chosen as Ku* a modified

- form of the Kutataledze number defined by
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Table 2.3 Comparison Cases
Comparison Boiling Barbotage
Pre- |Applicability of Applicability Data used
sented YD"’KU function, of boiling . .
Case in | - equation v <y )
Fig. | Fig. 2.3 g &cr
Case 1 Case 1. All Case 1. A1l Case 1. All existing
liquids regard- |liquids regard- data for horizontal
Most 2.5 |less of fluid less of fluid porous plates. See
generall properties. properties. Table 2.4.
case Equation (2.42)
and hence (2.47).
Case 2 Case 2. Water Case-2. Water Case 2. As above for
and organic and organic Case 1. All existing
2.7 |liquids at liquids at barbotage data is for
atmospheric atmospheric water and organic
pressure. pressure. liquids at atmospheric
Equation (2.49) pressure.
and hence (2.50).
Case 3 - |Case 3. Water Case 3. Water Gise 3. Water at
2.7 Jlat atmospheric [at atmospheric atmospheric pressure.
pressure, pressure. (Injected gas: air).
Most Same equation -
restricted as for Case 2.
case above.
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. . 1.
Vn 0 2
%
Ku = £ & - (2.34)
- 4
log, 8(pg - )] :

This definition applies to both boiling and barbbtage. As explained
previously (Section 2.5.1), the relevant vg for boilling is taken to
be QE,D. For boiling, from equations (2.34), (2.23) and (2.24) there
results

. :
Ku = vy, Ku = (2.35)
Similarily, it is possible to write

*

PR Ku . = vp KuCIT (2.36)

where Ku*Cr is the Value_of.Ku% at the critical heat flux (burnout).
‘The Teasons fof choosing Ku* as the abscissa are given

below. A |

(1) The use of Ku* gives a common upper limit on the abscissa

for boiling and barbotage. The argument is as follows. In obtain-

ing the criterion for the critical hea; flux for boiling on horizontal

heaters (Ku;:r = 0.16 *¥0.03), Kutateladze [S50] postulated that the

critical heat flux is due to a hydrodynamic crisis. The value of

* . .
Ku cr corresponding to KuCr =~ (.16 may be obtained from Fig. 2.3 as

K*
u cr '

Ku
cr

1t

(0.85)(0.16)

= 0,14
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Similarily in barbotage, the existenée of a hydrodynamic
crisis similar to that in boiling has been postulated [54]1, the
substantiation appearing in Refs. 1, 54, 58, 80 énd 87. In |
heat-transfer barbotage, this crisis occurs at the cfitical gas

injection velocity V"

g,cr where a maximum occurs in a plot of
2

o v Vg [1,80] (see sketch below).
- Barbotage
ii\\\\ Fixed: liquid, gas porous
plate.

& *
(Ku and Ku or are propor-

tional to Vg and V"'

g,¢r g,¢cr

respectively).

00 vl
Ve
SKETCH ILLUSTRATING LOCATION OF Vg cr
’
*
For barbotage Ku cr is therefore defined as
\’,| 1] 1/2
% P
Ku = £:Cr & (2.37)

cr

) log, glpg - pg)l%
. *
In‘heat—transfer barbotage the values of Ku cr obtained for horizontal
heaters are:
Akturk [11, 0.08 to 0.095,
Gose et al. [27] as calculated in [801,  0.13 to 0.23'.

It is therefore considered acceptable here to use a value of about

T Except for the 0il 69 data of Gose et al.
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0.14 to represent Ku%Cr for heat-transfer barbotage.

In summary tﬁen Ku* is a measure in both boiling and barbot-
age of the proximity of the bubbling rate to the hydrodynamic crisis,
Ku* = 0.14 being the épproximate value at which the crisis occurs.
The present comparisons of e are restricted to bubbling rates less
than the critical; this then giﬁes a common upper limit for boiling
- and barbotage on the abscissa.

(ii) It can be shown that it is necessary to use Ku* as the
abscissa if (a) it is desired to represent boiling on the comparisons
graph by a unique line independent of fluid properties for a given |
value of g(= af/utot)and,(b) it is assumed (as it is here) that Yp

is a function of Ku onlf (or of Ku*'only since Ku* = Yp Ku).

The ordinate follows from the equation used to represent
béiling. This will become clearer in Section 2.7.3 immediately

below. -

2.7.3 Equations Representing Boiling -

Case 1 - Boiling equation representing all liquids boiling on smooth

surfaces.

Some boiling correlations may be arranged in the form

q!l
Cpot = ¢(5_E§%_. , fluid properties) (2.38)
g 1Ig
where ¢( ) means "some function of'. The above equation may be

manipulated into



69

ap = ¢(V§’D 2 Yp s T fluid properties) (2.39)

or in dimensionless form

* * '
Nu £ = ¢(Ku , Yp» G » dimensionless fluid property groups)

. (2.40)

where a special form of Nusselt number is defined by
N = o %0 | 2.41
uf—KE g(pf"pg) (2.41)

and kf is the thermal conductivity of the liquid. It is then possible

to plot both barbotage data and the boiling equation on coordinates
of

*

¢(dimensionless fluid property groups)

The Tolubinskii-Sagan [74] relation 1s used here éo represent
boiling for a combination of the following reasons.
(i) It can be written in terms of variables or fluid properties
which have meaning in barbotage as well as boiling. An example of
a property used in some boiling equations, e.g. [55,56,14,39,22],
but having no meaning in barbotage is,Tsat the saturation temperature
of the liquid. Another example is hfg when it does not appear in
cobination as . / o, hfg , e.g. [15, 55, 381.
(i1) There is no constant ta fix which depends on surface-fluid
combination.

(iii) It contains no linear dimension which relates to heater size.
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By far the majority of investigators agree that heater size has little
effect on the heat-transfer coefficient.

:(iv) It fits boiling data having a wide range of fluid prépertiés.
(v) It is extremely simple.

The Tolubinskii-Sagan [74]  relation is

1t 0 6 - .
® 0.2 tot :
Nu Pr = 413 (5 (2.42)
tot " 'f | Py Pgg Dp .

where a form of Nusselt number is defined as

* %ot 98,
tot - kf g(pf - Og)_

(2.43)

and Pre is the liquid Prandtl nutber. The product Dbf, for which
the symbol w is used below, is given by the empirical relation++

p ' 1.1 ' .
w=TDf=0918 &) ft/h (2.44)
g
where pgi is the vapour density at one atm abs pressure.

1"I‘olubinski:i [83] proposed the following equation for the correlation
of heat-transfer data in saturated nucleate pool boiling:

A 0.6
* 0.3 _ Atot
Nu tot Prf = 54 (W) (2.443.)

Sagan [74], subsequently investigating the effect of the Prandtl
number over a very wide range (1.7 € Pr. < 1540), modified the
Tolubinskii equation to that of equatiofi(2.42),which is therefore
called the Tolubinskii-Sagan equation.

++Both Tolubinskii [83] and Sagan [74] used this relation for w

or Dbf.
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Alegbraic manipulation of equation (2.42) yields

ES
z Nu . )
= 413 —f (1 Ku)? -8 (2.45)
N,” " Pr. °° Yo
1 f D
where
;z .
log, gleg - )]
‘N, = + (2.46)
1 wp_t
g :
Nu B - '
o ,
" Now L= f . _;igi__ . ’
tot Nu tot
% .
and o Ku = Yp Ku |
Edﬁation (2.45) may therefore be written as
N *
u %
e = 415 —f k)PP (2.47)
N, " Pr. ~° Yn
1 f D

which is the equation used to represent boiling in the comparisons
%
Nu £
0.6
, 1 Prg
in Fig. 2.5 for the two limits of g =1 and g = 1 - Yps values of

%
on coordinates of w7 Vs- Ku . Equation (2.47) is plotted

N

Yp were obtained from Fig. 2.3.

Case 2 - Equation representing water and ofganic liquids boiling at

atmospheric pressure on smoéoth surfaces.

When a restriction to atmospheric pressure is allowed, it
is possible to obtain a variation of the Tolubinskii-Sagan equation

which has certain advantages over the original equation.
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(i) Instead of using equation (2.44), which involves a dimensional
. M ‘ . * -
constant, for Dbf, the Zuber [92] relation is used . Therlatter

relates Dbf to fluid properties and a dimensionless constant. The

resulting final equation therefore relates the heat-transfer coef-
ficient to heat flux and fluid properties only.

(1ii) A very simple dimensionless grouping results for the ordinate
-on the comparisons graph. -

The Zuber [92] relation for Dbf is

98, g(pf - pg) 4

D, £ = 0.59 5 (2.48)
— - : pf
~ Substitution of (2.48) in (2.42) yields
* L 0.2 ﬁ 0.6
Nu ot PTg = 56.7 (Ku 6;-) (2.49)

Now, the liquids of special interest here are water and
organics since these are the liquids which were used in the barbotage
experiments. In order to test whether equation (2.49) does indeed
represent boiling of these liquids at atmospheric pressure, Fig. 2.6
presents this equation together with répresentative boiling data
including all the widely-quoted Cichelli and Bonilla [11] data at
atmosphéric pressure. It is concluded that the agreement is sa@is—
factory for the present purpose.

Equation (2.49) may be manipulatéd further to yield '

% .

The Zuber relation quoted as equation (2.48) applies only at atmos-
pheric or near-atmospheric pressure. A test of the relation against
water data at 1 to 5 atm abs pressure [95] verifies this statement.
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*
Nu .
£ = 56.7 —b Kku)0-0 (2.50)
-0.2,°£,0.3 Yo
re (=) D

Pg

P

This equation,used to represent boiling of water and organic
liquids at atmospheric pressure, =~ 1is plotted in Fig. 2.7 for the

two limits of g =1l and g = 1 - Yps Yp Was obtained from Fig. 2.3.

. Case 3 - Equation representing boiling of water at atmospheric

pressure on a smooth surface.

. Equation (2.49) and hence (2.50) represent the saturated

nucleate boiling of water at atmospheric pressure (see Fig. 2.6).

2.7.4 Barbotage Data Used in the Comparisons

There are two important sources of heat-transfer barbotage
data for horizontal porous surfaces: Akturk [1] and Gose et al.-
[27]*. The relevant detaiis of these experiments are given in Table
2.4. The results obtained by Mixon et al. [63] for heat transfer
at a surface with eleétrolytic gas evolution are not included here
as the range of their Ku' (maximum Ku =3 x 10_6) is well below

* -
the minimum Ku (= 1.4 x 10 5) information available in boiling.

*éose et al. performed experiments with drilled plates as well as
porous plates (the term "porous" here describes metal plates manu-
factured by sintering metal powders while ''drilled" describes solid
metal plates with holes drilled through them). The drilled plates
are unlike boiling heat-transfer surfaces in that the number of
bubble generation sites does not vary with the amount of gas leaving
the heat-transfer surface; nor with drilled plates does any phenomenon
occur which corresponds to the critical heat flux in boiling [80].

For these reasons, the Gose et al. drilled plate data are not used
here.
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Table 2.4 Experimental Details for the Horizontal Porous Plate
Barbotage Data of Akturk [ 1] and Gose et al. [27]
Akturk [ 1] Gose et al. (271
Liquids Water Water
Ethylene Glycol
Shell Tellus Oil 15
Shell Tellus O0il 69
Gases Air Air
Helium
Range of Prc at 3.3 to 6.2 3.4 to 574

heating surface
temperature

Geometry

Circular plates,
diameters 1.0 to
2.5 in.

Ratio pool diameter
to porous plate
diameter, 1.1 to 4.9

Circular plates,
diameter 2.75 in.

Description of porous

"Porosint' sintered

Sintered porous bronze.

plates porous bronze, grade

C. Average particle | Plate A B

size 0.0045 in. Max- Surface

imum particle size ok lo

to pass through pores ﬁg;ﬁségie & 30 30

Fas gtggcoggio;‘;t}),* dia., in. |0.0015/0.015

732 Mean par-

’t ticle dia.,

in. 2 0.0025}0.020
Pores/in. {80,000{1140
Particles
/inZ 86,000]1290

%
Volumetric porosity
i
Surface porosity =

_ volume of voids
~ total volume

area of pores

total projected area
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The data of Akturk [ 1] and Gose et al. [27] for bubbling.
rates less than the critical (i.e. &g < &g,cr where %E,cr is that -
obtained experimentally for.each system of gas, liquid and poroué
plate) are plotted in Figs. 2.5 and 2.7. The fluid properties were
evaluated at the heating surface temperéture. In Fig. 2.5 equation
(2.44) has been used for w in barbotage as well as boiling.

Although the heat fluxes considered in the model (Section
2.2.2) can include effects due to natural convectiom, the main in-
terest here‘is in conditions where bubbles determine the flow near
the heating surface; for this reason eight data points of Gose et al.,
all at the lowest values of Ku* where natural convection processes

probably control the heat transfer, have been omitted from Figs. 2.5

and 2.7.

2.7.5 Comparison and Discussion

Case 1 - Most general case. Comparison of the boiling equation re-

presenting all liquids with existing barbotage data for

horizontal porous plates.

Fig. 2.5 shows the comparison of the dimensionless heat-
_ transfér—coefficient-through-thejliquid ap in pool barbotage and
saturated nucleate pool boiling for the most general case (see
Table 2.3). The most important feature of the figure is that the
majority of the barbotage results lie within the two limits of the

boiling equation. The conclusion to be drawn is that, providing =
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suitably-defined heat-transfer coefficients and vapour velocities
are used, there~is iﬁdeed good correspondence between pool barbétage
and pool boiling results, at least for Ku* > 0.005. The width of
the "band" between_the two limits ¢ =1 énd zg=1- Yp is rather
wide at large values of Ku*; unfortunately, with the present state

of knowledge it is very difficult, if not impossible, to assign a

.more precise value to L.

The barbotage data of Gose et al. [27] encompasses a wide
range of fluid properties, at least as far as Prf is concerned
(3.4 2 Pr < 574). In Fig. 2.5 it is noted that their data are well
correlated among themselyes_excepf for three of the five 0il 15 -
helium déta points which fall approximately 40% below a mean line
(not drawn in) through the remainder of the Gose et al. data in
which air was the injected gas (the other two Oil 15 - helium data
points fall within the scatter of the rest of the Gose et al. data).
For the present work, in which the object is to compare barbotage
and boiling heat-transfer coefficients, the error is not of great

concern.

Case 2 - Comparison of the equation representing boiling water and

organic liquids at atmospheric pressure with atmospheric

pressure barbofage data for horizontal porous plates.

Fig. 2.7 shows the comparison of the dimensionless Op for

this case (see Table 2.3). As with Fig. 2.5, the most important -
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feature of this figure is that the majority of the barbotage results
lie within the two limits of the boiling equation. The comments
above for Case 1 may be applied in the present case as there is no
significant difference between the~two cases as far as the degree of

agreement between boiling and barbotage is concerned.

Case 3 - Comparison of water boiling at atmospheric pressure-with

atmospheric-pressure air-water barbotage data for horizontal

porous plates.

. This case (see Table 2.3) of comparisons is also depicted in

Fig. 2.7. The boiling equation of Case 2 obviously applies to the
present case as well. The barbotage data under consideration is only
that of air—watér systems, i.e. all the Akturk [ 1] data and the "up-
right triangles" of the Gose et al. [27] data. As with Cases 1 and

2 the agreement between boiling and barbotage is good.

General comments.

Case 1 is thé most general case, but involves the most
speculation with respect to the application of the latent heat frac-
tion of the D-surface Yp (Fig. 2.3) to all liquids regardless of
fluid properties. |

Case 2 still involves speculation with respect fo the applica-
tion of Yp v Ku to water and organic liquids boiling at atmospheric
pressure. For this case though, the equation representing boiling

has advantages over that for Case 1, namely, a dimensional constant
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was eliminated and a.very simple ordinate on the comparisons graph
resulted. CaseAS involved virtually no speculation with respect to
the application of the Yp v Ku function to boiling water at atmoé-
pheric pressures. Regardless of which case is considered, the com-
parisons graphs (Fig. 2.5 and 2.7) appear similar; in every case the
agreement between barbotage and boiling is good.

In earlier quantitative comparisons [80,27,49] between bar-
botage and saturated nucleatepool boiling heat-transfer coefficients,
the implicit assumptions were that £ = 1 and Yp = 1 for boiling. The
present treatment is the result of further consideration, particulafily
in the light of the Rallis and Jawurek [68] work which has since be-
come available.‘ ' '

Greif [30] has recently state, ''Gas volume injection and
saturated nucleate boiling may be similar when the two systems have
the same injection-velocity and the same number of bubble sources.
Matching the gas injection velocity alone will not result in similar
systems". The justification for making comparisons between barbot.age
and boiling which do not take into accéunt the number of bubble sources
(as in all the previous and the present comparisons) is that many
boiling correlations e.g. [22,51,55,70,74,83], do not take into
account the number of bubble sources and yet are succéssful in cor-
relating the boiling data, at least for water and organics on "smooth"
.surfaces. The barbotage data of Akturk [1] and Gose et al. [27] are
for water and organics; in these papers the number of bubble sources

was not reported.
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It is hoped that the work contained in fhe present chapter
will stimulate future thought about the connection between saturated
nucleate pool boiling and pool barbotage (Link 2 in Fig. 1.1) and
about the processes occurring in boiling; this might well lead to
an improved correlation for boiling which includes two terms, one
accéuntihg for the heat transfer through the liquid, the second
covering fhe latent heat transport. Barbotage experiments should

assist in determining the first of these.

Conclusions and summary for the present chapter.

1. The processes of saturated nucleate pool boiling and pooi barbotage
were examined with the main differences emerging as: (i) the vapour
velocity and (ii) the heat flux through the liquid in boiling are
functions of the distance y from the heating surface while for bar-
botage these quantities are uniform with respect to y.

2. For the purpose of comparing heat-transfer coefficlents a 'heat-
trans fer-coefficient-through-the-liquid" G Was defined which accounts
for the same heat-transfer mechanisﬁs in barbotage and boiling.
Further, from data appearing in the literature an estimate was made
of the vapour formation rate in boiling; this information in turn

was used in the comparisons.

3. The dimensionless O in saturated nucleate pool boiling and pool

barbotage are closely comparable. in magnitude.
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Table 2.5  Summary of Equations Used in Chapter 2
Boiling Common Barbotage
Eq. Eq.
no. no.
o] = Th!t X 1 = it
2.2 mf,in mf,ou’c ¥ mg Ihf,in rhf,ou‘c
2.3h -h.. =h_
' g L,in g
2.4 {q" ., = qUs oo+ MY o "
tot  “diff f’OUtX Aot = ddiefr T M out
(hf,out ) hf,in) ¥ mg hfg X(hf,out ) hf,in) 2.8
211 — (3]
2.5 |ayy = M he,
At = st 11 - B
2.6 A = Qiee T oue (e gue ™ De i)
2.7 (A = 43 * O Wor = 4 2.9
1
2.10 Oe = -
£ /TB dr
q”
T 9f
- tot
2.11 o =
o
2.121z = 5 £
tot .
' azqf'=qtot 215
£ Tg Ty Tg-Tp
m‘l.
2.16 v =&
g Dg
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~ Boiling . Common Barbotage

no.

2.18) vy = ar— = 2
2.20 tot Vg,w

il
s
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oo
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2,131 v, =
2.22| D

2.19]| v, =
g’  ph
.
226\ vy = &
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Boiling

Common

Barbotage

Eq. }or
no.

2.47

% 0.2
Nu £ Prf
0.6
Ny

Zuber:

Db f=0.59

2.49 | Nu tot Prf

or

®
Nu £ Prfo'2
2.50 | ————=%

| Tolubinskii-

* 0.

=413 5o (Ku )06

D

Ogq g(pf - pg) ]1{:
=

Pf
Sagan with Dbf of Zuber:

. 0.6
2 2 56.7 (Ku ‘_).f.)

g

*
)0.5
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YD

Dimensionless Groups
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3
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ot
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g
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Table 2.5 (Cont'd)
Boiling Common Barbotage
Eq. ich
no. no.
I Ku* {/Il = {/‘H
" . & g,D
2.35 Xu = YDKU . 1
2% |« K Ku' Ve.cr g 2.37
. u = vy, Ku u 2 — 2.
: cr D cr cr - 4
log, glog - pg)]
* “ot [/ %%
2.43 {Nu =
.tOt kf g(pf - pg)
% Qe 22
2.41 Nu , = —
£ kg Vglog-»p
* _ N ®
Nu g =¢Nu,op
%
_ Tog, glog - pg)]
2.46 Nl = %
w P,
p 1
— — _&
2.44 W Dbf 918 (p ) ft/h

g




87

CHAPTER 3 APPARATUS
3.1 éeneral 5
The most important component of the apparatus was the test

section in which the heat-transfer coefficient was measured while
bubbling airAthrough a heated porous wall into a stream of water or
air-water mixture., A device, called here an 'upstream air-injector".
or just ”ubstream.injector”, introduced air into the water uﬁstream '
.of the heated test section. The Qircuits of the apparatus were:

(i)  the water circuit,

(ii)  the air-to-test-section circuit,

(i1ii) the-air-to-upstream-injector circuit,

(iv) the power supply to the test section,

(v)  the thermocouple emf-measuring circuit.

These are described briefly in this chapter while the details of the
equipment (model number, range, manufacturer, etb.) are given in
Table F.2 of Appendix F. The numbers appearing beside the equiﬁment
in Figs. 3.2, 3.4 and'3.5 correspond to item numbers in Table F.Z.

As an aid in determining flow patterns in the channel, high

speed still photographs were taken with a 5 x 4 M.P.P. camera and a
microflash light-source of 5 microseconds duration and 12 joules
energy. The light source was mounted behind the test secfion with

a diffusing screen placedAbetween the light source and the test

section. Stroboscopic flow-observations were also made. Details



88

of the photogrgphic and stroboscopic equipment are in Table F.2.
The apﬁaratus was situated in the Heat Transfer Labora£ory

of the Mechanical Engineering Department of Imperial College. .
The accuracy and calibration of each measuring instrument ‘

is discussed in Appendix E, wherein a full error analysis is per-

formed.

3.2 Test Section

3.2.1 General

The test section is shown in Fig. 3.1. It consisted of a .

ﬁ;;izontal rectangular channel of internal cross-sectional dimensions
0.52 x 0.257 in, (equivalenf diameter 0.344 in.) with the 0.52-in.
side vertical. In the bottom of the chamnel for a length of 5.91 in.
was a heated porous element 0.0365-in. thick and 0.257—in. wide through
which air was bubbled. The method of sealing between the porous
element and the sides of the channel is shown in Fig. 3.1. The heated
porous section was preceded by a 6-in. length and followed by an
observation section of 12-in. length of the same cross-section. The
sides of the channel were of transparent plastic allowing flow
observations to be made along the channel length. The location of

the upstream air-injector relative to the test section is shown in

Fig. 3.3C.

3.2.2 Porous Heating Element

The porous element was used as an electrical resistance to
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generate ac Joulean heating; with the present geometry this method.
of heating offered the advantage of simplicity, minimum heat flux
losses to the ambient and minimum time to reach thermal equilibrium.
The material used, stainless steel 'Rigid Mesh" of 20u nominal pore
size, was chosen mainly because of its suitability as a resistance

heater; it had high electrical resistivity, was available in thin

- sections, had good strength and was readily machinable; the combina-

tion of these properties was difficult to find in other porous
materials such as porous carbon or sintered powdered bronze. Details
of the Rigid Mesh material are given in Table 3.1 which includes a

picture of the porous surface magnified 6.7 times.

3.2.3 Temperature Measurement

Two types of thermocouple were electrically resistance-welded
along the bpttom centre-line of the porous element; one type was iron-’
constantan (Honeywell Controls Ltd., 30 B. § S. gauge; type J) while
the other was copper-constantan (Honeywell Controls Ltd., 30 B. § S.
gauge, type T). The position of each thermocouple is listed in Table
3.2. A thermocouple from each reel of wire was calibrated in a bath
over the temperature range used in the present experiments. As it
was difficult to calibrate the thermocouples in situ once they had
been welded to thé test section, the presence of the two types of
thermoéouples allowed a check on whether welding affected the output
emf of the thermocouples. There appeared to be no effect except in one

thermocouple which has been omitted from Table 3.2.
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Table 3.1 Details of Rigid Mesh Porous Material

Trade name

Porosint Rigid Mesh

Manufacturer

Sintered Products Limited, England.

Material

Stainless steel, .

American I.S.1I. type 316,

(British Spec. BS: En. 587),

Wire was Firth-Vickers' "Staybrite"
F.M.B. Steel [96].

Nominal pore size

20 microns (0.0008 in.)

Construction

Three layers of screen calendered
(rolled) and furnace welded. Each
screen: warp, 0.125 in. dia.,
24 .wires/in.; weft, 0.010 in. dia.,
110 wires/in.
Adjacent layers have warp wires
at right angles to each other.
Hollander Weave.

Thickness 0.0365 in.

Volumetric porosity (=

vol. void s
total vol.) 18.9%

Thermal conductivity keff

6.65 Btu/ft h degF
(See Appendix B.)

Maximum possible pores/in.2

5300

Approximate rms roughness

0.0006 in. in direction along
channel
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In the experimehts, the air temperature approaching the
bottom face of the porous element (to which the thermocouples were
welded) was made approximately equal to the temperature of that face
(by the use of an air-preheater, Item 17, Fig. 3.2). For equal
températures there would be no thermal conduction error in the thermo-
couple readings as the thermocouple leads would be in a zone of zero
- temperature .gradient. When temperature gradients did exist a small
correction (generally % to 3% in the heat-transfer coefficient) was
necessary; the method of correction is given in Appendix D,

The present thermocouple arrangement, had the advantage
that the upper surface of the porous element, at which bubbling occur-
red, was left_completely'intact. Aiso; thermocouples resistance-
welded to the bottom surface of the porous element were in intimate
thermal contact with that surface. However, the arrangement had the
disadvantage that the thermal conductivity of the porous material
had to be known in order to obtain the temperature TS of the upper
surface of the porous material; TS was necessary for the calculation
of the heat-transfer coefficient. The method of obtaining the thermal
conductivity kéff of the Rigid Mesh material is given in Appendix B.

Although the electrical heating current passed through the
porous element was ac, there was some small dc component (about %? at
50 amps ac) which affected the thermocouple emf readings. For accurate
determination of thé heat-transfer coefficient o when o is large, it

is necessary to correct for this dc component - see example in
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Appendix C wherein the method of correction is given. Generally

this correction was less than 2% in the heat-transfer coefficient
for the present data. It is believed that this is the first timé<
this correction has been applied; the method therefore appears to

be novel.

3.3 Water Circuit

The water circuit is shown in Fig. 3.2. Tap water (analysis
in Appendix F) from the city mains supply was uséd; the items in the
flow path were:

(1) a heater (or cooler) which controlled the water temperature,
(ii) one of two calibrated* Ro%ame@ers in parallel for the measure-
ment of water'fiow rates,

(iii) one of two needle control valves in parallel,

(iv) a calibrated thermocouple probe measuring water temperature at
entry to the upstream air-injector,

(v)  the upstream injector where air was introduced into the water,
(vi) the test section, °

(vii) a calibrated thermocouple proﬁe measuring the outlet water
temperature, |

(viii)an Open;tank, thence to drain. P

The static pressure in the channel at the inlet-end of the

porous section was measured on a vertical U-tube mercury manometer.

% The term ''calibrated" in this chapter indicates that a calibration
of the measuring device was performed by the author, as opposed to
a "manufacturer's calibration''.
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As a.precautioﬁ, the thermocouples measuring the water
temperature were isolated from any electrical contact with the water.

By far the majority of data were taken with the water héater
in operation. The heating was electrical and controlled by means of
variable autotransformers, which were fed by constant-voltage trans-
formers. Over a ten-minute period, the water tempefature at the out-

- let from the heater seldom changed by more than 0.2 deg F.

3.4 Alr-to-Test-Section Circuit

~ The flow path is shown in Fig. 3.2. The usual source of air
was the department compressed air supply at 56 psig; no pressure fluc-
tuations could be detected in this supply so giving steady air flow
rates. The fiow path included the following items:
(1) a coarse air filter,
(i1) a pressure reducing valve,
(iii). one of two needle control valves in parallel,
(iv) = a calibrated orifice measuring air flow rates,
(v) a c%librated thermocouple probe. measuring the air temperature
leaving the orifice,
(vi) a fine air filter,
(vii) an‘air—breheater controlled by a variable‘;utotransformer,
(viii) the plenum chamber in which was located a calibrated thermo-

couple for air temperature measurement.

From the plenum chamber, which was directly beneath the test section,

>
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the air passed'through the porous heater into the water or air-water
mixture in the flow channel.

The pressure drop across the orifice was measured oﬁ eifher
a vertical U-tube carbon tetrachloride manometer or a water micro-
manometer depending on the air flow rate; the static pressure at the
orifice high pressure tap was measured on a vertical U-tube mercury

‘manometer. . ’ B

3.5 Air-to-Upstream-Injector Circuit

o The flow circuit is shown in Fig. 3.2. After the pressure.

reducing valve the flow path included the following items:
(i) a needle control vélvé,
(ii) one of two calibrated Rotameters in parallel for measuring air
flow rates,
(iii) a calibrated pressure gauge,
(iv) a calibrated thermocouple probe for measuring air temperature,
(v)  the upstream air-injector.

A diagram of the upstream air-injector is shown in Fig. 3.3a.
The air and water were introduced in one of two arrangements depictéd
in Fig. 3.3b:
(i) Injector Arrangement 1.

The air was introduced into the water through the porous
material on the bottam of the injector (commection E) while the water

entered the horizontal connection D, the mixture leaving through the

horizontal outlet comnection B.
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(ii) Injector_Arrangemeﬁt 2.
The inlet water and air connections were reversed compared
with Arrangement 1. |
For both of these arrangements the position of the injector
with fespect to the test section was not changed (Fig. 3.3c).

These arrangements represented two extremely different
methods of introducing upstream-air into the water; the object was
to learn whether or not the heat-transfer coefficient was affected
by the method of upstream air-introduction. -

‘With the injector located as shown (Fig. 3.3c) it was suf—'
ficiently far from the heated porous section that thermal equilibrium%
prevailed at the beginniﬁg of the heated element and sufficiently
close to the heated element that differences in flow regimes generated

by the two different injector arrangements were not obliterated.

3.6 Power Supply to the Test Section

The circuit is shown in Fig. 3.4. The electrical source
was the 240 volt ac laboratory supply. The circuit included the
following items:

(i) constant-voltage transformer to give a steady power supply
(output 240 V * 1%),
(ii) a variable autotransformer for control of the electrical power

to the test section,:

- -
'"Thermal equilibrium'" here means that the temperature of both phases
were equal and the air was saturated with water vapour at the pre-
vailing temperature.
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(iii) a transformer,
(iv) a calibrated ammeter and voltmeter,
(v) the test section.
The electrical resistance through the water in the test
section was approximately 106 times the electrical resistance through

the porous heater. Virtually all of the electrical current was there-

- fore passing through the porous heater.

3.7 Thermocouple Circuit

~ The thermocouple circuit is shown in Fig. 3.5. Each thermo-

couple had its own separate cold junction which was a thin glass tube
in a Thermos filled with crushed ice and water. The thermocouples
were comnected through a selector switch and a "choking circuit” to

a potentiometer. The choking circuit, which attenuated the ac emf

in the thermocouple circuit to 15%0 its original value, was found
necessary in order to obtain no electrical vibration of the galvan-
ometer indicator. It was shown by calculation and demonstrated by
experiment that the inclusion of this particular choking circuit did
not affect the accuracy of the true thermocouple dc emf reading. The
sensitivity of the galvanometer was approximately 1lluv per'mm of

deflection.
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CHAPTER 4 PROCEDURE

4.1 Introductory Remarks

This chapter describes the procedure used in the experiﬁents.
As mentioned in the Introduction, the main independent variables in
this investigation were: Qg the barbotage-rate, ug the water velocity
and ug,i the air velocity at entrance to the heated porous section.
-Fig. 4.1 illustrates the definition of these quantitiés. A minor
independent variable was the upstream-injector arrangement. The
main dependent variables were the heat-transfer coefficient and the
flow pattern. Section 4.5 gives details of the range of independenf
variables and the conditions. during the tests.

in this chapter.various measured quantities are mentioned;
in Fig. 3.2, the quantities in the circles are measured by the instru-
ment beside which the circle appears. The procedure for calculating
the heat-transfer coefficients and hydrodynamic quantities is given
in Appendix D. The calculations were performed on the University of
London Atlas Computer; the programming language was Extended Mercury

Autocode.

4.2 Start-up Procedure

Before the rig was run on any one day, the test section was
completely dry. Prior to operating any of the flow circuits the fol-
lowing checks were made: the air circuits and plenum chamber were

tested for leaks; the leads from the orifice to the manometer were
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tested to be clear by allowing air to pass through them; all manometer
leads containing liquid were checked for the presence of air and if
necessary, purged.

Air was first supplied to the test section, and then the
water supply was turned on; this ensured fhat there was no seepage
of water into the porous matérial. The‘other circﬁits then were put
-into operation, the last always being the power supply to the test
section,

The following quantities .were controlled:

(i) the water flow rate (this was set to give one of the pre-
determined values of ug listed in Table 4.1);

(ii) tﬂe water temperafure TB,i at inlet to the heated porous
section* (at approximately 68°F);

(iii) the air flow rate to the test section (to give values of &g
as shown in Table 4.2);

(iv) the air flow rate to the upstream injector (to give values of
ug,i as shown in Table 4.2); :

) the air temperature Tg,4 in the plenum chamber (this tempera-
ture was made approximately equal to the temperature of the bottom
face of the porous element, for reasons discussed in Section 3.2.3);
(vi) the electrical heat-input to the porous heating element to

give a wall-temperature minus bulk-temperature of approximately

10 deg F.
J

*
The difference in temperature between Ty i and Ty 1 the temperature
> H -
at inlet to the upstream air-injector is discussed in Appendix D.
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To hastén the sfart—up procedure a heater was included . in
the plenum chamber. This was used only during start-up and not during
data-taking. The controls were adjusted to give the desired conditions
and the rig was allowed to come to equilibrium. The criterion for
equilibrium before the first data were taken was that readings did
not change over a period of ten minutes.

As with other two-phase forced convection studies, (see Ref.
9 for discussion), it was found necessary to have a large pressure
drop across the upstream control valve in order to prevent oscilla-

tions in the water flow rate.

4.3 Taking of Data

After.equilibrium conditions had been established, instrument
readings were taken to allow the calculation of items (i) to (vi)
above as well as the following:
(vii) the water temperature TB e at outlet from the heated porous

’

section (the difference in temperature between TB,e and TB,Z the
temperature at the outlet from the test section is negligible - see
Appendix D)

(viii) the temperatures at the thermocouple stations along the porous.
element;

(ix)  the static pressure Pi in the channel at inlet to the heated
porous section;

(x) the drop in channel static pressure APChan over the length of

the porous element;-
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(xi) the pressure in Pplen the plenum chamber;
(xii) the water vapour content of the air supply (for the use of
this measurement see Appendix D); |
(xiii) air temperature Tg,S at entry to the upstream air-injector.
Flow conditions as cbserved by unaided eye were noted.

'If during the recording of all the thermocouplé readings,
the water temperature varied by more than 6.2 deg F the data were

rejected.

Tests with zero inlet-quality.
o A series of tests was conducted with zero air-flow to the
upstream injector, i.e. water only was present at inlet to the heated
poréus section (ug,i = 0). This condition is temmed ''zero inlet-
quality"? the analogous condition in é boiling experiment is when
water at its saturation temperature is supplied to a heated test
section.

For a given "run'', the water velocity ué was held constant;
only the barbotage-rate Qg was varied beginning at the largest values
and reducing in steps to zero (single-phase liquid flow). Early in
the investigation it was found that,providing the water was never
allowed to seep through the porous material (i.e. air flow rates to
the teét section always finite), hysteresis effects were indiscern-

ible, any effect being smaller than the scatter in the experimental

data. ) o

E
It is understood that neither u_ . nor u i/uf are synonymous with
"inlet quality'. The relation *’7 is ! shown in Fig. 4.1.
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Tests with finite inlet-quality.

Tests in which some air was supplied to the upstream injector,
so giving an air-water mixture at entry to the heated porous secfion
(ug,i finite), are called "finite inlet-quality" tests.

For a given '"run', the normal procedure was to hold water
velocity Ug and barbotage-rate Vg constant while the air velocity
'ug,i at inlet to the heated porous section was varied‘in steps
beginning at zero and increasing to the maximum used. Besides this
normal procedure, some data were taken by first increasing the air
flow rate to the upstream injector, then decreasing the air flow

rate; it was found that any hysteresis effects were less than the

scatter in the experimental data.

4.4 Shut-down Procedure

The electrical power supply to all the circuits was turned
off; the water flow was stopped and the test section drained; the air
supply to the test section was left on at least 20 minutes in order

to dry out the test sectiomn.

4.5 Range of Variables and Conditions during Tests

The conditions obtaining for the tests were as follows:
Liquid: -water.
Gas: air.
Temperature difference between heating surface and bulk water:

approximately 10 deg F.
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Water temperature at inlet to the heated porous section Ty i
M- - 2

o)

3

zero inlet-quality tests: 68 = L4°F
+2o0
-4

finite inlet-quality tests: 068 E.
Water temperature at outlet from the heated porous section TB,e’
zero inlet-quality,
liquid velocity 0.084 ft/s: 69.3 to 76.0°F,
liquid velocity 0.29 ft/s: 68.3 to 70.7°F,
other liquid velocities: 68 t i °F,
finite inlet quality: 68 t 3, F,
Pressure at inlet to the heated porous section: nomiﬁally
atmospheric, in detail, .
.zero inlet—quaiity: 14,8 to 16.7 psia,
finite inlet-quality: 14.8 to 21.6 psia.
Table 4.1 lists the values of ug used in the present investi-
gation together with the corresponding value of the mass velocity Gf,

) *
the Reynolds number Re_ and a modified Froude number Fr which 1is

f
used later in this work.
Table 4.2 gives details of the runs performed. Repeatability
checks were made throughout the program; these are discussed in
Appendix E where the accuracy of the experimental work is treated in
detail.
The limitation on the barbotage-rate Qg was the pressure

drop through the porous material. (The plenum chamber, a 9-in.

"Quickfit' glass column adaptor, had a safe working pressure of
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Table 4.1 Dimensional and Dimensionless Water Velocities Used in

the Present Experiments

y Veloc1t)rft/s Mass :
£ velocity Revnolds Modified -
Values Values G yi Froude
> s £ number T .
used in used in at 68°F Re nunber 1+
labelling calcula- " ™7 2 £ Fr*
diagrams, tions 1071b/£t“h at 68°F at 68°F
etc. .
0.084 0.084 1.88 222 0.156
0.29 0.292 6.54 774 0.544
0.72 0.718 ) . 16.1 1900 1.335
1.55 1.555 34,8 ° 4120 2.89
3.1 3.08 69.0 8150 5.73
5.1 5.08 114 13,500 9.45

t Defined in equation (6.4)

++ Defined in equation (6.42)




"Table 4.2 Experimental Runs -

110

Water velocity
u
£
ft/s

Barbotage-rate
VH

g
ft/s

section u

Air velocity in channel
at entrance to porous

g,1
ft/s

Zero Inlet-Quality

0.084

0.29

0.72

1.55

3.1

5.1
Finite Inlet-Quality

Injector Arrangement 1

Zero to approximately
0.67 ft/s

0.29

1.55

5.1

Injector Arrangement 2

Nominal

.05

Lo R

DN ppoH O
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. . . . . e o o« s s e
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N

1.55

OO0

. -

O
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Zero
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Y

Zero to approximately 72 ft/s

Y

Zero to approximately 58 ft/s

Zero to approximately 72 ft/s
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1 atm gauge). . The 1imitétion on ﬁg was not serious as the critical
barbotage -rate vg,cr was exceeded in all but one conditionA(highest
water velocity, zero inlet-quality). The limitations on the water
flow rate was the source in the laboratory. The maximum upstream
air flow rate was chosen to give conditions well into the annular
flow regime (air flow rates 3 to 4 times that at the slug-to-annular

" flow regime boundary); the capacity of measuring Rotameters was

selected accordingly.

4.6 Flow Observations

High speed still photographs were taken of flow conditions
in the porous and outlet:seetions for zero inlet-quality to the
porous section. They were taken with no heating of the porous
section and covered the range of water velocities and barbotage
rates used in the heat-transfer experiments. |

Stroboscopic cbservations were also méde in the absence of
heat transfer from the porous surface. All conditions for both zero
inlet-quality and finite inlet-quality were covered as for the heat-
transfer experiments. Two portablerstroboscopic light sources were
positioned to give back-lighting and to allow simultaneous observa-

tions of the inlet, porous and outlet sections.
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CHAPTER 5 FLOW PATTERN OBSERVATIONS

5.1 Introductory Remarks

When gas and liquid flow togethef in a channél, the two
phases arrange themselves in various configurations called "flow
patternsf. The discussion of flow patterns is a desirable pre-
lude to the discussion of heat-transfer coefficientsas the former
. can affect the lattef. Further, flow patterns for precisely éhe
same geometry as used in the present experiment have not been
reported elsewhere. The method of observation of the flow patterns
ﬁéé_&escribed in Chapter 4 while the results are presented here.

The order of presentation is as follows.

(1) The flow patterns are described.
(i1) For tests with zero inlet—quality and finiteAbarbotage

C

regimes in the porous section and in the outlet section.

ug i - 0, finite Vé) "flow maps'' are given for the flow

(iii) TFor zero barbotage and finite inlet-quality (Vg =0,
finite ug i), the patterns are listed in Table 5.1 together

. ’

with the approximate flow pattern '"boundaries'.

(iv)  The flow patterns encountered when both the barbotage-
rate and inlet-quality are finite are discussed (finite Vg,
finite u_ .).

inite ug,l) '
The main results of this chapter are the flow map Fig.
5.3, the tabulated flow pattern boundaries Table 5.1 and the

discussion in Section 5.5.
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An excellent review of the flow pattern literature is
rgiven by Vohr [85]. The literature of interest here will be
treated in the appropriate section. Throughout this chapter it
must be borne in mind that thé "boundaries' between the flow
patterns are not sharply defined; there is a gradual transition

from one pattern to another.

5.2 Description of Flow Patterns

Although there is as yet no completely standard nomen-
clature in describing flow patterns in horizontal two—phase.flow,‘
the terminology of Alves [2Z] has been used by a number of investi- -
gators [3, 7, 65 ]; wherever possible, in this work Alves' termi-
nology will be used. Alves' flow patterns refer to flow in a
channel where there is no gas injection through the walls of the
channel. 1In the present experiment Alves' flow descriptions re-
quire modification to describe patterns when gas is injected
through one of the channel walls in the section under observation.
Further, even without gas injection through the chamnel walls,
two patterns not specifically described by Alves™ will be used
here (froth and stratified froth flow).

In connection with zero inlet-quality tests,.the term
"two-phase boundary layer" will be used; it is the layer within
which the gas and liquid mixture is contained; this is illustrated

in the sketch bélow.
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Below, the main feature of each flow patterﬁ is described.
Patterns (a) to (f) were distinguished in the present experiments;
Fig. 5.1 shows sketches of these patterns. For a given pattern,
e.g. bubble flow, more than one sketch may appear depicting the.
different conditions encountered within that pattern; each sketch
is referred to either on a flow-map or in a table later in this
section,
(a) Bubble flow - The main characteristic is the existence of
spherical or nearly spherical discrete bubbles.
(b) Piug flow - Long bubbles of a bullet shape, occupying 2/3
of the channel height,'travél along the top of the channel

separated by plugs of liquid.
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(c) Froth flow - The main feature of this flow is coalescence;
bubbles touch each other and coalesce, resulting in a "frothy"
mixture which is either contained within the "two-phase b()undary.
layer" or fills the channel. In thé "froth'" the liquid is the
continuous phase, but is transported mainly in the form of the
film between the bubbles or air cells. Included within this flow
pattern is the 'condition where coalescence results in a bullet-
| shaped bubble approximately 3/4-in. long which travels down the
centre-1line of the channel.

(d) Stratified froth flow - A layer of liquid flows along the

bottom of the channel covered by a frothy-layer extending to the
top of the chamnel.

(e) Slug flow - A wave of water periodically seals the top of
the channel and passes aléng the channel,

(f) Annular flow - The liquid flows in a film around the inside

wall of the channel and the air flows as a central core; large
amplitude waves may still form on the bottom film of water, but
the crest of the wave does not appear to seal the channel.

| In ordc;r to compare the present observations for zero
barbotage with those of other investigators it is necessary to
describe the following patterns (g) and (h) which were not dis-
tinguished in the present experiments. These two patterns are

sketched in Fig. 5.2.
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(g) Stratified flow - Described by Alves([2] as, '"Flow in which '

liquid flows along the bottom of the pipe and gas flows above it
over a smooth liquid-gas interface'. | |
(h) Wavy flow - According to Alves [2], "Flow which is similar

to stratified flow except that the gas moves at a higher velocity .

and the interface is disturbed by waves travelling in the direc-

“tion of flow'.

In order to aid in the discussion of observations for
finite barbotage-rate ﬁ;, is is necessary to give below the des-
criptions used by Wallis and Griffith [90] in their photographic
study of flow patterns. .

(1) Bubﬁlz flow - (Waliis and Griffith) - Air bubblgs of all sizes
exist with the interstices filled with water. The distribution
of the two phases looks fairly uniform across the channel.

(j) Transition flow ~ (Wallis and Griffith) - This pattern is a

hybrid of bubbly and annular flow.

(X) Annular flow - (Wallis and Griffith) - This pattern consists

essentially of a core of air surrounded by bubbly layers on the
porous walls, The pattern is not steady and in places there are
bridges of bubbles which appear to span the channel, although

these may be only one or two layers thick on the walls. The bubbly
layer on the porous walls forms surface waves some of which develop
into crests and appear to be torn off to form droplets in the gas

core.
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5.3 Flow Patterns for Zero-Inlet-Quality Tests

5.3.1 Flow Patterns in the Porous Section

For zero inlet-quality and finite barbotage (ug,i =0,
finite &E) two main flow patterns were observed in the porous
section; these were bubble flow and froth flow. Fig. 5.3 shows
the boundary between these two regions and indicates the relevant
- flow pattern sketch. For 'the two highest liquid veloéities tested
(uf = 3,1 and 5.1 ft/s) the two-phase boundary layer did not
touch the top of the channel within the porous section (e.g. Fig.
5.1c (i1)) while for the other liquids velocities tested (uf <
1.55 ft/s),it did (e.g. Fig. 5.1c (i)).

There are only fhree other investigations where flow
patterns have been observed or inferred in a channel with gas
addition through the walls of the section of interest; these are
Wallis and Griffith [90]*, Wallis [89] and Kudirka [48]. In none
of these works was the channel geometry the same as in the present
experiment.’

For comparisons with the present observations the nost
important work is that Wallis and Griffith [90] who have classified
flow patterns within a vertical rectangular channel having two
porous walls 10-in. long by %-in. wide placed %-in. apart; the
other two walls were of a trénsparent plastic material; air was

blown through the porous walls into a stream of water flowing

. .
It is understood here that the Wallis and Griffith [90] investi-
gation supersedes an earlier investigation by Di Menza [18] on
a similar apparatus in the same laboratory.
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downwards. The importanée of this work is that observations were
made of flow conditions along the porous section itself. The
boundaries among their bubbly, transition and annular flow were
plotted on a flow map* for zero inlet-quality at the entrance to
the porous section; fhe boundaries are shown here on Fig. 5.3.
From the Wallis and Griffith flow pattern descriptions their bubbly
- flow appears to include the present bubble flow and aiso froth
flow of the type shown in Fig. 5.1c (i) and (ii)- (A and B in Fig.
5.3) while their transition flow could probably include froth flow
of the type depicted in Fig. 5.1c (iii) (C in Fig. 5.3). It is
interesting then that there is agreement between Wallis and
Griffith'g bubbly-to—traﬁsition flow boundary and fhe present
observations. However in the present porous section, for zero
inlet-quality no annular flow pattern was observed.

As with the Wallis and Griffith [90] experiment there
was no significant change in flow pattern along the length of the

porous section.

®

Strictly speaking the boundaries on the Wallis and Griffith [90]
flow map referred to above were obtained using a flow pattern
classification based on mass-flow profiles measured at the channel
exit: in bubbly flow the liquid flow showed an approximately
parabolic distribution being more concentrated at the channel
centre; in annular flow the liquid became more concentrated at
the walls; between bubbly and annular flow was transition flow.
The authors commented that the study of high speed still photo-
graphs in conjunction with the visual flow pattern definitions
(given here in Section 5.2) would yield flow pattern boundaries-
at higher air rates than the boundaries obtained using the
measurements of mass-flow profiles..
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Wallis [89] inferred flow pafterns within horizontal
porous tubes of 3/8, 5/8 and 7/8-in. diameter by observing the
jet of air-water mixture issuing freely into the atmosphere at
the exit from the tube being tested; no quantitative data on the
pattern boundaries ﬁere given.

"Kudirka [48] observed flow patterns with air-water and
air-ethylene glycol mixtures in a transparent outlet pipe follow-
ing a vertical porous tube; patterns within the poreus tube were
inferred from these observations. Since the observations were in
a vertical system and in the outlet, the observations will not be.

considered here.

5.3.2 Flow Patterns in the Outlet Section

For the present geometry it was of considerable interest
to learn whether the flow patterns in the outlet section were
similar to or different from the patterns in the porous section.

A flow pattern map is.presented in Fig. 5.4 for conditions at ap-
proximately 10 in. (about 30 equivalent diameters) downstream from
the end of the porous section. This map is drawn to the same scale
as the one for the porous section and may be COmpared.with it
directly. The regions where differences in flow pattern occur

are cross-hatched; the most‘significanf difference is that there

is a region on the maps which is slug flow in the outlet section
while being froth flow in the porous section. Wallis [89] has

made a similar observation with horizontal tubes. It is seen that
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one must exercise some caution when inferring flow patterﬁs in a
bubbling section from observations made downstream of the bubbl-

ing section.

5.4 Flow Patterns for Zero Barbotage and Finite Inlet-Quality

(Vg = 0, Finite ug i) -

2

Thg flow patterns observed for conditions of zero barbotage
and finite inlet-quality (0& = 0, finite ug,i) are listed in Table
5.1 together with the approximate gas velocity ug,i at the pattern
boundaries and the figure number of the relevant flow pattern
sketch.

'in the present éxperiments, at a water velocity Ug of
1.55 ft/s the two arrangements of the upstream injector were used
in order to determine whether the method of mixing of the phases
upstream would affect the heatjtransfer coefficient in the test
section; it was observed that at low values of ug,i there was a
marked difference in flow battern with the two injector arrange-
ments used. With Injector Arrangement 1, in order of inéreasing
ug’i;the patterns observed were bubble, stratified froth, slug
and annular flow while with Injector Arrangement 2 plug flow was
observed in place of bubble and stratified froth flow. (This
last difference markedly affected the heat-transfer coefficient.)
The transition to slug flow was only mildly affected by the in-

jector arrangement (transitions at ug i® 3.7 and 4.5 ft/s for
: b



125

Table 5.1 Flow Patterns and Boundaries for Zero-Barbotage, Finite

Inlet-Quality Tests

Liquid Injector Flow Pattern - Sketch Approximate
Velocity | Arrangement in Boundary
Ug, ft/s : ‘ Figure Upstream

: 5.1 Injection
Rate
ug,i ft/s
, Stratified froth| d(ii) '
0.29 . 1 : 1.9
Slug e
28
REDURE Annular f
Bubble a(iii)
' _ 1.2
1.55 1 Stratified froth| d(i)
3.7
Slug e
20
Annular f
Plug : b
4.5
2 Slug ’ e
19
Annular f
Bubble a(iv) :
5.1 : 4.3
1 Froth c(vii)
6.1
Slug A _ e
14
Annular f
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Injector Arrangements 1 and 2 respectively) while there was Virtu-
ally no effect on the. slug-to-annular flow boundary (u 5,1 = 20 ft/s)
A comparison of the flow patterns observed in the present
zero-barbotage experiments and those observed in some well-known
horizontal flow investigations [2,3,7,47] is presented in Fig. 5.5*;
this form of comparison has been used by Vohr f85]. The flow
- patterns and boundaries have been obtained from flow ﬁéps; these
maps were based on air-water [7,47] or air-water and air-SAE 10 oil
[2,3] flowing at 1-2 atm abs pressure in horizontal circular pipes
of 1-in. [2,7,47] or 1l-in. to 4-in. diameter [3].
In Fig. 5.5 the important points to note are as follows.
(1) Thére is, in detail, disagreement among the various investi-
gators as regards the flow patterns which are occurring and the
position of the boundaries. The worst discrepancies occur at low
Valueé of the upstream injection-rate ug,i’ where, at least in
the present experiment, the flow pattern was affected by the method
of mixing the two phases.
(ii) .There is however, broadly speakiﬁg, general agreement among

the present and other investigations in the occurrence of the slug

and annular flow patterns.

Kraswkov s [47] results appear on Fig. 5.5; the terminology of
this investigator is different from that used so far in this dis-
cussion. The relation between Krasiakova's terminology and that
being used here is presented on Page 23 of Vohr's [85] report.
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In the present zero-barbotage experiments, from approxi-
mately 3 in. from the inlet connection (9 equivalent diameters)
to the outlet connection (a further 21 in. or 60 equivalent
diameters downstream), there was no signifiégﬁi change in flow

pattern.

5.5 Flow Pattern Observations with Finite Barbotage and Finite

Inlet-Quality

The following remarks are concerned princiﬁally with
flbwrpattern observations in the porous section when there is
f&ﬁite barbotage and finite inlet-quality. First, the pattemn
~ observed in the inlet section before the porous section would be
that as.describéd in Section 5.4. The pattern observed in the
inlet section tended in general to pefsist throughout the porous
section* with the following modifications or exceptions.

(i) When the flow pattern at the inlet to the porous section
was stratified froth or bubble flow, the pattern becomes froth
flow in the porous section for Vg greater than approximately
0.1 ft/s.

(i1) When the pattern at the inlet to the porous.section is

plug, slug or annular flow, in the porous section the liquid on

128

the bottom of the channel becomes either interspersed with bubbles

or frothy. The sketch below illustrates this for slug flow.

% -
Wallis [89] has made a similar observation with regard to hori-
zontal porous tubes.
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l//ll///

fAIR POROUS INLET
SECTION SECTION

’

SKETCH OF SLUG FLOW IN POROUS SECTION WHEN V’g‘ AND ug

i ARE BOTH FINITE

The upstream injection-rates ug ; at which slug and
. y

annular flow occur in the porous section are not significantly

affected by having finite barbotage.

Remark on Hysteresis

In the present experiment it was found that any hysteresis
in the flow pattern boundary was less than the accuracy with which

the boundary could be fixed.
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CHAPTER 6 PRESENTATION AND DISCUSSION OF HEAT-TRANSFER RESULTS

6.1 Introductory Remarks

This chapter deals with the heat-transfer results of thé
experiments. First the mean heat-transfer coefficient, on which
the discussion and analysis are based, is defined and present
single—phase results are compared with the most relevant literature
correlation. Then the raw data are presented and discussed. ‘The
results are then correlated and compared with other investigations.
A crude correlation is given for the critical barbotage-rate
observed in the present experiments. Finally there is a short
discussion én_possible future work.

The data from the present investigation are tabulated in

Appendix G.

6.2 Definition of the Mean Heat-Transfer Coefficient

In the present work, the analysis of the heat-transfer
results is based on the mean heat-transfer coefficient o, defined

as:

(6.1)

Q1
[}
)
e
|
(o}

where:
L is the total length of the heated porous test section,

o is the local heat-transfer coefficient,



131

x is position along the heater. T
" The a v x relation is obtained by connecting linearly the
local (o, x) points; tﬁe lines comnecting the two (@, x) points
closest to each end of the heater are extrapolated to the ends of
the heater. Details of the calculation of & are given in Appendix D.
" Throughout the rest of this work, mean heat-transfer coef-
ficients are discussed unless otherwise specified; the ”bar"'ébove

o is omitted while o still retains the significanceof a mean.

o~

6.3 Single-Phase Heat-Transfer Coefficients

A check on the reliability of the results obtained from
the preseﬁt apparatus is effected by compariﬁg the present turbulent-
= 0) results with the correlation

g,1
of James, Martin and Martin [43]; these authors obtained an accurate

flow single-phase (Vg =A0, u

(£10%) correlation of their own measured mean heat-transfer coef-
ficients in rectangular ducts heated on'one side, i.e. in the same
geometry as for the present experiment. The comparison is shown in
Fig. 6.1. Before discussing the comparison the symbols appearing
on the figure are introduced.

The ordinate, the single-phase Nusselt number NuSP’ is
that conventionally used and is defined below in order to-distinguish
it from the special forms of Nusselt nunber employed earlier in

Chapter 2:
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‘ %p % ’
Nugp X | (6.2)

Hi

where:
Ogp is the single-phase heat-transfer coefficient,

de is the equivalent diameter of the channel defined as

d = 4{cross-sectional area)
= - s
e wetted perimeter

(6.3)

k¢ is the liquid thermal conductivity evaluated here at the bulk
temperature.

The Reynolds number Ref used here and throughout this work is:

pfufde

He

Re (6.4)

g =
vhere the symbols have been defined previously; Re ¢ is evaluated

at the bulk temperature. The symbol up is the ratio of the liquid
viscosity evaluated at bulk temperaturé to that evaluated at the
wall temperature; The liquid Prandtl number Prf has been introduced
previously and is evaluated here at the bulk temperature. The

aspect ratio Ay is defined as:

- a
R F
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where a is the height of the channel nommal to the heated surface
and b is the width of the heated surface (and of the channel).

The present aspect ratio (2) and bulk-temperature Prandtl
number (7) are within the range tested by James, Martin and Martin
tested by these authors was 3000; their

f
correlating equation has been extrapolated back to approximately

[43]; The minimum Re

" 2000 in Fig:. 6.1. The present data lie within +10% and -15% of

the James et al. correlation. This is considered a satisfactory

agreement.

6.4 Tests with Zero Inlet-Quality

‘The results fof the zero-inlet-quality tests are shown in
Figs. 6.2 to 6.4; the data points are plotted in Figs. 6.2 and 6.3
while Fig. 6.4 displays the lines drawn through the data for all
the liquid velocities. The symbol a, is used for the heat-transfer
coefficient under conditions of zero inlet-quality.

The sigﬁificant features of the results are discussed below.
(1) The liquid velocity uc appears as a parameter in Fig. 6.4.
In general, for a fixed barbotage-rate %E the heat-transfer coef-
ficient a, increases with increasing Uc. Gose et al. [27,28] have
also observed this same trend in their experiments with vertical
pérous tubes.
(ii) For a given ug, the o v QE curve at first rises steeply

with increasing ﬁg; the curves then pass through a 'knee" beyond
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which the increase in o with &g is markedly reducéd; the curves
(except for the highest uf) then exhibit a maximum beyond which
oy decreases with an increase in Qg. The boundary between bubble
flow and froth flow is marked (short vertical lines) on Fig. 6.2
and 6.3. It can be seen that the region of steeply rising oy
corresponds approximately with bubble flow.

(iii) In a manner similar to that in free convection {1,801, the
value of &g at which a maximum occurs in a plot of o v vg for a

constant inlet-quality, or in this case a, v VE’ is called the

“eritical” barbotage-rate V!

e,cr For ue € 1.55 ft/s the maximum

in oy v vg curve is easily seen while for ue = 3.1 ft/s the maximum
is vague and the way in which the smoothed curve has been drawn may
not be fully justified. For ug = 5.1 ft/s, the highest liquid

velocity used in the present experiments, no maximum in oy occurred

within the range of Vg tested.

6.5 Tests with Finite Inlet-Quality

6.5.1 Testswith Zero Barbotage

The results for tests with zero barbotage and fiﬁite inlet-
quality are shown in Fig. 6.5; the synbol Crp is used for the heat-
transfer coefficient under these conditions (&g = 0, finite ué’i).
In the figure the observed flow patterns are indicated.

It is first noted that the liquid flow rate appears system-

atically as a parameter, O increasing with Ug for fixed ug i

)
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The trend is consistent with observations by Johnson and Abou-Sabe
[45] of air-water flows in an impermeable horizontal tube (more
detailed comparisons appear later in this chapter).

The most striking feature of the results shown in Fig. 6.5
is tﬁat with Injector Arrangement 1, o does not increase mono-
tonically with ug,i and appears to be connected with flow regime.

" For liquid velocities Ug of 1.55 and 0.29 ft/s and for increasing
ug’i: Crp shows a steep increase in stratified froth flow; with
the onset of slug flow Orp begins to decrease; fhe curve exhibits

a minimum and then increases as slug flow fully develops and
progresses into annular:flow. At the highest liquid velocity of
5.1 ft/s there is no stratified frofh flow; froth flow occurs where
stratified froth flow would otherwise be expected to occur; slug

flow occurs over a small range of u For this velocity there

g,1°
is no region'of steeply increasing, nor of decreasing Orps with
increasing ug,i' It would appear then that the exisfence of the
steeply inéreasing Orp followed by a decreasing Orp is characteristic
of stratified froth flow followed by slug flow.

Tests ﬁerformed at é water velocity of 1.55 ft/s with
Injector Arrangement 2 are also shown in Fig. 6.5; with this
arrangement there is a monotonic increase in Orp with increasing
. ug,i’ Of particular note ié that, where with Injector Arrangement

1 stratified froth flow occurs and gives steeply rising Opp and
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then decreasing Opp as the transition to slug flow occurs, Injector
Arrangement 2 gives plug flow, lower values of Orp and a smoothly
increasing Orp with increasing ug,i' In well-developed slug flow
and annular flow, both injector arrangements give the same heat-
transfer coefficients.

"From the above discussion it may be.concluded that the
heat-transfer coefficient depends on the flow pattern. Where more
than one flow pattern can exist, not only gas and liquid flow rates
need to be specified, the flow pattern must in general be specified

as well. The prévious statement was qualified with the words
""in general'' because, at the left-hand end of the curves for Ug =
1.55 ft/s, it appears that the values of Orp cbtained in bubble

flow with Injector Arrangement 1 and in plug flow with Injector

Arrangement 2 are the same for given values of ug i
b

6.5.2 Tests with Finite Barbotage and Finite Inlet-Quality

The results of the tests with finite barbotage-rate and
Finite inlet-quality (finite \}'é, finite u, ;) are shown in Figs. 6.6
to 6.12. Figs. 6.6 to 6.10 show the data points while Fig. 6.11
shows the range of heat-transfer coefficients encountered for the
three values of u.. Fig. 6.12 shows a cross-plot of the smoothed
data contained in Figs. 6.6 to 6.10. A1l the data in these figures

are for Injector Arrangement 1. The flow patterns for zero-barbotage

tests are marked in Figs. 6.6 to 6.10. Any changes in flow pattern
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in the porous section which result because of finite barbotage are
given in Section 5.5.. The results for each liquid velocity will be

treated in turn.

Water velocity of'uf = 0,29 ft/s (Fig. 6.6).

As the barbotage-rate Vg increases, the heat-transfer
~coefficient o becomes very insensitive to the upstream air velocity
This is illustrated by noting that as u_ . is varied from

g,1
zero to 75 ft/s: for Vé = 0, o increases about 10 times while

u_ ..
g,1

for VE > 0.2, the increase in a is only a few percent. Also the
"dip" which occurs with the zero-barbotage experiments at ug i =
- - >

2 ft/s is considerably reduced as VE is increased.

Water velocity of ug = 1.55 ft/s (Figs. 6.7 and 6.8).

The results for ug = 1.55 ft/s are presented in two graphs;

Fig. 6.7 shows the complete range of ug i covered while Fig. 6.8
)

shows in greater detail the range for ug ; < 10 ft/s. The most

s
jimportant features of the figures are discussed below.

(i) As with the water velocity of 0.29 ft/s, a becomes very
insensitive to ug,i as the barbotage-rate is increased from zero
to 0.6 ft/s.. This is clearly illustrated by considering the two
extremes shown in Qg. For QE = 0, on increasing ug’i from zero to
72 ft/s, the heat-transfer coefficient increases by 5 1/2 times

while for Vg = 0.6 ft/s, the increase in o is only 40% over the
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same range of ug i The "dip" in a which is very apparent for the
2

zero-barbotage test at ug'i = 4 ft/s is all but eliminated as
3
Vé is increased to 0.6 ft/s.

(ii) For ug e 40 ft/s there is a monotonic decrease in o with
b

increasing Vg for fixed ug T This is clearly shown in Fig. 6.12
. b

which presents a cross-plot of the smoothed data from Fig. 6.7.

Kudirka et al. [49] have reported a few data for air-water flow in

a vertical tube (uf = 4,5 ft/s) where this same trend is apparent.

Water velocity of ug = 5.1 ft/s (Figs. 6.9 and 6.10).

The results for ug = 5.1 ft/s are shown in Fig. 6.9, which

shows the complete range of ug i covered, and in Fig. 6.10 which

»

shows in greater detail the region of ug i < 10 ft/s. The features
’ .

to note are as follows.
(1) As with the other two liquid velocities tested, o becomes
more and more insensitive.to ug,i as Qg is increased.
(ii) For values of ug,i greater than 4 ft/s, there is a monotonic
decrease in o with increasing Vg for fixed ug,i' This is best
illustrated in Fig. 6.12.

Fig. 6.11 shows the range of heat-transfer coefficients
encountered with the finite-inlet-quality tests. It is seen that

the greater the liquid velocity, the greater are the heat-transfer

coefficients.
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An examination of Fig. 6.12 shows that for each water

velocity Ug, the critical barbotage-rate VE cr decreases with in-
2

creasing gas velocity u i at inlet to the porous section. Further,
2

an examination would show that VE or is not restricted to appearing
-1

in any particular flow puttern or at the transition from one pattern

to another as Vé is increased; this is illustrated in the table below.

Ug ft/s Ug 5 ft/s Flow pattern in which Vg,cr occurs
0.29 0 Froth flow
45 Annular flow
. 70 Annular flow
1.55 0 Froth flow
15 Slug flow
35 Annular flow
5.1 1 Froth flow
2.5 Boundary bubble flow to froth flow

Effect of injector arrangement,

The results of tests run with Injector Arrangement 2 are
shown in Fig. 6.13 together with those for Injector Arrangement 1.
Remarks specifically concerning the zero-barbotage experiments were

made previously. For fixed values of u the trend of results is

g,1i’

the same for both injector arrangements: for ug i< 10 ft/s, o
’ >

increases with increasing Vé for the three Vé values shown; for

ug e 40 ft/s; o decreases with increasing VE; in the region
3 .

10 < Ug i < 40, the behavior of o undergoes a transition. At fixed
) s

values of ug i’ comparing the heat-transfer coefficients obtained
s

with the two different injector arrangements, it is seen that the
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agreement is generally good where both injector arrangements give
the same fldw pattern (annular and well-developed slug flow) while
the agreement is worst where differences in flow patterns exist

(ug i < 5 ft/s).

L4

6.6 A Method of Correlating the Present Forced Convection Heat-

Transfer Data For Barbotage Rates Less than the Critical

6.6.1 General Remarks and Summary of Equations

A method of correlating the heat-transfer coefficients
obtained in the present experiments is now presented. Attention.is
re;tricted to barbotage rates less than the critical (0% < vg,cr)"
i. e. to the region in which the heat-transfer coefficient increases
- with increasing‘barbotage—rate Vg. This region is analogous in
saturated boiling to the '"nucleate' region in which the heat-transfer
coefficient increase with increasing vapour formation rate, i.e.
with heat flux.

The method of correlating the heat-transfer coefficient
is similar to that of Chen [10] for the boiling of saturated liquids
in two-phase forced convective flow. Chen postulated that two basic
mechanisms take part in this process. These are (i) the ordinary
"macroconvective' mechanism of heat transfer which normally operates
with flowing fluids and (ii) the "microconvective' mechanism
associated with bubble nucleation and growth., He further postulaféd

that the two mechanisms are additive in their contributions to

total heat transfer, i.e.,
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o, = qQ + 0o . ‘ (6.5)

tot mac mLc
where:
%mac = %sp FC (6.6)
%mic ~ 0‘tot,PB S (6.7)
%ac is the heat-transfer coefficient due to macroconvection;
O é is the heat-transfer coefficient due to microconvection;
% ot .PB is the heat-transfer coefficient which would obtain in
, :
pool boiling for the same liquid, pressure and wall
superheat based on the Forster and Zuber {22] correlation;j
e is the ”Reynolds number factor', this is purely hydrodynamic

and depends only on the Martinelli flow parameter Xtt(*);

FC was determined empirically;

*
The Martinelli parameter Xit is defined by

0.9 A 0.5 ,10.1
f '8
(ﬁ‘g‘] H -9

Xtt

where:

Wg andAWf are the mass flow rates of the gas phase and liquid phasé
respectively, Mg is the dynamic viscosity of the gas phase and the
other symbols have been defined previously.
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is the "suppression factor''; it accounts for reduced bubble
activity due to a reduced "effective superheat" for the
bubbles due to the presence of the forced convective field;
it is a function of the hydrodynamic parameters FC and Ref
the liquid phase Reynolds number; S has the limits of unity
at zero flow rate and zero at infinite flow rate and was
determined empirically.

For barbotage, the analogous concept of two contributions

is also used, one for the forced convection flow-(amaC) and one

for bubbling (umic):

where

and

where:

mac mic
%ac = O%p F

%nic =¥ ocbub

Q
n

Ggp F+V¥ % ub (6.9)

is a factor accounting for the increased velocity and
turbulence in the forced convective flow due to air having
been introduced upstream of the test section; for identi-

1.

fication F is called here the 'upstream turbulence factor';



156

% b is the maximum heat-transfer coefficient that can be
achieved, for a given barbotage rate and fluid properties,
due to agitation by the barbotage bubbles; % ub is calléd
here the 'bubbling function';

¥ is a factor which accounts for the reduced effectiveness
of the barbotage-bubble agitation process as the turbulence
in the forced convective flow increases; it is called here
the '"bubble effectiveness factor'.

The three functions F, o o and ¥ are determined empirically

as S : b

¢(9g,i/uf)

s )
|

¥y = ¢(gg’i/uf, Ref) -~ (6.10)

)]

%ub ¢(Q§, fluid properties)

4

The expressions for the three functions of equation (6.10),
obtained in the next section of this chapter, are listed below.
(The symbol To is the value of ¥ for zero-inlet-quality tests while
¥ is the ratio ¥/¥ )
u

F = 1+0.64 5’1 (6.11)
£

(Except for zero-barbotage data in stratified froth flow).

v o= ¥y (6.19)
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_ 2 W
voo= 1 for Re, % 2000
: b (6.16)
v = 9.78 Re, 02 for Re.> 2000 |
0 : f f
_ 0.68 1.4, Yg,i
¢t = e e Reg ) ) (6.25)

Ohub is from Fig. 6.17 or

-

* 0.2 * (.75 *
Na'p o Pre T = 167(Kp) 75 for 0.009 <K, €0.15
: »(6.34)
% 0.2 _ * 0.1 %
Nu 4 PTg = 48.7(K; ) fo_r 0.15 <KT <1.27 )
where:
Nu* - “bub °8o
bub kf g(pf - pg)
KT* = VE' ’f

log, glog - pg)]l/4

Under certain conditions, the functions F, ¥ and O b and
equation (6.9) have special forms. The information is shown in

Table 6.1.
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Table 6.1 Special Forms of Equation (6.9) and of the Functions F,

Y and %Yub
Conditions Special values of Equation (6.9) for o
: F, ¥ and %ub
ug,i = 0 F = 1
a = agp
Vo= 0 op = 0
ug,i = 0 F = 1
: & = Ggp * ¥, oy
Finite V! y = Vv
g o
Finite ug,i Yub T 0
. @ = ogp F
vt o= 0
g

6.6.2 Upstream Turbulence Factor F

The F-function is found from experiments with zero barbotage,

in which case b S 0 and equation (6.9) becomes
opp = Ogp T
or
°Tp
F = 5=

SP
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(aTP is the designation for o under zero-barbotage conditions). A ‘
E

graph of QTP/QSP Vs. ug,i/uf is shown in Fig. 6.14 ; values of Ggp

are those measured. It is noted that QTP/aSP is practically

independent of liquid velocity. A simple eduation representing the

data is

-

u
F o= 1+0.64/ 2= (6.11)
£

In Fig. 6.14, data in stratified froth flow (five and four data
points for water velocities of 0.29 ft/s and 1.55 ft/s respectively)
hgygﬂbeen omitted; equation (6.11) represents data in all the other
flow patterns to the accuracy shown in Fig. 6.14.

The form of equation (6.11) was chosen such that when
ug,i/uf =0, F=1 or Orp = Ogp-

Comparisons with existing zero-barbotage air-water experi-
ments [23,45,65] in horizontal channels (all round tubes) are now
made. The effect of fluid properties on F cannot be determined

because of lack of experimental evidence; the three existing [44,65,

%
The Martinelli flow parameter Xt is often used, e.g. [10,13,23,45],
in the correlation of two-phase theat—transfer data. The use of
X, implies that both liquid-and gas-phase Reynolds numbers Re. and
Re are greater than 2000. In the present experiment both Ref and
Re® straddle the value of 2000. It would therefore be inconsistent
in®the present case, when all the data are presented on a single
graph, to use a parameter derived specifically for Ref and Reg
greater than 2000.
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- 67] investigations for other than air-water flows in horizontal

tubes are commented on where the Newson [65] data is presented.

Results of Johnson and Abou-Sabe.

Johnson and Abou-Sabe [45] measured heat-transfer coefficients
to air-water mixtures flowing in a steam-heated horizontal tube
0.870-in. ID and 15.5-ft long; the tube wall was impermeable. The
results show that for a fixed liquid flow rate, the heat-transfer
coefficient app at first increases with increasing air flow rate
and then tends to pass through a maximum beyond which there is a
monotonic decrease in O+ In the discussion which follows only
heat-transfer coefficients less than these maxima are treated.

This is because comparison is being made against the present F-
function which increases monotonically with ug,i/uf' In the present
experiments no condition was reached beyond ﬁhich, for a given Ug,

Orp decreased monotonicaliy with ug,i’ The reasons for the

existence of these maxima appears to be not very well understood.

The Johnson and Abou-Sabe smoothed results, plotted in terms of
uTP/uSP vSs. (ug/uf)rnean are shown in Fig. 6.15. The subscript

"mean'' indicates that ug/uf was evaluated at the mean bulk temperature
and pressure in the test section.

It should be noted that aTP/aSP is practically independent
of the liquid velocity, as with the present experiments. The

results lie within #20% of the equation
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u
;IB = 1 + Const. ﬁg (6.12)
SP fimean

with Const. = 0.37. The equation which correlates the present data,
i.e. (6.12) with Const. = 0.64 is also shown for comparison. (For
the present zero-barbotage experiments, the difference between \

ug i/uf (as in equation 6.11) and (ug/u (as in equation 6.12)

f)mean
does not exceed 1 3/4%). It is noted that the Johnson and Abou-Sabe
data lie below the equation representing the present data. The
worst deviation of equation (6.12) with Const. = 0.37 from (6.12)

= 50,

with Const. = 0.64 is 34% at (Pg/uf)mean

Possible reasons for the discrepancy between the present
results and those of Johnson and Abou-Sabe are given below.
(i) The heat-transfer surface, a drawn-brass tube (expected rms
roughness 10-200 u in. [74a]), was very likely smoother than the
porous heating surface (aﬁproximate rms roughness 600 p in.) in
the present apparatus. This could affect the ratio aTP/dSP’
probably making it larger for the rougher (present) surface.
(ii) The geometry in the two investigations is different. The
heat-transfer coefficients reported by Johnson and Abou-Sabe
represent some circumferential mean in a tube while those reported
here are for the bottom surface of a rectangular channel. In
horizontal two phase flow, it is expected that conditions around

the periphery of the channel will vary due to the influence of



164

gravity on the distribution of the two phases. Further, the heat
transfer tube in the Johnson and Abou-Sabe experiments was very

long (15.5 ft) compared with the present heated section (6 in.).

In the former experiments, under extreme conditions the gas velocity
doubled from inlet to outlet of the test section, so making the
reported heat-transfer coefficients difficult to interpret [82].

In the present zero- barbotage experiments these gas velocity changes

did not exceed 3 1/2%.

Results of Fried.

In a continuation of the Johnson and Abou-Sabe [45]work, -
Fried [23] measured heat-transfer coefficients between air-water
mixtures and a steam-heated, impermeable, horizontal tube 0.737-in.
ID and 15-ft long. Fried's results show the same trends as those
of Johnson and Abou-Sabe; when plotted on coordinates of aTP/aSP
Vs. (ug/uf)mean (Fig. .3 of Ref. 46), the results are practically
independent of water flow rate; the maximum deviations of the
smoothed Fried results from those of Johnson and Abou-Sabe occur

at (ug/u > 20 with the former being 35% below the latter.

f)mean
The discussion relevant to the Johnson and Abou-Sabe results is

also relevant to the Fried results.

Results of Newson.

Newson [65] measured heat-transfer coefficients between
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air-water mixtures and a steam-heated, horizontal tube of 0.495-in.
ID and 3-ft length; the tube wall was impermeable. He also used air
with a 50% glycerol and water mixture as the gas-liquid combination.
His air-water results, for heat-transfer coefficients less than the
maximm for each liquid flow rate, are shown in Fig. 6.16 on
coordinates of aTP/aSP VS. (ug/uf)mean’ The equation correlating
- the results of the present investigation is shown for comparison.

In Fig. 6.16 it is noted that the Newson data lie bélow
the equation for the present results. It is further noted that the
ratio GTP/QSP is largely independent of liquid velocity for fixed |

values of (ug/uf) Equation (6.12) with Const. = 0.43 is drawn

mean’
on the figure and correlates the smoothed Newson data to +20%. The
discussion relating to the discrepancy between the present and the
Johnson and Abou-Sabe results applies to the Newson results as well
except for the comment concerning the large changes in gas velocity
from inlet to outlet of the test section.

If the air-50% glycerol results of Newson had been plotted
on Fig. 6.16 it would have been seen that, for fixed (ug/uf)mean’
the ratio aTP/aéP is largely independent of viscosity (the ratio of
the viscosity of the 50% glycerol mixture to that of water was 3.7)
as well as velocity. Equation (6.12) with Const. = 0.45 correlates

both the air-water and air-50% glycerol smoothed data to *22%. The

results of Oliver and Wright [67], for air and an 88% glycerol and
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water mixture flowing in a 1/4-in. ID 3-ft long heat-transfer tube,
would be scattered around the Newson data on Fig. 6.16. On the.
information available it is not claimed that F can be correiated
only as a function of the ratio of the gas velocity to liquid .
velocity. The data of Johnson [44], for air-oil flow in the same
apparatus as that of Fried [23], lie same 200 or 300% above Fried's
air-water results on a graph such as Fig. 6.16 (Fig. 3 of Ref. 46).
Considerably more evidence is necessary on the effect of fluid pro-

perties on F.

6.6.3 Bubble Effectiveness Factor ¥ and Bubbling Function b

for the Present Data

The bubble effectiveness factor ¥ accounts for the reduced
effectiveness of the barbotage-bubble agitation process as the
turbulence in the forced convective flow increases. It is there- _

fore expected that

¥ = ¢(Reg, F) (6.13)
As

F = ¢(ug,i/uf) (6.14)
equation (6.13) becomes

Yy = ¢(Ref, ug,i/uf) (6.15)

The analysis proceeds by treating ¥ in two stages, first for zero

inlet-quality and then for finite inlet-quality. The bubbling
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function % b will be obtained from the analysis of the zero-inlet-

quality results.

Zero inlet-quality.

When ug,i/uf =0, ¥ = Wo the bubble effectiveness factor
for zero inlet-quality; Wo is expected to be a function of Ref
only. \Further, when the turbulence in the main stream is low, for
instance in pools or laminar forced convection, it is expected that

Y, = 1. The simplest form of the To function is found to be

Yy o= 1 for Re,. £ 2000
o £ )
(6.16)
_ ~0.3
Wo = 49.78 Ref for Ref 5 2000
and is sketched below.
LOG
1B \@?ﬁ
¥,
2000
~LOG
REf
SKETCH OF Wo VS. Ref FOR PRESENT EXPERIMENTS

As might be expected, To decreases in the turbulent flow region with
increasing Ref and hence turbulence.

The test of the ¥ function is its ability to collapse the
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zero inlet-quality data. For ug i/uf =0, F =1 and equation (6.9)
2
becomes

+ v

o agp * ¥ o (6.17)

or
% ~ %gp

R A (6.18)
O

When values of (ao - aSP)/Wo are plotted against v&, they should
fall approximately on a single curve. This curve would represent
the abub—function for the given fluid properties and porous surface.
This plot is shown in Fig. 6.17 where oy and Ogp are measured values
and ¥ is from equation (6.16). For simplicity, two straight lines
have been drawn to représent the data. The *15% limits are shown;
three points fall outside these limits. The error in oy (as opposed
to (ao - SP)/‘Po) in these three points is 8%, 12% and 7 1/2% for
points 1, 2 and 3 respect?vely. It is concluded that the collapse

of the data is satisfactory.

Finite inlet-quality.

The function ¥ for finite inlet-quality is obtained by

first defining a function y* according to
Yy = v V¥ (6.19)

Then ¥' is correlated in terms of Ref and ug i/uf and is of the form
b

such that, when u_ ./u. =0
g1 f



FIG. 6.17 COLLAPSED PRESENT ZERO-INLET-QUALITY DATA FOR \'fg <V

g, cr

SYMBOL | ug ft/s |ResatTy
] 0.084 222
an—-a v 029 774
—°__SP x 072 | 1900
¥ 2 a 155 [ 4120
. a 31 | 8150
= Upub ] 5. |3,§00 _—ﬂ5 %
o _An_A.n-A—uﬂp'&nAuiE'n G athgy,
———oT
g pEETEX xS L el
B8TU 03 S oY’'p oo © o —— -15%
£12h degF e i
8...
6_
4t
2._
O/
- | 14 11 I | R
o3 -2 -1
10 3 6 810 _ 4 6 8 10 2 .4 6 8 10
e Vg ft/s
& pd
* 1] 1" )
[@)) o
-
-~



171

ve=1 (6.20)

Yy o=y
(8]

It was seen in Section 6.6.2 that dgp F = Opps substitution

of this relation and (6.19) into (6.9) yields

+
R A A s (6.21)

Substitution of equation (6.18) into (6.21) and rearrangement results
in
a—
NS ARE OEP (6.22)
0 SP :
A "measured" value of " may therefore be obtained from equation

(6.22) for a given combination of Ug, Qz and ug i using:
o b

3 ¥ 1 .
o as measured for the given Ug, Vé and ug,i’
Orp for the same Ug, ug i and zero-barbotage results from the
’ .
smoothed curves of Fig. 6.5;
o, for the same VE, ug and zero-inlet quality (in each run in

which ug i was varied, the first datum point taken was for

>

ug i = 0; this value was used here in equation (6.22));

Ogp as measured for the given Ug.
It is found that when the data are plotted in terms of
¥" vs. u i/uf on "semi-logarithmic" coordinates, there results

’

essentially a straight line for each Re indeﬁ?ent of barbotage-rate,
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as sketched below.

LOG

) LINEAR
e ug,i /U

+
SKETCH OF ¥ VS, ug,i/uf

Each line is described by

-ju_ ./u
ytoa o7 &1L (6.23)
A cross-plot of j vs. Re. on logarithmic coordinates yields
0.68 1.4
= Re ) (6.24)
100 f
The final relation for Y is therefore
. A
Yy = ¢ Vv
)
y =1 for R.ef Z 2000
o > (6.25)
¢ = 9.78 Re. 03 for Re.> 2000
o : £ £
0.68 ' 1.4 Yg,i
oo e -{—166- Re u% 1
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The function Y as described by equation (6.25) is always

% 1 and decreases with increasing Re; and Uy i/uf (except ¥,=1

i/uf = 0); ¥ has a lower limit of zero as either,

>

for Ref < 2000 and u
g
or both, of Ref and ug i/uf become very large. Physically this
b
means that the bubble effectivenss factor ¥ decreases as'Ref and
Pg,i/uf increase since increases in R.ef and ug,.l/uf should result
in increased turbulence in the forced convective flow and hence a

resulting decrease in the effectiveness of the bubble agitation

process.

6.6.4 A Test of the F-, ¥- and abub—Functions for Finite Barbotage

and Finite Upstream-Quality Data

If equation (6.9) is used to predict heat-transfer coef-

f%c1ents apred it may be written

apred. = Ogp F+v %ub (6.26)
For conditions of finite barbotage and finite inlet-quality, apred
here is obtained using:
F from equation (6.11),
¥ from equation (6.25),
% ub from the solid lines in Fig. 6.17,
Ogp as measured. -
The measured values of the heat-transfer coefficient o are

meas
compared‘in Fig. 6.18 with %red: It is seen that the agreement
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is most satisfactory with only three data points lying outside the-
+15% limits. It is understood that all the data shown are for
AU

g g,cr

6.7 A Comparison of Akturk's Pool Barbotage Results with the

Present Forced Convection Results

The connection between pool barbotage and forced convection
barbotage, Link 3 in Fig. 1.1, is now being discussed. Akturk [1],
for pool barbotage, has taken a considerable number of data with
air and water at the same wall and bulk temperatures as in the present
forced convection investigation.. Comparison between Akturk's and °
the present results are therefore of special interest in that there
can be no question of fluid property differences in the two investi-
gations. The comparison demonstrates the application of equation
(6.9) to pool barbotage.

In pool barbotagé, there is, of course, no '"‘upstream air-
injection", so making F = 1 in equation (6.9). Further, it is
expected that the bubble effectiveness factor ¥ is approximately
equal to 1 because the low levels of turbulence in a natural
convection pool would not reduce the effectiveness of the barbotage- -

bubble agitation process. Equation (6.9) therefore becomes

Q@ = Ogp o 4 | (6.27)
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Experimental values of O b ey be obtained from equation (6.27)
using measured values of a and the appropriate free convection
relation {60} for Ogp- The "band" of Akturk's results, represen£ing
the range of smoothed data for various geometrical arrangements, is
shown in Fig. 6.19 together with the lines representing the present
data., There is generally close agreement between Akturk's and the
present results for Vg > 0.04 ft/s. The comparison does, however,
involve somewhat different porous surfaces (details in Tables 2.4
and 3.1). Therefore, although not conclusive, the evidence suggests
that pool parbotage may be treated as a special case of the more

_general situation embracing both pool and forced convection barbotage.

6.8 Dimensionless Form of the Bubbling Function b

The abub—fUnction is now presented in dimensionless form.
The dimensionless groups involved are obtained by analogy with boiling
experience.

In Chapter 2 the following equation was seen to satis-
factorily correlate data for saturated nucleate pool boiling of

water and organics at atmospheric pressure:

F3 -
N, = Const. k0-° prp 02 (6.28)
formerly (2.49)
where: N 1/2
. = ot Pe o PE
T “0oh 174
: °g'fg [og, gPg - P))] / °g

(6.29)
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. .
Nu was defined in equation (2.43).

tot
Therefore, for boiling under the specified conditions

E

Nu tot = ¢(KT, Prf] (6.30)

By analogy it might be expected that %uib in barbotage, at least
for the existing information which is all at atmospheric pressure,

will be correlated by

* * )
Nu.bub = ¢(KT s Prf) (6.31)
where: -
® - %ub 98 .
Nu bub = }f gﬁf — pQ (6.32)
® {Fg' pfl/z
KT = 173 (6.33)

[og, glog - pg)]

This is indeed shown to be the case.
. The pool-barbotage investigation of Gose, Acrivos and
Petersen [27] provides the information necessary to determine the

Prandtl number dependence in equation (6.31). It is assumed that
Nu bub Prf ¢(KT )

%
The o 4 for use in Nu bub 1S obtained from equation (6.27). A

satisfactory value of n is found to be approximately -0.2, i.e. the
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Prandtl number dependence is the same as in boiling. The collapsed
data of Gose et al. [27] are presented in Fig. 6.20 on coordinates

* 0.2 * . . '
of Nu, . Prg vs. Ky . Fluid properties were evaluated at the

k3
wall temperature. The scatter at KT < 0.08 is due mainly to the
error‘whlch results in %ub when o and Ggp are of nearly equal
magnitude (abub = Q- Ggp).
The solid lines drawn through the data in Fig. 6.17 represent

% uib for the present investigation; in dimensionless terms the
equations of these lines are (with fluid properties evaluated at

the wall temperature):

1
* 0.2

Nu bub Prf

* 0,75 % :
167 K; for 0.009 € K, <0.15
L (6.34)
. 0.2

Nu bub Prf

* *
48.7 Ky 0.1 ¢or 0.15 <K, €1.27

6.9 Application of the Present Correlating Procedure to Other

Forced Convection Barbotage Investigations

The data of Gose, Petersen and Acrivos [28] and of Gose,
Acrivos and Petersen [27] are amenabie to analysis in the same
manner as for the present results. In both investigations, vertical
porous tubes (details in Table 1.1) were used with zero-inlet-quality
conditions. Nitrogen-water in the earlier [28] and air-water and

air-ethylene glycol in the later [27] investigations were used.
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Results of Gose, Petersen and Acrivos [28] (identified below as

Gose et al., 1957).

Analysis shows that the WO function found for the preseht
results fits the results of Gose et al., 1957 very well indeed.
The data are shown in dimensionless form in Fig. 6.21 where the
'abub used in Nu*bub was obtained from equation (6.18) with ¥, from
equation (6.16). It is seen that the collapse of the data is

satisfactory.

Results of Gose, Acrivos and Petersen [27] (identified below as

Gose et al., 1960).

The WO function for the Gose et al., 1960 results is found
to be 3

y =1 for Ref < 2000

> (6.35)
-0.1

¥ £

0

. 2.14 Re for Ref.> 2000

and is sketched in the corner of Fig. 6.22.

' The trends are the same as for the present ¥y function, but for

Reg > 2000, the dependence of WO on Ref is considerably weaker
(Ref_o'1 for Gose et al., 1960, compared with R.ef_o‘3 for the
present investigation). Indeed, on the basis of their measurements,
Gose et al., 1960 concluded that the effect of barbotage on the heat

transfer is ''linearly additive" to the effect of forced convection.
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This is the equivalent of having Wo = 1 in equation (6.17). For
the largest values of R.ef (=50,000) used by these authors, from_
equation (6.35) WO = 0.73, which to a first approximation does not
differ markedly from 1 (sb justifying their conclusion based on
their own data). However, the results of the present investigation
support.the observation of Kudirka et al., [49] that the effect of -
. barbotage on the heat transfer is ﬂalgebraicaily additive" fo'the
effect of forced convection, that is YO, and more‘generally, Y are
not necessarily equal to 1.

© Values of O p WeTe obtained from equation (6.18) with WO
from equation (6.35); the results are plotted in dimensionless form
in Fig. 6.22Z where the correlation is seen to be satisfactory. It
is pointed out that the ordinate of Nu*bub Prfo‘z, which correlates
fluid property effects in pool-barbotage experiments, also correlates

the fluid property effects in forced convection barbotage, at least

as far as the existing data are concerned.

Comparison of Gose et al., 1957 and Gose et al., 1960 with the

present results.

The results of the Gose et al., 1957, Gose et al., 1960 and
present investigation are shown in Fig. 6.23. All investigations
show the same trends, but discrepancies émqng them can be large.

It was indicated [27] that the Gose et al., 1957, work was more in

the nature of a preliminary investigation. The maximum discrepancy
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between the present and the Gose et al., 1960, investigation occurs
: . . .
at KT = 0.15 with the latter lying some 50% below the former.

(However, it should be borne in mind that o here is obtained from

& = Ogp * Wo “bub

errors in b ? when multiplied by WO (£ 1) and added to Ogp» produce
" smaller errors in o.) No doubt some of the discrepancies among the
investigations are attributable to the use of different porous
surfaces'[27]; details as reported by the investigators are given

in Table 1.1 and 3.1.

Results of Kudirka, Grosh and McFadden.

Kudifka, Groéh and McFadden [49] have reported local values
of the heat-transfer coefficient at one position (x/d = 14) in a
vertical porous tube (details in Table 1.1); air-water and air-
ethylene glycol were the gas-liquid combinations. The data of
Kudirka et-al. cannot be analyzed to give ¥- and abub-functions.
However the present functions may be used to predict the heat-transfer
coefficient apréd under their experimental conditions.

Equation (6f9)’ with Ogp F = Qpp, May be written as

OLpred = Opp ¥ i %bub _ (6.36)

In equation (6.36), ¥ from equation (6.25) is used, except that
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local values of the velocity ratio ug X/uf at x/d = 14 are used
' ! . s

in place of the inlet values u_ ./u. (the local gas velocity u
g i L g,X

calong the tube varies with distance x). Values of b aTe

obtained from Line 3 in Fig., 6.23 (i.e. as for the present experiment).

Values of Orp are those measured by Kudirka et al. The ratio

/apfe

* . - .
. . . ' ' '
coefficient, is plotted in Fig. 6.24 for Vé < Vé,cr CVé’Cr here

% eas q’ where A eas 1S the measured value of the heat-transfer
' is the value of VE at which a maximum occurs in a plot of a vs.
VE for constant local gas velocity U, x in the tube at x/d = 14).

b

It is seen that the ratio o / lies within +15% and -35% of

o
meas’ pred
the value of 1.0, which is surprisingly good. The existing dis-
crepancies between the measured and predicted values of the heat-
transfer coefficient may be attributed to the use of different porous
surfaces, different geometries and the fact that the predicting
equations were based on average heat-transfer coefficients while

the measured heat-transfer coefficients of Kudirka et al. [49]

were local values at one x/d position.

6.10 Comparison of the Bubbling Function in Forced Convection

Barbotage and Pool Boiling

In Chapter 2, comparisons were made between heat-transfer

coefficients in pool barbotage and saturated nucleate pool boiling.

*
Additional data were taken from Fig. 28 of the original document [48].

e
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In performing this comparison it was necessary to know the latent
heat fraction Yp- For the case of forced convection saturated
nucleate boiling there is at present no information from which fo
deduce Yp- This means that neither the vapour formation rate of
bubbles on the heating surface nor the heat-transfer-coefficient- -
through-the-1iquid o (see Sections 2.3.1 and 2.3.2) are known.
It is therefore impossible to compare directly the heat-transfer
coefficients in forced convection barbotage and forced convection
saturated nucleate boiling.
B  However, there is a possible comparison between forced
convection barbotage and pool boiling (Link 5 in Fig. 1.1). The
basis of the comparison is b, £ the maximum heat-transfer-
coefficient-through-the-1liquid due to agitation of the bubbles
forming at the heating surface for fixed ﬁg CVE,D in boiling) and
fluid properties. The comparison is betﬁeen the dimeﬁsionless
Ui , £ in saturated nucleate pool boiling and that oﬁtaiged in the
two Gose et al. [27,28] and the present forced convection barbotage
investigations.

Equation (6.9), with F = 1 and ¥ = 1 (for reasons analogous
to those given in Section 6.7 for pool barbotage), may be applied

to heat-transfer-coefficients-through-the-liquid a; in pool boiling

with the following result:

(6.37)
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where Cop is the heat-transfer coefficient due to natural -convection.
Now, at least at all but the smallest bubbling rates, natural
convection heat transfer should be small compared with heat transfer

through the liquid due to bubble agitation. Therefore

o 0Lbub,f (6.38)

In barbotage, the symbol %ub used so far, has the same meaning as
b, £7 1€+

e “%bub T “bub,£ (6.39)

*
A dimensionless group, analogous to Nu £ of Chapter 2, is

* _ %ub,f %8s
N = 2 6.40
" bub, £ Tk /g(pf_ ) .. (6.40)

Proceeding in a manner analogous to that of Case 2 Chapter 2, there

defined as

results Fig. 6.25 in which the dimensionless ubub,f for pool boiling
and the forced convection barbotage experiments is presented. It

is noted that there is reasonable agreement between the boiling

and barbotage results particularily with Gose et al., 1957, for

Ku' > 3 x 10°% and with the present data for Ku > 2 x 1072,

The comparison was based on the assumption that equation

(6.9) could be applied to pool boiling heat-transfer-coefficients-
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through-the-1iquid; this equation has already been applied to pool
barbotage (Sections 6.7 and 6.8). The favorable comparisons which
result (Section 6.7 and the present section) suggest that equatibn
(6.9), together with the necessary latent heat information, may

serve as a basis for tying together results for boiling and barbotage,

pools and forced convection systems.

6.11 A Tentative Expression for the Critical Barbotage-Rate Vg cr
]

A crude correlation of the critical barbotage-rate observed
in the present experiments is given in this section. It is stressed
that the relation obtained and the ideas presented here are tentative
since there aré»few data on'og,cr with which to work. The correlating
expression has been found empirically and kept as simple as possible,
the main object being to illustrate the trends.

It was shown in Section 6.5.2 that the occurrence of the

critical barbotage rate V!

g,Cr is not restricted to appearing in any
)

particular flow pattern, nor at any particular flow pattern boundary.
Therefore Qg,cr is analyzed without regard to flow pattern. The
postulate implied [1,80] in pool barbotage heat transfer, that the
occurrence of Vg’cr is caused by some hydrodynamic crisis similar

to that occurring in boiling at the critical heat flux, is tentatively

extended here to forced convection barbotage. Therefore the dimensionless

groups used by Kutateladze [53] to correlate the critical heat flux
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in forced convection boiling are used here; the relevant groups are:
¢ * . % .
u .= ¢(Fr , ug,i/uf) (6.41)
where:’

%
Fr ' is a special form of Froude number defined by
% pf - Dg 1/4
Fr = ug (2= (6.42)

%
Ku . is, as before, a modified form of the critical Kutateladze

ﬁ;ﬁber defined by

: 1/2
v
% g:cr(pg)

Ku

1

7T (6.43)
log, gl - Dg)] formerly (2.37)

Because it is difficult to ascribe a precise value to
N l - = 3 - -
Vé,cr (Figs. 6.2 and 6.3 for ug,i/uf 0 and Fig. 6.12 for finite

% X .
ug,i/uf)’ and hence to Ku or? each datum point for Ku or 1S shown
as a closed symbol with a vertical line extending from it; the

closed symbol represents the "most likely'" value while the vertical

%
line covers the approximate range over which Ku cr could be chosen.

Zero inlet-quality tests.

% %
The symbol (Ku cr)o represents the value of Ku cr when

* - -
ug,i/uf = 0; the va}ues of (Ku Cr)o‘for the zero inlet-quality tests
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are shown in Fig. 6.26. A line of slope 1/2 is drawn through the

data, the equation of the line being

*

(Ku 1/2

*
0.0145 Er

)

cr (6.44)

0

1}

The value of (Ku*cr)o for Fr* 5.73 (uf = 3.1 ft/s) is vague and
a broken vertical line only is shown in Fig. 6.26 to indicate this.
At the highest liquid velocity Fr* = 0,45 (uf = 5.1 ft/9 and
ug’i/uf = 0, sufficiently high values of Qg were not possible to

ieve V! .
achiev g,cr

Finite-inlet-quality tests.

For finite ug’i/uf,

Vg,cr was obtained from Fig. 6.12.

The following simple relation was fitted to the data:

*

Ku cr Uy 4
. = 1-B ’%%L“ (6.45)
* £ i
(Ku cr)o
* % 3
B = 0,003 Fr + 0.0015 Fr (6.46)

x %
A plot of Ku Cr/(Ku cr)o Vs. ug,i/uf is shown in Fig. 6.27; in this

%
plot (Ku Cr)o was calculated from equation (6.44). Equation (6.45)

x x
is of course only valid for Ku Cr/(Ku o > 0

*
In Fig. 6.27, for each of the two higher values of Fr ,

*

* *
there is a dgtum_p01nt at Ku Cr/(Ku cr)o =0, i.e. at Ku er - 0;
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this point corresponds to a "'transition inlet gas velocity" (u

and a "transition inlet gas velocity ratio" (u /uf)

which any finite barbotage-rate VE causes a reductlon in the heat—

transfer coefficient.

O
oTr u
Y g,

cr
from Figs.

i/uf g (ug

Obviously, for a fixed Fr , there can be no

,i/uf)tr

6.7 and 6.10 and (ug

,i/ug)

The values of (u

g,i’tr

beyond

er are listed below.
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T

as obtained

Possible Minimum Most Likely Possible Maximum
% u_ .-
g,1 ga g i
ft/s ft/s ft/s ft/s
1.5512.89 38 24.4 40 25.7 42 27.0
5.1 |9.45 3.6 0,71 4.0 0.79 4,2 0.83
Remarks.

It is interesting to compare the trends in the present
Ku*Cr with those obtained in forced convection boiling. Two conditions
of similar trends are noted. (The present discussion of course
concerns only the critical heat flux due to hydrodynamic crisis and

not the "dry out" heat flux.)

(i) In boiling, Kutateladze [53] obtained

(Ku_)_ = Const. pr 1/2 (6.47)
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where:
Const. = 0.023 for tubes,
(6.48)
Const. = 0.085 for wide annuli,
as before, 1/2
_ Yeot,er Pg
Ter T W0, Tog gtor - 17
R 8o 8lPg ~ Py
(6.49)

formerly (2.25)

and the bracket with the subscript "'o'' around KuCr for boiling
indicates that the local quality is zero.
If all of the heat flux is converted to vapour near the
» =11 . = Ny 1 .i- hd
heating surface (qtot,cr/hfg pg Vé,cr) , then KuCr (equation 6.49)
i5.
becomes synonymous with Ku or (equation 6.43) in which case (Kucr)o

%
in equation (6.47) may be replaced by (Ku c )0. From equations

T
(6.44) and (6.47) it is therefore seen that in both the present
barbotage experiment and in boiling (Kux ) . is proportional to

cr’o
*
Fr 1/2.

The value of the proportionality constant in the present
barbotage experiment is approximately 2/3 of that for boiling in
tubes.

It is noted that the effect of geometry on the critical

heat flux in boiling is dramatic; this is illustrated by the

1.It would be futile to attempt a discussion on the vapour formation

rate in saturated forced convection boiling as there is no informa-
tion available.
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different values of the constant for tubes and annuli in equation
(6.47); by analogy it is expécted that vg,cr in barbotage would .
be markedly affected by geométry. '

(ii) In boiling, for a fixed mass flow rate, KuCr decreases with
increasing vapour content of the stream; similarily for barbotage
Ku*Cr deéreases with increasipg_gas content ug,i/uf'

The only other forced convection barbotége investigétion
to provide aﬁy data on vé,cr is that of Kudirka et al, [49] with
a vertical porous tube (see Fig. 5 of Ref. 49). Because of the
few data (two points) and the differences expected in Qg,cr due
to the different geometry, no comparisons with the present data

are made here.

6.12 Future Work

There are a number of areas connected with the present
investigation where profitable future work could be pursued. These
are discussed briefly below.

In Chapter 2 a "heat-transfer-coefficient through-the-
liquid" og was defined according to equation (2.10) and used as
the basis of heat-transfer comparisons in pool barbotage and
saturated nucleate pool Boiling. It was necessary to work with
two limiting values of Ce in boiling because of the absence of
information on the function qg~ T where §y is the heat transfer

through the liquid defined in equation (2.6) and T is the temperature.
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Considerable thought should be given to devising a method of measuring

q% ~ T in order that more precise values of Op in boiling‘may be

obtained. . >

Further, in connection with these comparisons, it was seen
that the information available on vapour formation rate and latent
heat transport in saturated nucleate pool boiling is very limited.
More information is necessary particularly on the effect of fluid
properties. "Also of considerable interest, though, are the effects
of surface roughness and geometry.

In forced convection saturated nucleate boiling no
information on vapour formation rates and latent heat transport is
known to the author. This information is necéssary if it is desired
to make heat-transfer comparisons between this type of boiling and
forced convection barbotage.

For the upstream turbulence factor F, appearing in the
barbotage correlating equation (6.9), there was insufficient evidence
to détermine the effect of fluid properties. The functioﬁ F was
determined from tests with zero barbotage and finite inlet-quality.
In this connection, future investigators could use impermeable-
walled ducts and find the effect on the heat-transfer coefficient,
not only of fluid properties, but also of geometry, surface roughness,
orientation of the heating surface and the method of mixing the two

phases (such an investigation would be rather formidable). For
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this type of heat transfer (zero barbotage, finite inlet-quality)
each flow pattern should be analyzed individually with the object
of reducing the empiricism involved in correlating the heat tranéfer.

For the fluids tested so far in barbotage, the effeét of
fluid properties on the'bubbling function Opuh 2Ppears to be
adequately accounted for (Fig. 6.20 and 6.22). However, particulafﬁiy
in forced convection barbotage, it would be advantageous to perform
further tests with other fluids. These tests would give additional
information on the bubble effectiveness factor ¥ as well. Further,
the effect of the properties of the porous surface in forced
convection barbotage should be investigated; Gose et- al.[27] have .
made an admirable beginning with pool barbotage.

Also, precisely the same porous surface should be used in
pool and forced convection barbotage experiments (analogous to the
tests of Bergles and Rohsenow [8,9] in boiling) in order to verify
conclusively, or aispfove, the acceptability of equafion (6.9), in
the form of equation (6.27), for pool barbotage. |

The phenomenon of the critical barbotage-rate has barely
been touched upon. An extensive investigation of this phenomenon,
finding the effects of fluid properties, liquid and gas velocities
in the channel and geometry, would be in order. Studies in this

area should assist in the understanding of the critical heat flux

(that due to a hydrodynamic crisis) in forced convection boiling.
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CHAPTER 7 SUMMARY AND CONCLUSIONS

The work reported here and the conclusions drawn may be
summarized as follows, |
1. A method was presented for quantitatively comparing the heat-
transfer coefficients in saturated nucleate pool boiling and pool
barbotage.
(a) These two phenomena were examined with.thelmain differences
emerging as:‘ (i) the vapour velocity and (ii) the heat flux

through the liquid in boiling are functions of the distance y from

tﬁé/heaiing surface while for barbotage these-quantities are uniform
with respect to y. -
(b) For the purpose of comparison a 'heat-transfer-coefficient-
through-the-1iquid" ap was defined which accounts fbr the same heat-
transfer mechanisms in barbotage and boiling. Further, from data
appearing in the literature an estimate was made of the vapour
formation rate in boi;ing; this information in turn was used in the
comparisons,

(c) The dimensionless op in saturated nucleate pool boiling and
pool barbotage are closely comparable in magnitude.

2. Heat-transfer Coefficients and flow patterns were reported for

a wide range of conditions in the forced convective flow of water

and air-water mixtures in a horizontal rectangular duct with air

injection through one porous heated wall,



203

3. In curves of heat-transfer coefficient a vs. the barbotage-rate
Qg there are two types (with a smooth transition between themDAof
behaviour of o depending on the inlet-quality and the water velocity.
In one type, o decreases monotonically with.vg for all finite barf
botage-rates while in the other type o increases wit@ﬁﬁg, passes
through a maximum at the 'critical' barbotage-rate Qé,;r and then
decreases with increasing Vg (see Fig, 6.12).

The conditions for which the heat-transfer coefficients
increased with ﬁg were of greatest interest here (analogous in
boiling to the increase in the heat-transfer coefficient with
increasing vapour formation rate, i.e. with heat flux). For these
conditions, the heat-transfer coefficients were correlated using
the concept (analogous to Chen's proposal for forced convection
saturated boiling) that the heat-transfer coefficient was comprised
of two contributions, one éssociated with the forced convective flow
and one associated with the barbotage-bubbling. The.correlating
equation is (6.9). The "upstream turbulence factor'" F, the 'bubbling
function' O b and the ''bubble effectiveness factor' ¥ appearing in
(6.9) were found empirically; the equations describing these are
sumnarized in Section 6.6.1,

4. For the case of zero bérbotage and increasing inlet-quality,
the behaviour of the heat-transfer coefficient depends on the flow

pattern.. Of particular note was that with increasing inlet-quality
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stratified froth flow gaye steeply rising heat-transfer coefficients
Qrpi with the onset of slug flow from stratlfled froth flow Orp began
to decrease, exhibited a minimum and then increased again as slug
flow fully developed and progressed into annular flow. TFurther,
where at the same gas and liquid flow rates; different flow pattexns
can exist due to different upstream air-injector arréhgements, it

is in general necessary to specify the flow pattern in order to
determine the heat-transfer coefficient (see Fig. 6.5, water velocity
ug of 1.55 ft/s, ug . <5 ft/g)

5. It was not possible to compare the heat-transfer coeff1c1ents

in forced convection barbotage and forced convection saturated
nucleate boiling in the same manner as that performed in Chapter 2
for pool systems. This is because information on the bubble
formation rate and latent heat transport in forced convection
nucleate boiling does nof exist. However, a comparisdn between

the dimensionless ubub;f’ the maximum heat—transfer—éoeff?cient
through-the-1liquid due to bubble agitation, in saturated nucleate
pool boiling and forced convection barbotage showed these to be

comparable in magnitude.



205

REFERENCES

1.

10.

11.

12.

N.U. Akturk, Heat transfer from a heated porous surface to a
pool of liquid with gas injection at the interface, Proceedings
of the Symposium on Two Phase Flow, Vol. II, Exeter, pp. D 501-
520 (1965).

G.E. Alves, Co-current liquid-gas flow in a pipe-line contactor,
Chem. Eng. Prog., 50, 449-456 (1954). v
0. Baker, Simultaneous flow of oil and gas, The Oil and Gas
Journal, 185-195, July 26 (1954).

M. Behar and R. Semeria, Sur la mise en &vidence par strioscopie
de certains mécanismes d' &changes thermiquesdans le dégazage -
et 1'ébullition de 1'eau, C.R. Acad. Sc. Paris, 257, 2801-2803
(1963).

J.A.R. Bennett, J.G. Collier, H.R.C. Pratt and J.D. Thornton,
Heat transfer to two-phase gas-liquid systems; Part I: Steam-
water mixtures in the liquid-dispersed region in an annulus,
Trans. Instn. Chem. Engrs., 39, 113-126 (1961).

P.J. Berenson, Experiments on pool-boiling heat transfer,
Int. J. Heat Mass Transfer, 5, 985-999 (1962).

0.P. Bergelin and C. Gazley, Jr., Co-current gas-liquid flow,
I: Flow in horizontal tubes, Heat Transfer and Fluid Mechanics
Institute, Berkeley, California, 5-18 (1949).

A.E. Bergles and W.M. Rohsenow, The determination of forced-
convection surface-boiling heat transfer, J. of Heat Transfer,
Trans. ASME, Series C, 86, 365-372 (1964).

A.E. Bergles and W.M. Rohsenow, Forced-convection surface-
boiling heat transfer and burnout in tubes of small diameter,
Engineering Projects Laboratory Report No. 8767-21, Massachusetts
Institute of Technology (1962).

J.C. Chen, A correlation for boiling heat transfer to saturated
liquids in convective flow, ASME Paper No. 63-HT-34 (1963).

M.T. Cichelli and C.F. Bonilla, Heat transfer to liquids boiling
under pressure, Trans. A.I, Ch.E., 41, 755-787 (1945).

R, Cole, A photographic study of pbol boiling in the region of
the critical heat flux, A.I. Ch.E. J.,6, 533-538 (1960).



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

206

J.G. Collier and D.J. Pulling, Heat transfer to two-phase gas-
liquid systems, Part II: TFurther data on steam/water mixtures
in the liquid dispersed region in an annulus. Atomic Energy
Authorities report AERE - R 3809 (1962). :

D.S. Cryder and A.C. Finalborgo, Heat transmission from metal -
surfaces to boiling liquids: Effect of temperature of the
liquid on the liquid film coefficient, Trans. A.I.Ch.E., 33,
346-362 (1937). T
D.S. Cryder and E.R. Gilliland, Heat transmission from metal
surfaces to boiling liquids, I: Effect of physical properties
of boiling liquid on liquid film coefficient, Industrial and
Engineering Chemistry, 24, 1382-1387 (1932).

V.I. Deev, V.V. Gusev and G.P. Dubrovskii, An investigation
into the mechanism of boiling with water at reduced pressures,
Teploenergetika, 12, 73-76 (1965); translation in Thermal
Engineering, 12, 90-92 (1965).

C.E. Dengler and J.N. Addoms, Heat transfer mechanism for
vaporization of water in a vertical tube, Chem. Eng. Prog.
Symp. Series, 52, 95-103 (1956).

R.G. Di Menza, Flow regimes in a two-phase boiling analogy,
S.M. Thesis, Dept. Nuclear Engineering, Massachusetts Institute
of Technology (1958).

P.L, Duffield, Diffusion-controlled electrolysis at a porous
electrode with gas injection, Ph.D. Thesis, Dept. of Mechanical
Engineering, Imperial College of Science and Technology,
University of London (1966). .

P.L. Duffield, Personal Communication.

H.K. Forster and R. Greif, Heat transfer to boiling liquid-
Mechanism and correlations,J. of Heat Transfer, Trans. ASME,
Series C, 81, 43-53 (1959).

H.X. Forster and N. Zuber, Dynamics of vapor bubbles and boiling
heat transfer, A.I.Ch.E. Journal, 1, 531-535 (1955).

L. Fried, Pressure drop and heat transfer for two-phase, two-
component flow, Chem. Eng. Prog. Symp. Series, 50, 47-51 (1954).

R.F. Gaertner, Photographic study of nucleate boiling on a
horizontal surface, J. of Heat Transfer, Trans. ASME, Series C,
87, 17-29 (1965). -



25.

26.

.27,

28,

29.

30.

31.

32.

33.

34.

35.

36.

207

R.F. Gaertner and J.W. Westwater, Novel method for determining
nucleate boiling sites, Chem. Eng. Prog., 55, 58-61 (1959).

W.R. Gambill and R.D. Bundy, High-flux heat-transfer character-
istics of pure ethylene glycol in axial and swirl flow, A.I.Ch.
E. Journal,9, 55-59 (1963).

E.E. Gose, A. Acrivos and E.E. Petersen, Heat transfer to 1iquids'
with gas evolutlon at the interface, presented at the Mexico City
meeting of the A.I.Ch.E. (1960).

E.E. Gose, E.E. Petersen and A. Acrivos, On the rate of heat
transfer in liquids with gas injection through the boundary
layer, J. of Applied Physics, 28, 1509 (1957).

I.D.R. Grant and T.D. Patten, Thickness of the thermal layer

at the initiation of nucleate pool boiling, Paper 16, Symposium
on Boiling Heat Transfer in Steam-Generating Units and Heat -
Exchangers, Manchester, September (1965).

R. Greif, Heat transfer with gas injection at the surface,
Int. J. Heat Mass Transfer, 8, 1253-1254 (1965).

H. Groothuis and W.P. Hendal, Heat transfer in two-phase flow,
Chemical Engineering Science, 11, 212-220 (1959).

S.A. Guerrieri and R.D. Talty, A study of heat transfer to
organic liquids in single-tube, natural-convection, vertical-
tube boilers, Chem. Eng. Prog. Symp Series, 52, 69-77 (1956).

F.C. Gunther and F. Kreith, Photographic study of bubble forma-
tion in heat transfer to subcooled water, Report JPL.4-120,
California Institute of Technology (1950).

G.F. Hewitt, H.A. Kearsey, P.M.C. Lacey and D.J. Pulling,
Burnout and film flow in the evaporatlon of water in tubes,
Symposium on Boiling Heat Transfer in Steam-Generating Unlts
and Heat Exchangers, Manchester, September (1965).

M. Hirata, Diameters and slip velocities of air bubbles injected
from a hole into water flow in a horizontal chamnel, Report HIL
TR No. 53, Heat Transfer Laboratory, Mechanical Engineering
Dept., University of Minnesota, August (1963).

M. H1rata and N. Nishiwaki, Skin friction and heat transfer for
liquid flow over a porous wall with gas injection, Int. J. Heat
Mass Transfer 6, 941-949 (1963).



37.
38.
39.
40.
41.
42.
43.

44,
45.
46,

47.

208

D.A. Huber and J.C. Hoehne, Pool boiling of benzene, diphenyl
and benzene-diphenyl mixtures under pressure, J. of Heat Transfer,
Trans. ASME, Series C, 85, 215-220 (1963).

T.H. Insinger, Jr. and H. Bliss, Transmission of heat to boiling
liquids, Trans. A.I.Ch.E,36,491-516 (1940).

A A, Ivashkevich, Critical heat fluxes and heat-transfer coef-
ficients for boiling of a liquid in channels under conditions of
forced movement, Teploenergetika, 10, 74-78 (1961); translated
by Atomic Energy Authority, Risley.

M. Jakob and W. Fritz, Versuche uber den Verdampfungsvorgang,
Forschung a.d.Geb.d. Ingenieurwes, 2, 435-447 (1931).

M. Jakob and W. Linke, Der Warmeubergang beim Verdampfen von
Flussigkeiten an senkrechten und waagerechten Flachen, Physik.

 Zeitschr., 36, 267-280 (1935).

D.D. James, C.J. Bardoliwalla and D.G. Martin, An apparatus for
the study of heat transfer to a fluid flowing in a rectangular
duct, Paper No. 11, I. Mech. E. Symposium on Two-Phase Fluid
Flow, London (1962).

D.D. James, B.W. Martin and D.G. Martin, Forced convection heat
transfer in asymmetrically heated ducts of rectangular cross-
section, Proceedings of the Third International Heat Transfer
Conference, Chicago, Vol. 1, pp. 85-98 (1966).

H.A. Johnson, Heat transfér and pressure drop for viscous-
turbulent flow of oil-air mixtures in a horizontal plpe Trans.
ASME, 77, 1257-1264 (1955).

H.A. Johnson and A.H. Abou-Sabe, Heat transfer and pressure
drop for turbulent flow of air-water mixtures in a horizontal
pipe, Trans. ASME, 74, 977-987 (1952).

R.F. Knott, R.N. Anderson, A. Acrivos and E.E. Petersen, An
experlmental study of heat transfer to nitrogen-oil mlxtures
Industrial and Engineering Chemistry, 51, 1369-1372 (1959).

L.I. Krasiakova, Some characteristics of the flow of a two-
phase mixture in a horizontal pipe, Zh. Tekh. Fiz., 22, 654-
669; translated by Atomic Energy Authorlty, report AERE Lib. /
Trans. 695 (1957).



48,
49,
50.
51.

52.
53.

54.

55.
56.

57.

58.

59.

60.

209

A.A. Kudirka, Two-phase heat transfer with gas injection through
a porous boundary surface, U.S. Atomic Energy Commission report
ANL-6862 (1964).

A.A. Kudirka, R.J. Grosh and P.W. McFadden, Two-phase heat
transfer in a tube with gas injection from the walls, ASME
Paper No. 65-HT-47 (1965).

S.S. Kutateladze, Heat Transfer in Condensation and Boiling,
Second Edition (1952); translated as U.S. Atomic Energy Commis-
sion report AEC-tr-3770 (1959), p. 99.

Ibid. p. 129.
S.S. Kutateladze, Heat Transfer, p. 366, Arnold, London (1963).
Ibid., p. 391.

S.S. Kutateladze and V.N. Moskvicheva, Hydrodynamics of a two-
component layer as related to the theory of crises in the pro-
cess of boiling, Zh. Tek. Fiz., 29, 1135-1139 (1959).

D.A. Labountsov, Generalized correlation for nucleate boiling,
Teploenergetika, 7, 76-80 (1960).

S. Levy, Generalized correlation of boiling heat transfer,’
Journal of Heat Transfer, Trans. ASME, Series C, 81, 37-42 (1959).

N. Madsen, Temperature fluctuations at a heated surface supporting
pool boiling of water, Paper 14, Symposium on Boiling Heat Transfer
in Steam-Generating Units and Heat Exchangers, Manchester,
September (1965).

R.G. Malenkov, Critical phenomena in bubbling and boiling pro-
cesses, Zh. Prik. Mek. Tek. Fiz., 6, 166-169 (1963); translated
by National Lending Library for Science and Technology as RIS
2835.

B.D. Marcus and D. Dropkin, Measured temperature profiles within
the superheated boundary layer above a horizontal surface in
saturated nucleate pool boiling of water, ASME Paper No. 64-
WA/HT-4 (1964). '

W.H. McAdams, Heat Transmission, Third Edition, p. 180,
McGraw-Hill, New York (1954). :



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.
72.

73.

210

B. Metais, Effect of gas separation on heat transfer during
heating of liquids, Chemie-Ing. Techn., 33, 182-184 (1961);
translated as Central Electricity Generating Board report
C.E. Trans. 2711.

P.E. Meyer and G.B. Wallis, Bubbly flow in straight pipes, U.S.
Atomic Energy Commission report NYO-3114-12 (1965).

F.O0. Mixon, Jr., W.Y, Chon and K.0. Beatty, Jr., The effect of
electrolytic gas evolution on heat transfer, Chem. Eng. Prog.
Symp. Series, 56, 75-81 (1960).

F.D. Moore and R.B. Mesler, The measurement of rapid surface
temperature fluctuations durlng nucleate boiling of water,
I.Ch.E. Journal,?7, 620-624 (1961).

I.H. Newson, Heat transfer and pressure drop during pipe flow
of two-phase two-component mixtures, Ph.D. Thesis, Dept. of °
Chem. Eng., University College, Univ. of London (1964).

K. Nishikawa and K. Yamagata, On the correlation of nucleate
boiling heat transfer, Int. J. Heat Mass Transfer, 1, 219-235
(1960) . -

D.R. Oliver and S.J. Wright, Pressure drop and heat-transfer in
gas-liquid slug flow in horlzontal tubes, Brit. Chem. Eng., 9,
590-596 (1964).

C.J. Rallis and H.H. Jawurek, Latenf heat transport in saturated
nucleate boiling, Int. J. Heat Mass Transfer, 7, 1051-1068 (1964).

T.F. Rogers and R.B. Mesler, An experimental study of surface
cooling by bubbles during nucleate boiling of water, A.I.Ch.E.
Journal, 10, 656-660 (1964).

W.M. Rohsenow, A method of correlating heat-transfer data for
surface boiling of liquids, Tramns. ASME, 74, 969-976 (1952).

W.M. Rohsenow and J.A. Clark, A study of the mechanism of boiling
heat transfer, Trans. ASME, 73, 609-620 (1951).

J.B. Roll and J.E. Myers, The effect of surface tension on factors
in boiling heat transfer, A.I.Ch.E. Journal,10, 530-534 (1964).

J.B. Roll and J.E. Myers, Measurement of dynamic surface tension
in bubbling systems, Journal of Chemical and Engineering Data,
9, 256-258 (1964).



74.

74a.

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.

85.

211

I.I. Sagan, Analysis of criterion relationships for liquids
boiling in tubes, Izv. Vyssh. Uchebn. Zavedenii, Energetika,
108-114 (1959); translated as U.K. Ministry of Aviation Technical
Information and Library Services report TIL/T. 5338 (1963). .

G.S. Schaller, Engineering Manufacturing Methods, Second Edition,
p. 493, McGraw-Hill, New York (1959). o

R, Semeria, An experimental study of the characteristics of
vapour bubbles, Paper 7, I. Mech. E. Symposium on Two Phase
Flow, London (1962).

R. Semeria, Caractéristiques des bulles de vapeur sur une paroi
chauffante dans 1'eau en ebullition a haute pression, C.R.Acad.
Sc., 256, 1227-1230 (1963).

R. Semeria, Les échanges thermiques en &bullition nucléée,
Extrait des Actes de la Semaine d'Information sur la Transmission
de la Chaleur (Poitiers, 1963), Publications Scientifique et
Techniques du Minisitére de 1'Air, No. 417 (1963).

R.R. Sharp, The nature of liquid film evaporation during nucleate
boiling, NASA TN D-1997 (1964).

E.N. Sieder and G.E. Tate, Heat transfer and pressure drop of
liquids in tubes, Ind. and Eng. Chem, 28, 1429-1436 (1936).

G.E. Sims, U. Akturk and K.0. Evans-Lutterodt, Simulation of
pool boiling heat transfer by gas injection at the interface,
Int. J. Heat Mass.Transfer, 6, 531-535 (1963).

D.B. Spalding, Heat transfer in rocket motors, Inaugural Lecture,
Imperial College of Science and Technology, December (1958).

C.V. Sternling and C.E. Sanborn, Discussion to Ref. 45.

V.I. Tolubinskii, Theory of heat exchange in boiling, Izv.
Vyssh. Uchebn. Zavedenii, Energetika, 15-22 (1959); translated
as U.K. Ministry of Aviation Technical Information and Library
Services report TIL/T. 5387 (1963).

W.R. Van Wijk and S.J.D. Van Stralen, Growth rate of vapour
bubbles in water and in a binary mixture boiling at atmospheric
pressure, Physica, 28, 150-171 (1962).-

J.H. Vohr, Flow patterns of two-phase flow, a survey of the
literature, U.S. Atomic Energy Commission report TID-11514 (1960).



86.

87.

88.

89.

90.

91.

92.
93.
94.

95.

96.

212

G.B. Wallis, The analogy between the bubbling of air into water
and nucleate boiling at saturation temperature, U.K, Atomic
Energy Authority report AEEW-R 28 (1960).

G.B. Wallis, Two-phase flow aspects of pool boiling from a .
horizontal surface, U.K. Atomic Energy Authority report
AEEW-R 103 (1961).

G.B. Wallis, A gas-liquid analogue of nucleate boiling,
Nuclear Power, 5, 99-101 (1960).

G.B. Wallis, Some hydrodynamic aspects of two-phase flow and
boiling, Proceedings of the 1961 International Heat Transfer
Conference, Boulder, Colorado, Part II, pp. 319-340 (1961).

G.B. Wallis and P. Griffith, Liquid and gas distributions in a
two-phase boiling analogy, Technical Report No. 13, DSR 7-7673,
Massachusetts Institute of Technology (1958).

K. Yamagata, F. Hirano, K. Nishikawa and H. Matsuocka, Nucleate
boiling of water on the horizontal heating surface, Mem. Fac.
Engng. Kyushu, 15, No. 1, 97-163 (1955). )

N. Zuber, Hydrodynamic aspects of boiling heat transfer (Thesis), .
U.S. Atomic Energy Commission report AECU-4439 (1959).

N. Zuber, The dynamics of vapour bubbles in non-uniform tempera-
ture fields, Int. J. Heat Mass Transfer, 2, 83-105 (1961).

N. Zuber and E. Fried, Two-phase flow and boiling heat transfer
to cryogenic liquids, ARS Journal, 32, 1332-1341 (1962).

L.M. Zysina-Molozhen and S.S. Kutateladze, The influence of
pressure on the mechanism of steam formation in boiling liquids,
Zh. Tek. Fiz., 20, 110-116 (1950); translation available from
Science Museum Library.

Anon., Mechanical and physical properties of Firth-Vickers
"Staybrite' and stainless steels, Firth-Vickers Stainless
Steels Ltd., Publication No. 108/15 (1963).



213

APPENDIX A TEMPERATURE DROP THROUGH THE POROUS MATERIAL

This appendix presents the method of calculating the
temperature Tg at the upper surface of the porous material, i.e.,
that surface in contact with water or air-water mixture. It will
be seen that for the conditions of the present experiment, it is
justified in using a simplified form (equation (A.5)) to which
the general equation (A.4) reduces. The treatment closely follows
that of Green [A.1], the main difference here being in the boun-
dary conditions.
R Fig. A.1l depicts the problem under consideration. A

gas at temperature T approaches a semi-infinite porous wall

g,4
which is generating heat. At z = 0, the temperature of the porous
material is Tp. In this case Tg’4 = Tg. The following assump-
tions are made, after Green:
(i) In the porous wall, the gas and solid temperature are equal
at any given position.
(ii) Gas flow ané heat flow are steady and one-dimensional.
(iii) A1l the heat conduction in the wall takes place in the
solid.
(iv) The.thennal conductivity of the solid and the specific
heat of the gas are constant.

From a heat balance on an element of volume in the wall

(see Fig. A.2), Green obtained the differential equation for the

distribution of temperature in the porous wall:
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where:

. Tt

my is the superficial mass flow rate of gas through the porous
wall,

Cpg is the specific heat of the gas at constant pressure,

keff is the "effective" or "appdrent“ (based on bulk volume)

thermal conductivity of the wall,

Ggqoc is the "effective" or "apparent” (based on bulk- volume)

rate of electrical heat generation in the wall.

The present Boundafy conditions are:

z=0,dl .
’ a_z_ 0

z2=0,T=T

(A.2)
0

The solution to equation (A.1) is therefore

) I ) £z '
r - TO = 9elec 1+ EZ - e (A.3)

Y
My Cpgh

where: m. C

’1

eff

and has the dimension of 1 .
(Tength)

At z =8 (8 is the thickness of the porous material), T = Tg

in which case equation (A.3) becomes
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T | (A.4)

For a given set of experimental conditions, all the quantities
in equation (A.4) are known excepting Té; therefore Tg may be
calculated, _

When E§ << 1, then equation (A.4) may be simplified
by expanding the exponential term in the square bracket and

neglecting terms higher than the second order; the result is

T - Ts = C.{"i 52
0 et A (A.5)

Zkeff
This is, of course, the equation for the temperature drop through
an impermeable wall insulated on one side. In the present
experiments, the maximum value of £§ was approximately 0.02.
The error in the heat-trénsfer coefficient due to using equation
(A.5) instead of (A.4) for the calculation of Tg was:
generally < 0.4%,

worst case ever 3/4%.

When the approach gas temperature Tg 4 is not precisely
>
equal to Ty, it is necessary to apply a correction to the heat-
transfer coefficient as obtained using Tg from the above relations.

For a quantitative discussion, see Appendix D.
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APPENDIX B THERMAL CONDUCTIVITY OF THE RIGID MESH POROUS MATERIAL

This appendix presents the method of obtaining the
thermal conductivity keff of the '""Rigid Mesh" porous material
used as the heated wall in the test section. The material is
anisotropic; it is therefore necessary to distinguish the direc-
tion in which k,pe is required. TFig. B.1 shows a sketch of the
material; the transverse direction, as indicated on the figure,
is the relevant direction ﬁere.

Measurements of k,gr by conventional methods such as
the "divided disk" [B.1] would be unsatisfactory because the
surface roughness of this thin material would present a large
proportion of the total thermal resistance [B.2]. The method
of the '"thermal comparator' [B.3] would not give usable values
as this method too, is very sensitive to the surface roughness
of the specimen. Tewfik [B.4] has presented a method of
measuring kgee in various directions in the plane perpendicular
to the transverse direction; this method, however, cannot be
used for the determination of k,ge in the transverse direction.
As measurements by existing methods were not applicable, three
calculation methods as outlined below were used to obtain kggg.
For identification purposes, these methods are entitled as
follows:

Method 1 - Grootenhuis et al., spheres.
Method 2 - Extension of Grootenhuis et al., true geometry.

Method 3 - Upper limit,
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The calculations below are based on a temperature of
68°F, The working temperature of the hottest surface of the
Rigid Mesh seldom exceeded 83°F; any temperature correction

would therefore be negligible compared with other uncertainties,

Method 1 - Grootenhuis et al., spheres.

Grootenhuis et al. [B.5] have presented a method for
obtaining the thermal conductivities of sintered porous metals,
the constitﬁent powder particles of which were spherical in
shape. The method is described briefly below; it is based on
the correlation of their own experimental results.

The essence of the method is that the thermal conduc-
tivity keff is linear with respect to the density of the porous
material pg e, having a value of zero at a density corresponding
to 47.64% porosity® and a value equal to that of the solid
metal when the porosity p equals zero (i.e., no voids). The
porosity value of 47.64% corresponds to the maximum porosity
that can be attained by packing equal sized spheres. Any
increase in porosity would cause the spheres to no longer touch
each other; as the air in the voids has negligible thermal
conductivity, this condition would give k ge = 0.

The method is now applied to the Rigid Mesh as if the

* The porosity p is defined as

- __volume of voids
p = fotal volume
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Rigid Mesh were comprised of compacted sintered spheres. The
following information is used below.

402 lb/ft3 (measured),

[t}

pepr OF the Rigid Mesh
| Prorar = 496 1b/ft> [B.6],
Kyetgy = 9-44 Btu/ft h degF at 68°F [B.6]
where: | '
pepg is the density of the porous matérial,
PMetal 2Nd Kyvera] are the density and thermal'conductivity, re-
| specitvely, of the solid metal of which the Rigid Mesh is
comprised.
‘The density px = o of the porous material when keff = 0 is
bpeg = (1 - +4764) 496 = 260 1b/£t3
The method is illustrated in Fig. B.2 whence a value of
k

eff
is obtained for the Rigid Mesh,

= 5.7

Method 2% - Extension of Grootenhuis et al., true geometry.

In this method, instead of assuming the Rigid Mesh to
be comprised of spheres, the true geometry is taken into account.
The first step is to obtain the density Py=0 the porous material
would have for keff = 0. It is then assumed that a linear
relationship exists (as it does with sintered spheres) between

(op=g? 0) and (Pyora1s Xvetar) 25 Shown in Fig. B.2. The thermal

* This method was suggested by Dr. P. Grootenhuis, Department

of Mechanical Engineering, Iméerial Cdllege.



conductivity of the Rigid Mesh may then be obtained at the

appropriate pgpe.

The value of Pr=0 is obtained as follows. Table 3.1

in the body of the thesis presents details of the construction
of the Rigid Mesh. Three layers of woven screen are calendered
(rolled) and furnace welded together. An enlarged drawing was
made showing the physical arrangement of the screens before .
they are calendered and welded with the adjacent layers of
screen just not quite touching, so giving k ¢ = 0. From the
drawing it was possible to obtain (i) the total volume occupied
by the screens and (ii) the volume occupied by the metal wires
of the screens; items (i) and (ii) plgs the knowledge that
PMetal = 496 1b/ft3 gave
' breg = 197 1b/£t°
with a corresponding porosity of 60.2%. From Fig. B.2 for
Poss = 402 lb/ft3 (the actual density of the Rigid Mesh), it
follows that '

keff = 6.5 Btu/ft h degF.

Method 3 - Upper limit.

The upper limit of the thermal conductivity of the

poroﬁs material is given by

- 0 = -
keff Hﬂetal~ off kMetal (1 -7
pMetaL
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This line is shown on Fig. B.2, from which at

_ 03
Poce = 402 1b/ft>,

_keff = 7.7 Btu/ft h degF.
The pore geometry of voids of any uniform cross-sectional area
would give this upper limit in keff’

Selection of keff‘

There are two ways of selecting keff with the above
informations
( i) is to take an average of the three methods,
(ii) is to choose keff of Method 2 as this method attempted to
accommodate the real geometry. |

The first way gives kope = 6.6¢ Btu/ft h degF, the
second gives keff = 6.5 Btu/ft h degF, a difference of only 2Z.3%,
so that it matters little which is chosen (the allowable error
will be much greater than the 2,3%). So the value of 6.65 is
used here with an allowable error of *12%, If an error of #15%
were allowed, this would encompass both Method 1 and Method 3;
it would seem, however, that it is unﬁecessary to allow quite

such a large error.
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APPENDIX C CORRECTION IN THERMOCOUPLE EMF READINGS TO ACCOUNT
FOR THE PRESENCE OF A DC COMPONENT ALONG WITH THE
MAIN AC HEATING CURRENT

- C.1 Introductory Remarks

In the test cection of the present apparatus, thermocouples
were resistance-welded to the porous heater., Although the electrical
heating current passing through the porous heater was essentially
ac, there was some small dc component along with the ac (about %% at
50 amps (mms) ac). This dc component produced a dc chmic potentiél
drgp along the heater. Since the two wires of any given thermocouple -
were not at precisely the same electrical potential on the heater, an
ohmic dc emf was impressed across the two wires of the thermocouple.
This dc emf was algebraically additive to the thermal dc emf produced
by the thermocouple. Ignoring‘the presence of the ohmic dc emf in
the themmocouple signal would result in errors in temperature measure-
ment, which in turn woula produce errors in the heat-transfer co-
efficient a; an example of the magnitude of the error in o is given

below for the following conditions in the present test section:

ac heating current of 50 amps (rms),

dc component %% of the ac current,

FeCon thermocouple wire (28.8 uV/degF in the temperature range
70 - 80°F) with the leads}0.010—in. apart in the direction of
current flow,

a heat-transfer coefficient of 5000 Btu/ft2 h degF.

For these conditions, the error in o due to ignoring the presence
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.

of the ohmic dc emf in the signal from such a thermocouple would
be 4.5%. It can be shown that the error in « due to this source
is proportional to o. It is.therefore at the higher values of a
(the example above is for a = 5000 Btu/ft2 h degF) that the error
becomes appreciable. A correction was applied, however, for all
values of a. This appendix describes the method of correction for
the ohmic dc emf in the thermocouple signal,

The method utilizes two reference wires of the same
material in which no thermal emf was generated and a simple ''cali-
bration" procedure involving the reversal of a dc current. It is
Vééiieved that this is the first time that a correction has been
applied for the dc ohmic emf when the main heating current was ac.
(Methods of correction for the ohmic dc enf have been proposed
[c.1, C.2, C.3, C.4],some [C.1, C.2, C.4] involving dc current
reversal, for situations in which the main heating current was dc.
Where applicable to the present problem [C.1, C.2] they would have
proved more complicated than the present solution.)

Two possible sources of the dc current in the heating
circuit were as follows. One was the presence of an oxide film
on the brass and copper connections causing some rectification of
the ac current. (Every effort was made to minimize this source
by periodically polishing the faces of the connections with emery
cloth and coating the polished faces with silicone o0il.) A second
possible source was the generation of thermoelectric currents due
to junctions of dissimilar metals at different temperatures in the

électric circuit.
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C.2 Correction Method

The system undgr consideration is shown in Fig. C.1 where
""normal running conditions' using ac heating current (along with
some dc component) are depicted, The signal from any thermocouple
was fed through a selector switch and "choking circuit' (see Fig. 3.5)
which attenuated the ac emf E__ to 1/1500 its original value without
changing the dc emf Bic before being fed to the dc potentiometer.
(The attenuation of Eac was found necessary in order to eliminate
electrical vibration of the galvanometer indicator in the dc potenfio-
meter circuit.) The dc potentiometer,of course, only measured the
dc component of the signal. Only the dc emf is of interest here..
One thermocouple is treated below, but the ﬁethod applies to all
the thermocouples on the heater.

The dc emf Edc at A-A was comprised of two parts, the
thermal emf Eth due to the difference in temperature between the
"hot junction' and the “cold junction'" and the ohmic dc potential
drop IchTC which occurred in the heater between the points of

attachment of the two wires of the themmocouple, i.e.,

Edc = Eth + IchTC (€.1)

where Idc is the dc current in the heater and Rrc is the resistance
of the heater between the points of electrical contact of the two
wires of the thermocouple. For any thermocouple the points of
electrical contact were fixed, the magnitude varying between zero
and approximately 0.015 in. It was desired to obtain Eth during

normal running conditions.
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The discussion is divided into two parts, one dealing
with what is called the "calibration" procedure and the other
dealing with the '"normal running conditions’.

Calibration Procedure

The object of this procedure was to obtain the ratio
RTC/Rref where R . is the resistance of the heater betweén the
two reference wires. The distance between the wires in the direc-
tion of current flow was approximately 0.02-in. The reference
wires used here were constantan, mainly because of its excellent
;¢§istance-welding properties. These wires were connected to the
selector switch (see Fig. 3.5) in the same mamner as were the
thermocouples. Where the reference wires were connected to the
selector switch, care was taken to ensure that the two connections
were at the same temperature by enclosing the connections in a
thick brass insulated cup. During the calibration no ac current
was used. '
Step 1

The porous heater was cooled by allowing water to flow
in the chamnel, and by having some finite air flow (barbotage-rate)
through the porous heater. The temperature difference between the
hot and cold junctions of the thermocouple was kept as small as
conveniently possible (the cold junction was kept at room tempera-
ture) in order to give a large I,. Ryo emf compgred with the themmal
emf. A dc current (4 amps in the present case) Idc,l was initiated

and maintained in the heater. The resulting dc emf from the thermo-
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couple El was read on the potentiometer and was

B} = Ema * Tac,1 Pre (C.2)

where Eth,l is the thermal emf generated by thermocouple for thé
given conditions.
Step 2

The hydrodynamic conditions were kept the same (water and
air flow rates) as in Step 1 and the current leads to the test
section were reversed so giving a dc current Idc,z equal and oppo-
site to Idc,l (i.e., Idc,2 = 'Idc,l)’ The resulting dc emf frcm_

the thermocouple EZ was read on the potentiometer and was

By = Em,2 ~ lac,1 Rrc (C.3)

where Eth 2 is the thermal emf generated in Step 2Z; it was equal
b
in magnitude to, and was in the same sense as, Eth 1° Subtracting
’

equation (C.3) from (C.2) yields
El - EZ

Ree = 21—

(C.4)
dc,1 .

The quantity Rref may be detemined from either Step 1

or Step 2 as

- Eref,l - Eref,Z (C.5)
ref I :

dc,1 dc,2

where Eref,l and Eref,Z are the dc emf signals at the temminals of

the two reference wires in Steps 1 and 2 respectively. These two

emf's should be equal in magnitude and opposite in sign when Idc 1
’

and Idc 5 are edual and opposite as there should be no thermal emf
’
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generated by the two reference wires. Indeed, this was a check
that there was no thermal emf generated by the two reference wires
(within, of course, the accuracy of the instrumentation).

The ratio RTC/Rref was then obtained for each thermo-
couple.

Normal Running Conditions

During the normal running of the apparatus the main heating
current was ac. The dc component in the ac current caused a dc
ohmic potential drop across the two reference wires of Ichref and

across_the thermocouple of

Rrc

Idc RTC = T

(I, R_. ) (C.6)
rof dc “ref

For any set of running conditions, the thermal emf Eth generated

by the thermocouple could be obtained from equation (C.1) by measuring

Edc and obtaining IdC RTC from equation (C.6) wherein Idc Rref was

measured and RTC/Rref obtained from the calibration procedure.
Throughout both the calibration procedure and normal

running conditions, a consistent sign convention must be observed

in the measurement and recording of dc emf's.
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APPENDIX D CALCULATION PROCEDURE

This appendix gives the procedure for calculating the .
heat-transfer coefficients and the hydrodynamic quantities in the
present experiments,

Because of the length of this appendix, the section
headings are listed below in order to facilitate access to any
desired material. Attention is drawn particularly to Section D,7
which summarizes the calculation procedure for the heat-transfer

coefficient,

D.1 Definition of the Heat-Transfer Coefficients
D.2 Calculation of Tg the Temperature of the Solid-Liquid Inter-
face
. Case 1: Tg,4 = T
Case 2: Tg’4 # TO
D,3 Calculation of the Local Bulk Temperature Ty

Calculation of TB i from TB

1 when there is finite
b4

>
upstream-quality
Heat gains from the ambient to the water
D.4 Calculation of the Net Heat Flux q;et
Summary

The heat flux through the S-surface dg

3 "
The electrical heat flux elec

233

The net heat flux q;et and the 'tvaporation correction'
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=

Heat losses from the heater to the ambient
D.5 The Ratio FE of the Local to the Overall Heat Generation Rate
D.6 The [a/aapp] Corrgction
D.7 Summary of the Calculation Procedure for the Heat-Transfer

Coefficient

D.8 Calculation of the Barbotage-Rate ﬁg
D.9 Calculation of the Liquid'Velocitf ug
D.10 Calculation of the Gas Velocity at Inlet to the Porous Section u g

References for Appendix D

D.1 Definition of the Heat-Transfer Coefficients

In the body of the thesis the heat-transfer coefficient
reported was the mean heat-transfer coefficient a (a symbol a, with-

out the 'bar' was used, but had the significance of a mean) defined

as

. tL ’
x %- f adx (D.1)
0 formerly (6.1)

R
i

whefe; in this appendix:

o is the local heat-transfer coefficient,

L is the total length of the heated porous section,

x is the position along the heater.

The a ~ x relation was obtained by conﬁecting linearly the local

(a,x) points; the lines connecting the two (o,X) points closest to
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each end of the heater were extrapolated to the ends of the heater;

this is illustrated qualitatively below.

where:

At

qnet

O-= tocal values of the heat-
transfer coeficient

o}

—

SKETCH OF a "~ x AS USED IN EQUATION (0.1)

The local heat-transfer coefficient is defined as

"
net

a = (D.2)
Is - IB

is the "net" heat flux (based on the projected area of the
heater) through the thermal boundary layer and is considered

in detail in Section D.4,
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Tg is the local temperature at the solid-liquid interface
(S - surface),
B is the local bulk water (or air and water mixture)

temperature,

D.2 Calculation of Tg the Temperature at the Solid-Liquid Interface

Case 1: T = TO (symbols defined immediately below).

g,4

When the temperature Tg 4 of the air approaching the porous
1
heater is precisely equal to the temperature T0 of the lower face
of the heater, the temperature at the solid-liquid interface Tg was

calculated from equation (A.5) .derived in Appendix A as

: m 52
Ty - Tg = 29%:.;?_ | (D.3)
where:
éiéc is the localvvalﬁe of electrical heat generation per unit
volume (based on bulk volume},
8 is the thickness of the porous heater,
keff is the effective thermal conductivity (based on bulk volume)

of the porous material.

The quantity ¢'!' . is related to the local electrical heat flux

elec
glec by "
die = = 0.4)
where ¢, _ may be calculated from equation (D.33).

elec
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Case 2: Tg’4.9‘ Ty -

When T 2,4 # T,, then equation (A.5) is not strictly
b
correct (one of the boundary conditions for its derivation no longer

obtains). One can write, however

2
1A R}
elec 8

T - T = (.
O,app  "S,app Z K ge (D-5)

"where:

Ty app is the "apparent” temperature indicated by the thermo-
]

couples in contact with the lower face of the porcus
heater (when Tg, 4 # T., then TO,app # TO due t(_) conduction
along the thexrmocouple leads; when Tg 4= TO’ then

? .

TO,app = T0 as well);

T is the "apparent' temperature of the porous heater at the

S,app
solid-1liquid interface as obtained from equation (D.5).

Further, an "apparent' local heat-transfer coefficient ®pp MY be

defined as
1" t
= ne
a S T (D.6)
app S,app B
and o is given by
a
= S — D¢7
a ®%op [ aapp] (D.7)

The ratio [a/aap p] used in this last equation is treated in detail

in Section D.6.
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When performing the experiments, the appfoach gas temperature
Tg 4 Was made as close in magnitude as experimentally practical to

’

Ty. Because of the time necessary to completely stabilize T

4°
it was desirable to allow Tg, 4 to differ a small amount fromg’l”o.
Besides, there were always some differences in the individual
measurements of T, along the porous element; since Tg, 4 Was the same
for all thermocouple positiecns, then _Tg, 4 could not be equal to Ty
for all thermocouple positions.

In the local heat-transfer coefficients, the magnitude of

the Ia/dapp] correction was generally between 0,97 and 1.03.

Further comments on [a/aapp] appear in Section D.6.

D.3 Calculation of the Local Bulk Temperature Ty

The local bulk temperature of the water or air-water

mixture was calculated from

Ty = Ty 5+ ]’f_ (Tg e = Tp,5) (D.8)
vhere:
TB,i is the bulk temperature of water or air-water mixture
at inlet to the heated porous section,
TB, e is the bulk temperature at exit from the heated porous
section,
x is the distance from the beginning of the heated porous

section,
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L is the total heated length of the porous section.

It can be seen that a linear increase in the bulk
temperature has been assumed. The effect on Ty of the local heaf
generation rate not being equal to the overall heat generation rate

is negligibly small.

Calculation of TB

gualitz.

. from T for conditions of finite upstream-
,1 B,1 .

The system under consideration is shown in Fig, D.1,
The water temperature TB,I was measured at entrance to the upstream
injector, When air was injected into the water upstream of the
test section, this caused a reduction in temperature of the water
due to evaporation of water into the injected air; thus making
TB,i < TB,l' The main result of this subsection is equation (D.17).
The injector is supplied with water at the rate of mf’l
at temperature Ty ;. Previously (in the body of the thesis) L
was called the ''gas" or loosely, the "air" flow rate to the injector,
In the present section a distinction is made between x’hg, 30 called
here the ''gas" flow rate mg’s (air and vapour) and the "air'" flow
rate xha’s (air only). These are related by

M3 = My * Mg (D-9)

where fiy, ; is the mass flow rate of water vapour in the air at
’

entrance to the upstream injector.
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A heat balance for the injector yields -

ﬁlf lhfl a3a3 mvS = ﬁlf,ihf,i+ a1a1 h\r,1v
(D.10)
where:
mf 1 is the mass flow rate of water at entrance to the injector,
’ .
hf 1 is the enthalpy of the water at entrance to the injector,
]

i.e. at temperature T, .,
: B,1
h < and hv 3 are the enthalpies of the air and vapour respectively
H ’ . .
at position 3, i.e, at T 3»
s
mf’i, ma,i and ﬁ\r,i are ‘the mass flow rates of the water, air and
vapour respectively at entrance to the heated porous
section,
hf,i’ h a,i and }\r,i are the enthalpies of the water, air and
vapour respectively at entrance to the heated porous

section.

The equations for the conservation of mass are

g T Mgy - Oy -y o) (.11

=
1]

h, . = h

a,i a,3 (D.12)

Equations (D.11), (D.12) and the following relations may be

substituted into (D.10):



242

hfg,i - hV,l B hf,l
Ih\r,l - Fv,i Iha,i - Fv,i Iha,3
m, 3 = By 3zl s . : (b.13)
hey-hes = Coe (g3 - Tp,4)
ha,S B ha,i - Cpa (Ta,S N Ta,i)
The result is
ma 3
- = 2 - - -
TB,l TB,l ﬁif 1 Cpf [(Fv,i FV,3)hfg,i Cpa(Ta,S Ta,i) ,
4
+ Fv,s(hv,i - hv,S)] (D,14)
where:
hfg i is the latent heat of vaporisation at the inlet to the
’

heated poroﬁs section,

Fv, i and Fv,3 are the vapour contents (1b of vapour/lb of dry air)
in the gas (air and vapour mixture) at positions i and 3
respectively,

Cpf and (Ip 4 are the specific heats at constant pressgre for the

water and air respectively,
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T, . and Ta 3 are the air temperatures at entrance to the heated
’
porous section, position i, and at entrance to the
injector, position 3 respectively, (T =T ).
a3 2,3

The temm Fv, 3 (hv - hv,S) is small compared with the

i
4
other terms in the square bracket in equation (D.14) and has been
neglected. The following assumptions are now made for conditions
" at the inlet to the heated porous section, i.e. at position i.

(i) The temperature of the water and air are equal, i.e.
T, . = T, & (D.15)
(ii) The air is saturated with water vapour at the water (and air)

temperature, i.e.

Fv,i = Fv,sati

(D.16)

where F_ ... ; is the saturation vapour content (lb vapour/lb dry
H .

air) of the air and vapour mixture at position i.
When conditions (i) and (ii) above prevail, the combination of these

has been called the condition of "themmal equilibrium" elsewhere

in the thesis. Substitution of these two conditions in (D.14) yields'

B 1}
M3 A
TB,l B TB,i B i 1’Cpf [(Fv,sat i Fv,S)}%fg,i
L4

- Cpa ch,S - TB,:'L)} (D.17)
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This equation represents the main result of this subsection. For
conditions of finite inlet-quality, i.e., finite air supply to the

upstream injector, the above equation was used to calculate Ty

4
when the following quantities were measured: TB,l’ ma’s, mf’l,

Fv,3’ g,3°

ui : e oluti ince F :
requires a trial and crror solution since v,sat i

T It is seen that in the form above, equation (D.17)

is a function of
TB,i' The necessary informaticn on saturation vapour content was
obtained from Ref. D.1.

Before accepting that equation (D.17) was suitable for
the calculation of TB,i in the present experiments, a separate test
was run to determine its suitability. This was done by disconnecting
the injector from the test section, and then connecting the injector
" to a tube in which was situated a thermocouple probe with the
measuring junction at the same distance from the injector as was the
beginning of the heated porous section. The thermocouple junction
was located approximately 0,040 in, above the bottom of the tube
in order to be in the liquid annulus when the flow patterﬁ was
annular, The results of the test are shown in Fig. D.2 where values
of (TB,l - TB,i) calculated from equation (D.17) are plotted against
measured values of the same quantity. Lines of *0.1 deg. F are
also shown. (An error of 0.1 deg F in the water temperature would

give an error in the heat-transfer coefficient of approximately 1%).

Of the 24 data points on the figure, 22 fall within the 0.1 deg. F
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lines and there are no systematic deviations from tﬁe 45° line,
It was therefore concluded that equation (D.17) was suitable for

the calculation of Ty i and that the assumption of 'themmal equilibrium'

’
used in obtaining equation (D.17) was valid, at least as far as the

calculation of '1'B 3 was concerned. No results for ug = 5.1 ft/s
»

appear on Fig., D,2, For this liquid velocity, the largest values

of (TB 1" TB i) were approximately 0.17 deg. F and hence any errors
» »

in calculating this quantity would produce entirely negligible

errors in TB,i'

The effect on the hydrodynamic quantities ue and Uy i is
’

generally negligibly small and is discussed quantitatively in

Sections D.9 and D,10 for ue and Uy g respectively.
. ’

Heat gains from the ambient to the water.

In the calculation of Ty the local bulk te@erature in
equation (D.8), TB,i was obtained from equation (D. 17) and TB,e
was assumed equal to TB,Z the temperature of the thermocoﬁple at
the outlet from the test section (Fig. 3.2). If there were
substantial heat gains from the ambient to the water as it traversed
the test section, errors would result in TB,i and TB,e and hence
in Ty and in the heat-transfer coefficients. An experiment was
run to determine the magnitude of this effect; it was found that

for the usual temperature difference between the ambient and the
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water (approximately 10 deg F), the heat gain from the ambient to

the water traversing the test section was negligibly small, the worst
case being for the lovest liquid velocity, ug = 0,084 ft/s. Even

in this worst case the resulting error in the mean heat-transfer
coefficient due to this effect was approximately 3/4% and so justified

neglecting the effect.

D,4 Calculation of the Net Heat Flux. Het

Summary .

- The net heat flux qget was calculated as follows:

net = 45 - Ymﬁ,o (Fv,sat s~ Fv,O)hfg - (D32
- -
qg = glec m%,o (ha,S ha,O) (P.18)
Y = 0.65 in the present experiment.

The symbols are defined above equation (D.18) and beneath’equations
(D.20),(D.29) in the text.

The heat flux through the S-surface §3.

Figure D,3 shows the barbotage system under consideration.
Here, the approaching air-vapour mixture is at the same temperature
as the bottom face of the porous material (i.e. Tg 4 = Toi the
’

[a/aapp] correction mentioned earliér takes account of the situation
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when_Tg 4 7 Ty); therefore no conductive heat flux crosses the O-
-3 _

surface. A heat balance written for the control volume bounded by
the 0- and S-surfaces yields

4 = delec - ﬁl;,O(ha,s ) ha,CQ ) m§§hv,s i} hv,O)

b

where the "double dash" superscript indicates per unit projécted

area of porous element and

qg is the heat flux crossing the S-surface,
" is the heat flux produced internally in the porous element

elec

S due to electrical resistive heating (see later in this
section for more detail),

m;,o and m;’o are the mass fluxes of air and water vapour respectively
approaching the porous element,

ha,S and ha,O are the enthalpies of the air at the S- and O-surfaces
respectively (the temperature of the air at the S-surface
was assumed équal to the S-surface temperature of the
porcus wall),

hv,s qnd hv,O are the enthalpies of the water vapour at the S~ and
O-surfaces respectively.

In the above equation the temm m;(hv g - hv 0), representing the
» 14
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change in enthalpy of the vapour, is extremely small compared with
other terms and was neglected in the calculations. Indeed the
largest values of the term representing the change in enthalpy of the
air, m'a'.,O(ha,S - ha,O)’ is only approximately 2% of q;e'lec' The above

equation, with the last term neglected, reads

% = Srec " M,00h,5 ~ My 0 (0-1%)

The net heat flux EW ot and the "evaporation correction".

e  This subsection concems the calculation of the 'net"
heat flux ql'l'et which is used in the calculation of the heat-transfei‘
coefficient, equations (D.2) or (D.6) and (D.7). This A et differs
from dg, treated above, by the inclusion of what is called here an
"evaporation term' or "évaporation correction'’; the main discussion
here then is about this term. The main result is equation (D.32)
with Y = 0,65. The development which follows is admiﬁtedly crude,
However, as will be seen, the magnitude of the evaporatioﬂ correction
is not large enough to justify a more sophisticated approach.

In Chapter 2 of this thesis, a one-dimensional system of
time and area means of heat-fluxes was used for barbotage (Fig. 2.1 b)3
no mention was made of evaporation of water into the air in the
thermal boundary layer as the barbotage heat-transfer coefficients

were already corrected for this effect., The method used by Gose [D.2}
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differs somewhat from that given here (see page 71 of Ref. D. 2);
the end result of the method of Akturk [D,3] is the same as that
~given here [D,4].

The' system under consideration is shown in Fig, D.3y it
is one-dimensional and involves only time and area means (as in
Chapter 2). The system can apply to either pool or forced convection
barbotage (in the latter there is, of course, no net enthalpy flux
between the downstream and upstream sides of the control volume),
The bulk temperature T, has a slightly different significance in
pools and forced convection: in pool barbotage Ty is the temperature
of the liquid at some large distance from the heating surface while
for forced convection barbotage Ty is the "mixing cup temperature'',
With the excellent mixing obtained under barbotage conditions, the
temperature profile in forced convection barbotage is ¢Xpected to
be very "flat" with the lowest temperature in the channel (at any
X-position along the héater) being approximately equal to Tg.

A heat balance for the control volume bounded by the
S-surface and the A-surface (any arbitrary surface within the

thermal boundary layer) in the figure yields

(h - h

. + !
f,m) ! a,A a,S?

45 = Agiee * ™ out e out 2,5

vy g By gty o By o il sy A - By o (D.19)
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wherein the following relations obtain

1Y = 1" - 1" - T
Mot = M in - GG A - o)
1 -
Feafan = Ma
Fv,S m;,s = m;,s L (D.20)
e = " = "
WA - Mas 5 Mo
hfg = hv,A i} hf,in
and where: |
A5 e is the heat flux through the A-surface due to the presence

of the temperéture gradient; it includes both molecular
and eddy diffusion;

i and ' are the mass fluxes of the liquid entering and
H

f,in f,out
leaving the control volume respectively;

! \1J \J 1 - - -
m;,s, ma’A'and mé’o are the mass fluxes of air at the S-, A- and O

surfaces repectively;
M g and m; A are the mass fluxes of the vapour at the S- and A-

> >
surfaces respectively;

hf in and h are the mean enthalpies of the liquid entering
’

f,out
and leaving the control volume respectively;

h and h are the mean enthalpies of the air at the S- and

a,S a,A
A-surfaces respectively;
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hv,s and hv, A are the mean enthalpies of the vapour at the S- and
A-surfaces respectively;

hfg is the latent heat of vaporization;

F\F,S’ Fv, A and Fv,O (used immediately below ) are the vapour
contents (1b vapour/lb dry air) of the air and vapour
mixture at the S-, A- and 0-surfaces ‘respectively,

It is assumed that

FV,S - F\I‘,O

(D.21)
i.e,, that there has been no change in the vapour content of the
air and vapour mixture in passing through the porous element. In
the present investigation Fv o as measured® (sce Appendix F). The

’

term, '

2,5 FV,S(hv, AT hv,S) , in equation (D.19) is small compared

with the other terms and is neglected below.

For the current presentation, the air temperature at the

®

The extremes of values of }EV 0 in the present investigation were
b4

0.0027 - 0.0080 1b vapour/lb dry air with by far the majority of

conditions being around 0.0040,
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A-surface need not be at the temperature of the water at that
surface (except at the S-surface)., Similarily the value of Fv,A.
need not correspond to the saturation vapour content at the liquid
temperature at the A-surface.

As in Chapter 2, the heat transport through the liquid is

given the symbol Q" deflned as

= " + m"

O = dGier * M oue (Mg oue - P

f,in) (D.ZZ).

Substituting equations (D.21) and (D.22) in (D.19), dropping the
subscript A, noting that m;,s = m; 0 and neglecting i S v S><

(h

VLA hv,S) yields

q¢ = 4g - m" [(ha - ha,S) + (F, - Fv,O)hfg]
(D.23)
The heat-transfer coefficient desired in the present experiment is
the heat-transfer~coefficient-through-the-liquid a (in Chapter 2,
ae was used as the symbol); it is the reciprocal of the total resis-
tance to the flow of heat through the thermal boundary layer in the

liquid (see Section 2.3.1), i.e.

« = - TBI' = —T-S-..L—- (0.24)
f dl f dr formerly

- o ™ -(2.10) .

Ts Tp dg (@.10)
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where q¢ is given by equation (D.22).- If the function ha ~ T and

E, v T were known, then o could be evaluated from equation (D.24).
These two functions are however, not known and the following approach
is adopted in order to evaluate a.

For convenience a symbol M is introduced and defined as

"0

%

M =

((hy - by o) + (B, = E o) he] (D.25)

Substitution of equation (D.25) in (D,23) and the resulting equation
in (D.24) yields

o = — (D.26)
S
1 dr
a5 T I-H

The value of M is small compared with 1 (largest possible value of
M was 0.25 and generally much smaller),

In this case, equation (D.26) may be approximated by

o = — (0.27)
1 (Is '
o (1L+M) dr
Ty

Eﬁuation (D.27) may be manipulated to yield
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« = L _  — (D.28)
a3 Ts Ty Ty

It may be shown that the second term in the square bracket above

is small compared with 1, in which case (D.28) may be approximated

by
1 4 (Ts
S B S B T.

It can be shown that the maximum value of the second term in the
square bracket of equation (D.29) is (the definition of M is given

in equation (D.25); (ha - ha S) therein is negative),
b4

I'h'a:,O(Fv,sat‘. S~ Fv,O)h.fg
where F is the "saturation" vapour content of the air and
v,sat S . P
vapour mixture at the S-surface. This suggests that equation (D.29)

be written as

"o ' -
qS Y me;,O (Fv,sat S Fv,())hfg

a = 7
Is - 13
o - (D.30)
g Yy 0y sat s ° ijo)hfg]

o =‘T‘“""r*‘ (1 -
S” B ag




257

where
Y = ¢ — S n 9
(Pv,sat sty ,0j (gl Tg-1p) T a - "a,5
B
A symbol ;{ et O be called the "net heat flux" is defined
as

Het = 4g- Y “‘Z,o (Fv,sat S - F\r,O)h.fg (D.32)

in which case (D.30) becomes

_ et
TsT
which is the equation quoted earlier as (D.2).

The symbol Y has the significance of a proportionaiity
constant with a maxinum value of 1. The second temm in the square
bracket of equation (D.31) is likely to dominate the integral [the
maximum value of the second temm (that due to evaporation into
the air in the theymal boundary layer) is approximately 7 times the
maximum value of the first temm (that due to changes in enthalpy
of the air as it traverses the thermal boundary layer); for this
reason Y m'a't,o (Fv,sat S F\1,0)}"fg and

Y m;LO (Fvisat S F\r,O)hfg

%

are called
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the "evaporation correction" to the heat flux and heat-transfer
coefficient, respectively. The net heat flux q;;et therefore has
the significance of some "heat flux through the thermal boundary
layer corrected for evaporation effects'. The value of Y was
deteﬁnined empirically as follows,
It was assumed that, for the conditions of the present
‘experiment (air and water with Tg and T, approximately constant),
Y was a function only of m'a'l’o. Further, it was reasoned that the
resistance to the flow of heat through the liquid (and hence o)
should be unaffected by the vapour content FV,O of the air and
vapour mixture supplied to the test section at the O-surface, At
various fixed values of ﬁl’é’o, the values of Q'S' and Ty were fixed
(as near as experimentally possible) while measurements of TS were
taken with two different FV,O conditions: the smaller value of
F

v,0
value of F V.0 Was obtained by bubbling the air through a tank of

was obtained using the laboratory air supply while the larger

water before feeding the air to the test section. The raw data are
shown in Fig, D.4. For lines of constant ﬁlg,o,'the value of §{;..
varies slightly éo giving the variation of Tg - Tg with ﬁl’a',o shown.
For each fixed value of mg,o, equation (D.30) may be written for

the condition obtaining with the smaller and the larger values of
FV,O; this then gives two sﬁmltmews equations in o and Y, the

only two unknowns, in the equations, Thus Y may be evaluated. The
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results of evaluating Y in this fashion are shown in Fig. D.5.
(The results were evaluated for the thermocouple located at x/L =
0.417) Data taken by the present investigator in forced convecﬁon
and the pool data of Akturk [D.4] for water and air at approximately
the same surface and bulk conditions as in the present experiment
are shown in the figure. A value of Y = 0.65 has been used for the
calculations in the present work.

The resulting error in o for errors in Y depends on the

value of the parameter Y 1’11;,0 (Fv,sat g - FV,O)hfg/qg. For Y = 0.65

the maximum value of this parameter obtaining in the present experiments

was approximately 0.16 and was generally much less than this. Eveﬁ
if the error in Y were as much as 30%, i.e. 0.45 <Y< 0.85 (see
Fig. D.5), then the resulting error in a is < 6% for the maximum
value of the parameter quoted. For by far the majority of the data,
eveﬁ if . the 30% error in Y were allowed, then the value of the

parameter was such as to cause from zero to 3% error in o, (When

M o = 0, equations (D.30) and (D.18) reduce to
, : )
2tr
o Yelec
IS'IB

as indeed they should.)
In making an “evaporation correction" in the heat-transfer
coefficient, Kudirka {D.5] used essentially equation (D.30) with

Y = 0,60 a.md FV,O = 0.
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The electrical heat flux q21ec'

The local electrical heat flux qglec (in Btu/ftzh) was

calculated from

3.4128 F, AE I ‘
' - E “overall
elec b (.33)
.where: . . -
Fg is the ratio of the local to the overall heat flux and is
discussed in Section D.5,
BE erall is the voltage drop across the porous heater between the
two brass electrodes (volts),
I " is the current in the porous heater (amps),
L is the length of the porous heater (ft),
b is the width of the porous heater (ft).

Heat losses from the heater to the ambient.

The heat losses from the heater to the ambient were
negligible.. This was because: the heater temperature was generally
within 3 or 4 deg F of the ambient temperature, the contact area
of the heater with the sidewalls was small compared with the heat-
transfer surface (see Fig, 3.1) and the heater sides were insulated
from the ambient through a 1/2-in. thick low-thermal-conductivity

material (k of the order of 0.1 Btu/ft h deg F).
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D.5 The Ratio F; of the Local to the Overall Heat Generation Rate

It was expeéted that the physical construction of the -
porous material may not be entirely uniform along its length. If .
there were small changes in the density of the porous material, then
this could affect the 16cal heat generation rate,

A quantity was defined

Fp = ol (D. 34)
overall

where:

AE . is the electrical potential drop in the porous heater
between two points AX apart in distance,

8B erall 1S the overall potential drop between the two ends of
the heater,

L is the total length of the heater,

It can easily be shown that F; is also the ratio of the local to
the overall-heat flux and also the ratio of the local to the overall
volumetric heat generation rate. An experiment was performed as
follows to find the value of F along the length of the porous
heater.

A steel rod ending in a sharp point was connected to a
sliding vernier gauge. A dc' current of 3 - 3 1/2 amperes was passed

through the porous heater and the pointed end of the rod was made
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to touch the heater at predetermined positions along the heater,
“The rod was connected electrically to a digital voltmeter (Solartron,
type IM 1010.2, resolution *2 x 107° volts) which measured the
electrical potential along the heater and the overall potential

drop AEoverall between the brass electrodes at the ends of the
heater. The potential-measuring circuit is shown in the inset in
"Fig. D.6. The test was conducted in situ with the test section
assembled.

The results are plotted in Fig. D.6. It was assumed that
the'gradient AE/AX existed at the mid-point between the measuring |
points. It is estimated that the accuracy of the measurement of
Fp was approximately 1%, The value of Fy used in the calculation
of the local heat-transfer coefficients [Fy appears in equations

(D.4) and (D.33)] is shown as the solid line in the figure.

D.ﬁ The [a/aappl Correction

“In Section D.2 the reasons for, and the use of, the
[a/aapp] correction were discussed, It is used for conditions where
the gas temperature Tg’4 approaching the bottom side of the porous
element did not equal the temperature T, of the lower face of the
porous element, This section describes the method of obtaining
this correction. The end result is equations (D.35) and (D.37).

During the tests with zero inlet-quality, for each liquid
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velocity u., the effect of the inequality of Tg’ 4 and Ty was investi-
gated at barbotage-rates V'g' of zero and approximately 0.11 and 0.6 ft/s.
At each fixed combinatioﬁ of uc and \;g, three sets of data were taken:
one for Tg’4 nearly equal to T,; one for .Tg,4 > Ty and one for Tg,4 < Tys
in the last two cases the difference between Tg’ 4 @d Ty was of the
order of 4 to 11 deg F (the difference was obtained by varying the

' electrical heat flux and hence TO). For each of these sets 6f data

a value of the "apparent' heat-transfer coqfficieﬁt ‘was calculated

using equation (D.6). The data from one thermocouple position

(x/L = 0.575) were analyzed; the final relafions obtained, namely
equations (D.35) and (D.37), were assumed to apply to all the
thermocouple positions. For each condition of \}g and ug the three

values of aapp were used to obtain a "true" value of a, 1i.e. that

which wculd obtain when Tl‘g’ 4= TO (= TO,app in this case). This

was done by plotting %0 against (TO, app _Tg, 4) and '(To,app - Tg’ 4)/
- T, i in Fig. D.7. The "true"
(TO, app Ts,ap)gzs shom in the sketches in Fig e ""true

value of o was obtained as the average of o, @,, a7 and o,. The
ms deviation of a(the "true'" o) from Oy O, Og and 0, was only
1.2% for all the conditions covered. The three values of o for

app
each combination of V'g‘ and u, then had three corresponding values

of a/aapp’
It was assumed that the effect of the inequality of Tg 4
N ’

and Ty could be correlated by an equation of the form
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a
= 1-8 (T -T D:35
% op a (LO,appw ,g,f’f) (0:35)
in deg F
and that .
= .n T - .
% ¢cvg’ 0,app TS,app) (D.36)

where ¢ indicates '"some function of'.

In the equation immediately above, ¢f;  could be used instead of

(TO,app - TS,app) as the latter was directly proportional to the

former. The function S, was found empirically as:

73]

i
&
~
<

where

o
i

0.009 + 0.16 \?20.84 [ (D.37)

b' = - 0,72 - 1,22 ‘\.I’g'

\?g is in ft/s,

(T

0,app TS,app) is in deg F.

The experimental results are shown in Fig. D.8 together with the
correlating equations (D.35) and (D.37). Within the #2% deviation
lines are contained 80% of the data, which is considered satisfactory

for the present purposes.

The above analysis was performed using data dbtained from
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zero-inlet-quality tests. The correlating equations (D.35) and
(D.37) were applied to the finite-inlet-quality tests as well. The
implied a;ssumption is, of course, that conditions in the flow
channel per se do not affect the [cx/ozapp] ‘correction. _

The present method of obtaining o/a app is admittedly crude,
However, for the data reported in this thesis the magnitude of this
correction is small and does not warrant .a more sophisﬁicated approach.
As mentioﬁed in Section D.2, the magnitude of the [U./aap p] correction
in the local heat-transfer coefficients was generally between 0,97
and103 Generally too, for any setting of the liquid velocity,
barbotage-rate and the ;:_nlet—quality, the values of a/uap p: for -
the various thermocouple locations along the porous element were

both greaterthan, and less than, 1, so making the net correction

in the mean heat-transfer coefficient negligibly small.

D.7 Summar); of the Calculation Procedure for the Heat-Transfer

Coefficient
The important equations used in the calculation of the
heat-transfer coefficients are listed in Table D.1 together with
an indication of where in the text the definitions of the symbols

may be found,

AE

The following quantities were measured: T overall?

0, app’

I, a! F (for more rigour, see

a,0’ "v,0? o1
Section D.3)., The quantity ke £f Was known (see Appendix B).

L, b, 5, TB,e and TB
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Table D.1 Summary of the Important Equations Used in the Calculation

of the Heat-Transfer Coefficient

Equation Symbols defined
nos Equation in text below
: equation no,
"D.7 For local heat-transfer coefficient D.5
o
a = a [—1]
a o
pp app
i [aa ] from equations (D.35) and (D.37)
app
"
net
D.6 a = —T D.2, D.5
app S,app B ’
D.32 Het = Q" - Y m' 0( ,sat S - Fv,O)hfg D.20, D.29
Y = 0,65
D,18 qg = glec - mg,O (ha,s - ha’o) above D,18
3.4128 F; AE I
i . E “overall
D,33 glec = 16 D.33
Fp from Fig. D.6
R
Dos TS,app To’app 'ZR-e'"f'E— D.S, D.3
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D.4

D.8

D.1

- ) tt:
1y - elec

elec = -7 &

- ' X -
Tg = Ty,i* ¢ (T e - Tp5)

Further details in Section D.3.

"~ For mean heat-transfer coefficient

See Section D.1.

D.3

D,.8

D.1
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From equation (D.33) and (D.4) ¢, and a&éc, respectively,

were calculated. Then T was calculated from equation (D.5).

S,app
Next qg and Het were calculated from equations (D.18) and (D.32)
respectively; F and h re obtained knowing approximatel '
pectively v,sat S a’Swe obtaine owing approx y

Tg (TS, app was used for Tg for these last two mentioned quantities
and the air temperature at the S-surface was assumed equal to the
S-surface-temperature of the porous element); h 5.0 Was obtained using
. ’

Ty as the air temperature at O-surface. The quantity T, was

»4PP B
calculated from equation (D.8). Then aapp and a were calculated
fi‘bm/equations (D.6) and (D.7) respectively. The ISreceding
calculations were performed for a for the various thermocouple

positions along the porous heater. Finally a was calculated using

equation (D.1); see Section D.1 for more detail.

D.8 Calculation of the Barbotage-Rate V'é

The barbotage-rate reported in this thesis is a mean
Vg" obtained in the following manner (for fixed conditions of Ug,
u_ . and V'é) . First, for each thermocouple position, a V’g‘ was

g1
calculated from

v o= — D.38

Vg T Ap (b.38)
p'g :

wbere:

Ap is the projected area of the porous surface;

mg o is the gas flow rate (air and vapour mixture) to the

- C

porous section; the gas flow rate per unit area of
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ih
; n = _80
porous surface is, of course, ‘rhg’o = -K;—
and is related to the prévicusly-used air and vapour flow

rates per unit area of porous surface M!' , and !
a,0 v,0

'respectively, according to ﬁg’o = mg’o + m;;’o;
p is the density of the gas based on the local pressure

in the channel (assuming a linear pressure drop in the

channel between the inlet to, and the exit from, the

porous section) and the local wall temperature Tg3 pg

was evaluated from relations for dry air,
Then the mean of these values of V'g' was taken and this is the value
reported in this thesis. .The lafgest deviation of any value of
\.I"g', as obtained using equation (D.38), from the mean V'g' was 2 1/2%
and occurred for the combination of largest u., largest ug,i and
largest V'g'. .

The effect of evaporation into the air at the S-surface
was neglected (evaporation would affect both the gas flow rate and
p g) as the amount of evaporation was unknown, However, the worst
possible error in V'g' due to this effect would have been approximately
3%.

For fixed conditions of Ug, u and V'g' the pressure in

8,1
the plenum chamber Pple o (beneath the porous element) was constant
while there was a drop in pressure AP, . along channel from the

entrance to, to the exit from, the porous section., It would therefore
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be expected [D.5] that the local barbotage rate along the channel
would change somewhat because the préssure drop across the porous
element (between the plenum chamber and the flow channel) would

vary with position along the channel (see sketch below).

/‘%len

|

|
i
i.
|
l
' PRESSURE DROP
| ACROSS POROUS
PRESSURE | ELEMENT
i
|
|
|
i
i
]
|

—_— e

[ f
l \]\L—_ Al?:han
POSITION i I
l POSITION
- . :
l .
) - | PRESSURE IN FLOW CHANNEL

( ASSUMED UINEAR WITH DISTANCE) |
SKETCH OF PRESSURES FOR PORQUS ELEMENT

The maximum deviation of the local barbotage rates at positions i
(inlet) and e (exit) from the mean was approximately 20% (assuming
the local V'g' was proportional to the pressure drop across the

porous element [ﬁ.S]) and occurred for the combination of largest

' - T ."
Ug, largest ug,i and gmallest finite Yg.



276

D.9 Calculation of the Liquid Velocity ug

The liquid velocity ue was calculated from

Qe
Ug = A (D.39)
where:
Qe is the volumetric flow rate of water to the test section,
Ap is the total cross-sectional area of the flow channel,

Any changes in ug due to evapofation of water into the
air in the flow channel were extremely small (worst case, 0.3% change)

and hence were neglected.

D.10 Calculation of the Gas Velocity at Inlet to the Porous

Section u_ .
gs1

The gas velocity at inlet to the porous section u, 3 Was
LI b

calculated from

Mo ,3
Ui T T D. 40
gs1 iy pg,i (D.40)
where: '
ﬁlg 3 is the mass flow rate of gas (air and vapour) to the
’
upstream air injector (see Fig. D.1);
A ~ 1is the total cross-sectional area of the flow channel;
Py i is the density of the gas at the inlet to the heated
»

. was calculated using relations for

orous section;
P ’ _pg,l
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dry air at the bulk temperature TB, ; and at the pressure

p; at entrance to the porous section.

The effect on U‘g,i of evaporation of water into the air
between the inlet to thé upstream injector and the inlet to the
heated porous section (see Fig. D.1) was neglected {[evaporation

would affect both the gas (air and vapour) mass flow rate and the

gas density]. The maximum error due to neglecting this effect was 2%.
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APPENDIX E ERROR ANALYSIS AND REPEATABILITY
This appendix deals with two main topics, namely error
analysis and repeatability. Calibration curves are presented where

appropriate in the section on error analysis.

E.1 Error Analysis

The m'ethod of estimating the accuracy of the measured
quantities and of the calculated results proceeds accordli.ng t6
the method of Kline and McClintock [E.1]. The most important
r¢sqlts are summarized in Table E.1.

Kline and McClintock [E.1l] conclude that, where a ''result"
R is a function of variables Vi Vs eee Vo and the "uncertainty
interval*" wy in any variable v, is kriown, or estimated, based on

certain "odds'" (more about this below), then the uncertainty interval

]

211/2

“R in the result should be obtained from

LS A R AT AR
(E.1)

CONT. ON NEXT PAGE

*In the terminology of Kline and McClintock ([E.1], “uncertainty" is

the possible value the "error" might have; the "error" is the
difference between the true and observed value for a single observation.
In the present appendix, this terminology is generally followed.

In the body of the thesis and in the other appendices, however, as

is common usage, "error' is used synonmymously with "uncertainty".
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or in alternate fomm
’ CONT. FROM PREVIOUS PAGE

w ' o I '
X = {[“‘1’37‘1‘ @1 + (v, .g?; (R 1% + ...+ [w 2— (nr) 1432

n ’é'\'r;
} (E.1)

The "odds" mentioned above arc the odds that the experimenter is
willing to wager that any given reading lies within *w, of the true
value, In the present case the uncertainty interval in each variable
is quoted for cdds of approximatély' 20 to 1. In equation (E.1l) the

odds on the variables and in the result are the same.

Table E,1 Summary of Estimated Uncertainties in the Main Measured

Variables

Variable Uncertainties (%)
Mean heat-transfer For & < 3000 Btu/ft:2 h deg. F '(92% of the data):
coefficient, -
a 4 - 10%

' *
Barbotage-rate, \./'g' > 0,025 ft/s: 3.7%
vy \}"o; < 0.025 £t/s: 10% or less
Water velocity, ue 7 2.5%
Gas velocity in the 3.2%
channel at entrance to
the heated porous section,
ug’i

* See footnote next page. : .
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Uncertainty - in the mean heat-transfer cosfficient a.

-

Equation (E.1) may be applied to each of the equations -
used in calculating the heat-transfer coefficient; the uncertainty
interval w, for each of the variables and the resulting uncertainty
intervals in the intermediate results (e.g. qglec) and in the mean
heat-transfer coefficient o are shown in Table E.2.

The range of uncertainty in the mean héat-transfer. '

. coefficients is between approximately 4 and 20%. "The largest
uncertainties are for large values of the heat-transfer coefficient
(the ﬁnéerta\inty increasing with heat-transfer coefficient); for
these conditions the unceftainty in k ¢ dominates the error in R
The smallest uncertainties are for small heat-transfer coefficients
in combination with small '\./"g' For 92% of the data (o < 3000 Btu/ft2

h deg F) the uncertainty is between approximately 4 and 10% for a.

*The uncertainty generally increases with increasing oy for
the worst case ever (o = 7100 Btu/ft2 h deg F), the uncertainty
is approximately 20%.
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Table E.2 Uncertainty Intervals in the Variables Affecting the Mean

Heat-transfer Coefficient

Variable Uncertainty Comment
interval based
on approximately
20 to 1 odds.
. .
vy w; Or ?%- (9]
i
BE  orall 11/2% Voltmeter calibrated against standard
Weston Model S68, No. W91610 dynamometer
voltmeter (accuracy 1/2% of full scale
deflection); over the range of scale
- used, the worst accuracy was approxi-
mately 1 1/2%. The voltmeter calibration
curve is given in Fig, E.1.
I 1 1/2% Ammieter calibrated against standard
Weston Model S69, No, AD 48243
dynamometer ammeter (accuracy 1/4%
of full scale deflection); calibration
sct-up involved Weston Model 461,
No. 4601 current transformer (accuracy
1/4%); worst combined accuracy of
standard ammeter and current transformer
over the range of scale used was
approximately 1 1/2%. The ammeter
calibration is given in Fig. E.2,
FE 1% See evidence in Fig. D.6.
L 001in,
b 0,001 in,
8 0.0005 in.
X 0.005 in.
Y 30% See evidence in Fig. D.5.
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Variable

Uncertainty
interval based
on approximately
20 to 1 odds

“1
— +
w, or v ()

Comment

T
0,app

eff

B,1

’

TB,e

[a/aapp]

0.2 deg F

12%
0.2 deg F

0.2 deg F
2

o\

Resulting uncertainties.

131
elec

%

2.38%

2,38%

Thermocouple wire was calibrated by
the author, (see Section 3.2.3).
Uncertainty quoted includes any
uncertainty due to dc component in
the main ac heating circuit (see
Appendix C) and uncertainties due
to the measuring circuit,

See Appendix B.

Thermocouples calibrated by author,
Uncertainty quoted includes any
variations in inlet water temperature
and uncertainties due to the measuring
circuit. The uncertainty mentioned
does not include any error due to

heat gain from the ambient to the
water traversing the test section; for
the worst case (the lowest liquid
velocity, u. = 0.084 ft/s) the error
in o due to this effect would be
approximately 3/4%. When combined
with other uncertainties, the resulting
uncertainty in o is practically unchanged
compared with neglecting this effect,

Comment as for TB,i'

See evidence in Fig. D.8.

From equation (E.1) applied to
equation (D.33).

See equation (D.18); error in 4, .
completely dominates. '
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Variable

Uncertainty
interval based
on approximately
20 to 1 odds

wl
w; Or — (%)

Comment

Resulting uncertainties (cont.)

T o
et

S,app

2.38 -~ 7.60%

0.20 - 0.71 deg F

In equation (D.32), only the
uncertainties in Y and §¢ are signi-
ficant. The uncertainty of 7.60%

is the worst possible and occurs for
the combination of highest V' and
lowest heat-transfer g '
coefficient.

From equation (E.1) applied to
equation (D.5), The smallest
uncertainties are for small heat
fluxes (and small heat-transfer
coefficients) where the uncertainty
in Tg app is dominated by the

3

uncertainty in T ann the largest

uncertainties are ’°PPfor the largest

heat fluxes (and heat-transfer

coefficients) where the uncertainty

in keff dominates the uncertainty in

Tg app” At the highest heat-transfer
R .

coefficients it wasn't possible to
maintain 10 deg. F difference between
the wall and bulk temperatures because
of the power limitation of the voltage
stabilizer (constant-voltage trans-
former). In the extreme case, the
difference between the wall and bulk
temperatures at the various thermo-
couple locations ranged between 2.24
and 4.57 deg F. The range of un-
certainties quoted here include any
errors due to using equation (D.5),
derived from equation (A.5) as opposed
to using an equation, the analog of
(D.5), but derived from the slightly
more rigorous equation (A.4).. (See -

short discussion at the end of Appendix A.)
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Variable

Uncertainty
interval based
on approximately
20 to 1 odds.

Wy
. — +
w; or 7 ()

Comment

Resulting uncertainties (cont,)

Tg

“app

Qs

0.2 deg. F

3.70 - 20.4%

.4.2 - 20.5%

approximately
4 - 20%

From equation (E.1) applied to
equation (D.8).

From equation (E.1) applied to
equation (D.6). The smallest un-
certainties in « occur when the
heat-transfer coefficient is
the smallest in combination with
small VE’ in which case uncertainties

. " .
in TO,app’ TB and qelec control

the uncertainties in o___; the
largest uncertainties PP in
occur vwhen the heat-transfer PP
coefficient is the largest, in which
case the uncertainty in o is
dominated by the uncertai?PPnty in
ke ¢g+  The larger value quoted at

the left is for a heat-transfer
coefficient of 7104 Btu/ftZ h deg. F,
the highest value of the mean heat-
transfer coefficient encountered in
this investigation,

From equation (E.1} applied to

.equation (D.7). Comment as for o

except that for the smallest un- app
certainties in a, the uncertainty in
[a/aapp] is also significant,

For the conditicns tested, the un-
certainties in o are approximately
the same as for a.
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Uncertainty in the barbotage-rate .Vg.

Gas (air and vapour mixture; 6r loosely "air") flow rates
to the tesi: section were measured by means of a 1/16 in. orifice.
The c_alculation procedure outlined in_ British Standard 1042 [E.2]
was followed and generally the terminology from that document is used

below, The gas flow rate (mg o of Section D.8) in lb/h is given by
. L. ’

) ,
ﬁxg’o = 359,1C1Z dorE /ﬁpor ‘ (E.2)
where:
L = CyCpe s
1-m
mo= ( dor )2
apipe

is the coefficient of discharge,
is the correction for pipe size,

o is the Reynolds number correction,

méﬁéﬁ i

is the correction for expansion,

r is the diameter of the orifice (in inches in equation (E.2)),

Q-OQ»

bipe is the diameter of the pipe in which the orifice is installed,

=2

is the pressure drop across the orifice, inches of water

at 60°F;
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Por is the gas density at the high-pressure orifice tapping,
1b/ft3 s '
E is the velocity of approach factor.

The factors C, Cp and E depend only on the geometry of the
orifice arrangement, while Cre depends on the geometry and Reor the
Reynolds number based on the orifice diameter; these may be combined

thus
K= CoEG,

in which case equation (E.2) becomes
2 .
mg,o 359.1Ked /E“po"r (E.3)

The orifice was calibi‘aied using a "wet-meter" (Alex Wright, 1/12 fts/
rev, No. AW 1685, accuracy 1/4 to 1/2% depending on flow rate), the
results being shown in Fig. E.3. For computer calculations, equations

ted
were fit, by hand to the data and are

0< R{—:or < 300, K 0.00066 Reor + 0,464

- (E.4)

0.646 - (2.1x 10‘6)Reor . Rg_f’-

or

Re . > 300, K

ot

In Ref, E,3 examples are shown of orifice curves which qualitatively a
have the same shape (but smoothed, of course).
Consider first the case for Vg > 0,025 ft/s; this covers

all the data (453 data points) except for nine data points, For
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these conditions (Reor > 380), it is estimated that the uncertainty
in K is approximately 2%. ' In using equation (E.3) for calculating
mg"o, the only significant uncertainties are in K and h (h was read
oh a vertical water manometer or on a micromanometer depending on the
gas flow rate), The uncertainty in h depends on the magnitude of h.
For V'g' > 0.025 ft/s, this uncertainty is less than 4%. Applying
equation (E.1) to (E.3) and combining with an uncertainty of 2% in

K yields an uncertainty in ‘mg,O of 2.83%., For an uncertainty of

0.01 in. in the length, and 0.001 in, in the width of the porous '
heater, this produces an uncertainty of 0.43% in the projected area
Ap. On applying equation (E.1) to (D.38), with no significant uncér-
tainty in p g (pg was evaluated using relations for dry air, but see
further details below) and with the uncertainties in ﬁ'g,O and Ap
mentioned above, there results an uncertainty in V'g' of 2.9%.

For \.I'g' < 0.025, a case which includes only nine of the
453 data poinfs, the estimated uncertainty in V’g’ is of the order of
9 1/2% or less. ' .

In the above analysis, reference has been made to the
uncertainties in the measurements for V'g', no mention was made of the
effect on V'é of evaporation into the allir at the S-surface, i.e. at
the solid-liquid interface (it is at the S-surface conditions that
we are attempting to evaluate V'g') Evaporation affects both gas

density and the gas flow rate. It is impossible to know how much
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evaporation occurs at the S-surface; but the worst i:ossible error
due to this effect in the flow rate would be 1.9% and in the gas.
density would be 1.3% (this corresponds to the condition of air
éaturated with vapour at the S-surface temperature). If these are
included in the uncertainty analysis for V; > 0,025 ft/s there
results the uncertainties: in the mass flow rate of 3.4%, in the
_gas density of 1.3% and in the projected area of 0.43% (as before);
when these are combined in the appropriate manner, the resulting
uncerta%nty in V'g' is 3.7%. The uncertainty in V'é for V'g' < 0.0_25 ft/s

would be approximately 10% or less.

Uncertainty in the 1i<iuid velocity Ug.

The water flow rate to the test section was measured on
one of two Rotameters in parallel, depending on the flow‘rate. The
Rotameters were calibrated. at the flow rates correSpoﬁding to the
liquid velocities used in the experimental program. The method of
calibration was to accurately time the flow of a known \ve_ight of
water using an open tank situated on a weigh-scale (itself calibrated)
for the collection and weighing of the water. The results of the
calibration are shown in Figs. E.4 and E.5. It is estimated that
the uncertainty in the individual volumetric flow rates (i.e. each
datum point shown) is approximately 1 1/2%. —

The uncertainty in the cross-sectional area is 2.0%
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(for an uncertainty of 0.01 in. and 0,001 in the height and width
of the channel respectively). Application of equation (E.1) to
(D.39) yields an uncertainty of 2.5% in the water velocity.

The effect of evaporation into the air has negligible
effect on the water velocity, the worst change being 0.3% because

of evaporation,

Uncertainty in ug 1 the gas velocity at entrance to the heated
2

porous Section.

The gas flow rate to the upstream injector was measured
on one of two Rotameters in parallel depending on the flow rate.
The small Rotameter was calibrated using a "wet-meter' (Alex
Wright, 1/12 £t°/rev, No. AW 1685, accuracy 1/4 to 1/2% depending
on flow rate). The large Rotameter was calibrated using a "bubble
column" (described in Ref, E.4). For the calibration, pressures
of 10, 20 and 30 psig were‘ used in the Rotameters. Subsequently,
in the experimental program practically all the data were-taken
using a pressure of 20 psig in the Rotameters. The calibration
results for 20 psig are shown in Figs. E.6 and E.7 for the small
and large Rotameters respectively. The lines marked "manufacturer's
curve" were obtained using the appropriate manufacturers curve for air
at 15°C and 760mmHg abs pressure and corrected according to the
instructions in Ref, E.5. It is estimated that the uncertainty in
flow rate mg’3 using the calibration curves of Figs. E.6 and E.7 is

approximately 2%.
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For insignificant uncertainties in the gas density at

and an uncertainty of 2%

entrance to the heated porous section Pg,i
. ’

in the cross-sectional area A, equation (E.1) applied to (D.40)
yields an uncertainty of 2.8% in ug e
4
In the above analysis the effect of evaporation into the

air between the upstream injector and the entrance to the heated
porous section.was not considered(evaporation affects both the gas
flow rate and the gas density), The maximum error due to this
effect would be 1.1% in the gas flow rate and 0,9% in the gas
dehéity.(this corresponds to the candition of air saturated with
vapour at the bulk water temperature). If these are included in
the uncertainty analysis there results the uncertainties: in thé
mass flow rate of 2.3%, in the gas density of 0.9% and in the flow
area of 2% (as before); when these are combined in the appropriate

manner the resulting uncertainty in Ug g is 3.2%,
- ., . . ’

E.2 Repeatability

The 1ms repeatability for the present investigation was
5.4%. The repeatability tests were of two types.
(i) After the original series of zero-inlet-quality tests were
run, certain specific conditions of ue and'Qg were selected for the
repeat runs. Table E.3 presents the o:igiﬁal data and these repeat
data, the latter marked with an asterisk. At the end of the test

program some of the same specific conditions were repeated., These
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Table E.3 Repeat of Specific Data Points in the Original Tests

With Zero-Inlet-Quality

ug Nominal | Original(0)|{ Datum|Actual e | Repeat @ -1] x 100
Vg - or no. VE Btu riginal o .
repeat (R) : q -
ft/s | ft/s “run £t/s ft"hdegk .
0.72 | 0.54 0 40-8 |0.540 1484
R* 52-1 [0,545 1481 -0.1
0.35 0 40-12 10,360 | 1502
R* 52-2 10.349 1528 1.6
0.11 0 40-20 10.110 1413
R*® 52-3 10,108 1437 1.6
1.55 | 0.53 0 41-8 10.530 1682
R*® 50-2 10,524 1667 -1.0
R## 86-3 (0,533 1564 -7.1
0.36 0 41-13 }0.370 1728
R¥% 50-3 {0.354 1620 -6.2
0.20 0 41-18 {0,196 1648
R#* 50-4 0,192 1652 0.2
R%# 86-1 10.199 1647 0.3
0.11 0 41-23 10,113 1490
R* 50-5 10,111 1549 4.0
R¥%#® 86-2 ]0.104 1467 -1.6

* - -
Repeat data after the original series of zero-inlet-quality tests.

ok
) Repeat data at the end of the experimental program.




Table E.4 For Tests with Finite Inlet-Quality, Comparison of

Yg,i

Inlet-Quality Tests
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= 0 Data with Smoothed Results from Original Zero-

RN

ug Nominal| Datum | Actual | & for a_ from é(col.S) -1]x 100
VE ‘ o Vg ug ;=0 shoothed aoicoI.ﬁi
» . . } ] -
ft/s| ft/s £t/s cuzves Figs.
T $
ft'hdegF | £ Zhdegr _
1 2 3 4 S 6 7
Injector Arrangement 1
0.29 10 75-2 0 140 130 7.6
0.05 70-1 0.052 1002 975 3.0
0.1 72-1 0.099 1362 1320 3.2
0.2 71-1 0,203 |- 1465 1380 6.2
0.4 73-1 0.384 1409 1330 5.7
0.6 69-1 0.585 1271 1275 -0.2
1,551 0 74-2 0 527 535 1.3
0.05 67-2 0.051 1285 1120 . 14,8
0.1 68-1 0,102 1526 1450 5.2
0.2 64-1 0.204 1797 1660 8.3
0.4 65-1 | 0.404 1660 1720 -3.4
0.6 66-1 0.593 1678 1680 -0.1
5.1 }0 : 82-2 0 1664 1512 10.0
0.05 77-1 0,051 2070 1960 5.5
0.1 80-2 0.101 2141 2100 2.0
0.2 76-2 0,196 2227 2170 2.5
0.4 81-1 0.419 2076 2190 -5.2
Injector Arrangement 2
1,550 87-1 0 531 535 0.7
0.05 85-2 0,053 1227 1140 - 7.6
0.6 84-1 | 0.599 1538 1675 -8.0
* 0.597% 1573* 1675 -6.2

%
Average of Data 84-1, -2, -10 and -11 for this condition.
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data are also included in the table and marked with two asterisks.
(ii) During the finite—inlet«quality tests the first datum point;
taken for each fixed ug and V'g' was with ug’i = 0, i.e. with zero -
inlet-quality. For the fixed values of V‘g’ used in the finite-inlet-
qualify tests there was not necessarily a datum point at that \.I'g'

in the original zero-inlet-quality tests. Therfore comparison was
‘made with the smoothed results of the original zero-barbo}:age tests
of Figs. 6.2 and 6.3. This comparison is shown in Table E.4.

An examination of the two tables shcws that the range of
deviation of repeat from original data, except for two points, is
-8.0% to *+8.3%. The mms deviation is 5.4% which is considered
satisféctory. :

~ It was noted that toward the end of the program the
pressure drob across the Rigid Mesh porous material increased,
possibly indicating some plugging of the porous material. This
appeared to reduce the heat-transfer coefficient at the highest
values of Wg’ (see Table E.3, datum ho. 86-3; T;ible E.4, data nos.
84-1, that marked with an asterisk and 81-1). The data at the end
of the programkf.or high Vg appeared to be about 7% lower than that
taken at the beginning of the program. The 7% is only marginally
cutside the mms repeatability of 5.4% for all the data. It is
mentioned here mainly becausé, in comparing the effect of Injector

Arrangements 1 and 2 for ug = 1.55 ft/s and \}g = 0,6 ft/s, it
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~

should therefore be kept in mind that the dafa for injector
Arrangement 2 (taken at thé end of the program) might be raised .
about 7% on Fig. 6.13 to effect the comparison. The conclusions |
drawn would not, however, change.

For zero inlet-quality a few (a total of 11 with finite
barbotage-rate) readings were taken at liquid velocities of 1.55,
3.1 and 5.1 ft/s using the observation scction as entry to the
poroué heated section. These readings were taken after a set of
repeatability runs for the normal entry. The differences in the
meaﬁ/heét-transfer coefficient between cbservation-section-entry
runs and the repeatability normal-entry runs ranged from +9,1% to
-19,3% Cﬁorst ever) with an algéﬁraic mean difference of -6.6%.
These differences were very small indeed compared with the changes
(up 1000% in the mean heat-transfer coefficient) which were produced
by varying the barbotage-rate or the inlet-quality for otherwise
fixed conditions; for fhis reason no further tests were performed
with the observation section as entry nor was an analysis attempted
to explain the small existing differences, However, a paragraph of
Speculat@on does follow,

Possibly there were non-unifommities in the barbotage-
rate, over and above any caused by the pressure drop in the flow
channel (see Section D.8), along the length of the porous element.

This would mean that for a given distance from the beginning of the



302

porous sectiom, the local barbotage rate and the local quality -
would be different depending on the flow direction, so giving
different léggl_heat-transfer coefficients which could affect the
mean heat-transfer cocfficient. From the photographs of conditions
in the flow channel for the normal entry it was impossible to detect
any differences in local barbotage-rates as, at all but the smallest
'barbotage-rates, conditioﬁs near the surface were soon obscured by

the two-phase mixture from upstream of the point under consideration,

Références for Appendix E

E.1 S.J. Kline and F.A.:McC1intock, Describing uncertainties in
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E.5 Rotameter Manufacturing Co., Publication No. RP 2345, "COM

Charts".‘
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APPENDIX F DETAILED INFORMATION ON APPARATUS

This appendix gives detailed information on the tap”
water and apparatusA(other.than the test section itself) used
in this investigation. The information is given for complete-
ness.

Table F.1 presents the information relating to the
composition of the water supply [F.1]. ‘Table F.2 lists the
manufacturér, model number, serial nunber, etc. of the equip-
ment used; the item numbe;s in the table correspond with the
numbers appearing in the flow and circuit diagrams, Figs. 3.2,
»3.4 and 3.5. The important measuring instruments have been
calibrated by the author and are so designated in the table.

The accuracy of the instruments is discussed in Appendix E.

A simple wet-and dry-bulb hygrometer.

A simple wet-and dry-bulb hygrometer was manufactured
for measuring the moisture content of the air supplied to the
test section (see Appendix D for the use of this measurement) .
The device is shown in Fig. F.1. The impact tube was calibrated
in situ against a laboratory pitot tube. Operation was at
atmospheric pressure; wet and dry bulb readings were taken with
an air velocity relative to the thermometers of approximately
20 ft/s or greater. The readings were converted to moisture

content using a conventional psychrometric chart (F.2].
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References for Appendix F

F.1 E. W. Taylor, Water Examination Department, Metropolitan
Water Board, London. Personal Communication.

F.2 Psychrometric chart published by the American Society of
Heating, Refrigerating and Air-Conditioning Engineers,

Inc. (1963).



Table F.1 Details of Water Supply

Average for

Average for

1964 1965
% %
Ammoniacal nitrogen 0.013 0.030
Albumoid nitrogen 0.074 0.085
Nigfaté nitrogen 4.8 4.4
Oxygen absorption from_KMn04,
4 hrs at 27°C 1.02 1.04
Hardness (total) CaC0- 264 254
Hardness (non-carbonate) CaCo, 68 68
Chloride as Cl 33 -41
Phosphate as PO, 1.4 1.9
Silicate as Si0, 9 10
pH value 7.7 7.6
Electrical conductivity (micromhos) 540 550

* Values in mg/l unless otherwise specified.
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Table F.2 Detailed Information on Apparatus

Item no.
in Figs.
3.2,3.4
or 3.5

Item of equipment

Water supply to test sectio

*

1

Water heater

Water cooler

Large Rotameter

Rotameter

Inlet-water-tem-
perature thermo-
couple

Flanged brass tube, 4-in, dia,
25-in. long arranged horizon-
tally with 3 kW Santon Model TIHV
322 domestic immersion heater
fitted intemally and 2 kW heating
cord externally; insulated,
Controlled by Items 38 and 39,

this table, 3

28 feet length of coiled 1/2-in.
dia. copper tubing suspended in
galvanized tank 16-in. dia. x
19-in, high. Water to be cooled
flowed inside tubes; water and
ice mixture on outslde of tubes.
Insulated.

Rotameter Manufacturing Co. Ltd.
Type 101, No. R397147, Metric
tube size 18, stainless steel
float Type S.

1 Rotameter Manufacturiﬁg Co. Ltd.

Type 124, No. R491680, Metric
tube size 10X, stainless steel
float Type S.

Saxonia Electrical Wire Co.,

Fe Con 40 S.W.G., (.0048 in.),
Type 1A, fibre glass insulated,
thermocouple wire supported in
stainless steel hypodermic
tubing and 1/2-in, brass elbow.
Thermocouple junction covered
by light coating cf epoXxy . resin.
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Item no.
in Figs.
3.2,3.4
or 3.5

Item of equipment

Cutlet-water-tem-
perature thermo-
couple

Vertical manometer

Vertical manometer

Air supply to test section.

9 Air filter

10 Pressure-reducing
valve .

11 Orifice
Manometers used
with orifice:

12 i) Vertical

13 ii) Micromanometer

As for inlet-water-temperature
thermocouple.

Vertical inverted U-tube 30-in.-
long, Manometer fluid: water,

Vertical U-tube 18-in. long.
Manometer fluid: Hg, S.G. 13.6

Vokes Ltd., Type SPL.9; insert:
VAF 57 element 99.9% efficient
in eliminating particles down
to 5 microns,

British Oxygen Co. Ltd. Type
BHR 12,

British Pitometer Co. Ltd.
stainless steel 1/2-in, ID rig
with D and D/2 taps, upstream
length 8-in,, downstream length
3-in, Sharp-edged orifice
1/16-in, dia.

Vertical U-tube 30-in, long.
Manometer fluid: CC14, S.G. 1.585

Casella Model T10750, accuracy
0.001-in. on micrometer, 0.002-in.
on graduated vertical scale;
Manometer fluid: -ater. I.C.
Invent. No. ME1459.
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Item no. Calib-

in Figs. rated

3.2,3.4 by

or 3.5 |Item of equipment | author Description

14 iii) Vertical Vertical U-tube 30-in, long.
Manometer fluid: Hg, S.G, 13.6

15  [Air-temperature X Honeywell Brown Cu Con Type T

thermocouple 30 B. & S.G. thermocouple wire,.
arranged similarly to water-
temperature thermocouples; assembly
insulated with mineral wool, :

16 Air filter Royal Doulton Type F91A with
grade F10 element,

17 Air preheater 400 W electrical heater mounted
in Sindanyo outer casing, with
mixing vanes at exit. Controlled
by Item 40, this table,

18 Plenum chamber Quickfit CA 9/2/1 Type C glass
"column adaptor''.

19 Thermocouple in X Cu Con wire as for Item 15 , this

plenum chamber table; supported in stainless
steel hypodermic tubing.

20 Manometer for Vertical U-tube 30-in, long.

plenum pressure Manometer fluid: Hg, S.G. 13.6
Air supply to upstream injector.
21 Large Rotameter X Rotameter Manufacturing Co. Ltd.
' Type 125, No. R492886, Metric
tube size 18X, Duralumin float
Type A.
22 Small Rotameter X Rotameter Manufacturing Co. Ltd.

Type 125, No. R492884, Metric
tube size 7X, Duralumin, float
Type A.
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Item no. Calib-
in Figs, rated
3.2,3.4 by
or 3.5 |Item of equipment | author| Description
23 Pressure gauge X Budenburg zero to 60 psig,
5 1/4-in, face, No. 7889019,
24 Air temperature b Honeywell Brown Fe Con Type J,
thermocaouple 30 B. § S.G. thermocouple wire
suspended at & of 1/2-in. ID brass
tube; insulated.
Power supply to test section.
25 Constant-voltage Advance Components Ltd., "Volt-
transformer stat" Model QWN75/A, input 190-
260 V, freq. 50 cps, output
240 V ms % 1%, load 75 watts,
sine wave output.
26 Variable auto- Zenith 2 kW, 8 amp, 230V,
transformer ,
27 Transformer 2 kVA, single phase, air cooled,
double wound, turns ratio 20:1,
100 amp rating on secondary.
28 Ammeter b3 Crompton Parkinson Ltd., 8-in.
LKD Portable moving iron No.
1570473; ranges 0/25, 0/50,
0/100 amps. '
29 Voltmeter X Crompton Parkinson Ltd., 8-in.

LDR Portable, moving-coil rec-
tifier type, No. 1572724, ranges
0/3, 0/10, 0/30 and 0/100 volts,
sensitivity 1000 ohms/volt,
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Water heater circuits.

38

Constant-voltage
transformers

Item no. Calib-
in Figs. rated
3.2,3.4 by
or 3.5 |Item of equipment | author Description
Thermocouple circuit.
30 Thermocouples X i) Honeywell Brown Cu Con 30
B. § S.G. Type T, Model No. 9B1C5;
fibre glass insulated,
31 X ii) Honeywell Brown Fe Con 30
B. § S.G., Type J, Model No. 9B3CS;
fibre glass insulated,
32 |Selector switch CrOydon-Precision Instrument Co.
: thermocouple switch Type SP1/P/B/1T,
No. 7256 double pole, 24 position.
33 Inductance Radio Servicing Co,, Type C10/300,
300 henries, resistance 850 chms,
34 Capacitance Telegraph Condenser Co. Ltd., Type
‘ NL 50 microfarads.
35 Potentiometer H. Tinsley and Co. Ltd., Type
4025, 2 dial precision potentio-
meter, Serial No. 15781l.
36 Galvanometer Pye Scalamp Model EF-201
37 Standard cell H. Tinsley and Co. Ltd., Weston

Type 1268, No. 86925,

Three. Advance Components Ltd.,
Type No. (VH1500A, input 190 -

260 V, 50 cps, output 230 V 1ms,
load 1500 W at pf 1.0, Serial Nos.
i) 127, ii) 114, iii) 115,
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Item no,
in Figs,
3.2,3.4
or 3,5

Item of equipment

Calib-

rated
by

author

Descriptibn

39

Variable auto-
transformer

Water heater

Air preheater cirauit,

40

17

Variable auto-
transformer

Air preheater

Photographic equipment.

Camera

Miéroflash unit

Stroboscopic equipment.

Stroboscopes

Portable flash
heads

Two. Service Trading Co., 2 kW
230 V, 8 amp.

See above in '"Water supply to
test section",

Service Trading Co., 2 kw,

1230 V, 8 amp.

See above in "Air supply to porous
section",

Micro Precision Products Ltd.,
Micro Technical Camera, 5X4,
Mk VII

Lens:

Schneider-Kreuznach,
Xenar £/4.5/150 mm focal length,
No. 7402124,

Dawe Microflash Jr.,, Type 1722A,
Serial No. 104, flash duration
approx. 5 usec, 12 joules ocutput.

Two., Dawe Instruments Ltd.,
Stroboflash Type 1200D, 250 to
18,000 cpm; Serial Nos:

(1) 1244, (i1) 14603.

Two., Dawe Instruments Ltd.,
Type 1200/2, Serial Nos:
(i) 6556, (ii) 378.
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APPENDIX G TABULATED DATA

This appendix gives the tabulated results of the preseﬁt
investigation. In all cases; the heat-transfer coefficient quoted
is the mean (see Section D,1). Table G.1 presents the single-phase
data, Table G.2 presents the data for tests with zero inlet-quality
and Table G.3 presents the data for tests with finite inlet-quality.

In Tables G.2 and G.3 the order in which the data are

presented for the individual runs is as follows:

Tﬁble G.2 Zero-inlet-quality tests,

runs in order of increasing liquid velocity,
Table G.3 Finite-inlet-quality tests,

Injector Arrangement 1,

ue = 0.29 ft/s, runs in order of increasing Vg, T

ug = 1.55 ft/s, runs in order of increasing Vg,

ug = 5.1 ft/s, rtuns in order of increasing G;,

Injector Arrangement Z,

ue = 1.55 ft/s, runs in order of incCreasing ﬁg.{



Table G.1 Single-Phase Data

314

ug Reg Datum Mo. 3,1 Tp e Gsp

ft/s at TB i °F °F Btu
AU I I ft2hdegh

0.084 221 44-20 67.4c 69.3 112

1 0.292 774 43-29 67.7, 68.3 130

778 75-2 68.1 68.9 140

779 75-3 68.1, 68.9, 138

783 75-4 68.6 69.37 140

761 75-26 66.4, 66.92 147

761 75-27 66.5 67.5; 145

0.718 1,903 40-32 67.8, 68.0, 297

1.55 4,126 41-31 67.9 68.1, 535

4,117 74-2 67.7, 67.9 527

4,011 74A-19 65.8 66.0 527

4,111 87-1 67.6, 67.9, 531

4,110 87-2 67.6 67.9 534

4,106 87-15 67.5c 67.8 540

3.08 8,134 42-35 67.7 | 67.8 960

5.08 13,460 45-32 67.8 67.9 1,512

13,740 82-2 69.3 69.52 1,604

13,740 82-3 69.37 69.42 1,651

13,810 82-27 69.72 69.92 1,673

13,810 82-28 69.72 69,87 1,654




Table G.2 Data for Tests with Zero Inlet-Quality

Datum TB,i TB,e g % Pi Apchan
no. Btu
°F °F ft/s ftzlldegF psia psi
ue = 0.084 ft/s | Run no. 44
44 - 1 68.1 75.3 0,654 1047 | 14.89 %
44 - 2 67.6 74.0 0.703 1024 | 14,89
44 - 3 67.85 75.0 0.602 1051 | 14.89
44 - 6 67.7 75.05 0.505 1068 | 14.91
44 - 7 67.7 75.05 0.400 1099 | 14.89
44 - 8 67.6 75.1S 0.297 1082 | 14.89
44 - 9 67.6 74.7 0.199 1140 | 14.87
44 - 10| o67.6 75.6 0.126 1169 | 14.87
44 - 13} 68,1 75.65 0.096 1184 | 14.87
44 - 14| 68.1 76.0 0.072 1155 | 14.87
44 - 15| 68.0 75.9 0.056 1080 | 14.87
44 - 16| 68.0 74.85 0.041 885 | 14.86
44 - 17| 68.5 73.8 0.027 635 | 14.86
44 - 18} 68.1 73.0 0.0133 430 | 14.86
44 - 19 67.7S 71.2 0.0066 288 | 14.85
44 - 20| 67.47| 69.3 | 0 112 | 14.85 Y
Range of Ref at{TB i 221 - 224
| ? |

* Less than 0.10 psi
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Table G,2 Continued

e N
Dral.gx.m Ti | Tse Vo % P, AP 4o
ue = 0.292 ft/s Run no. 43
43 - 2 67.9 70.6S 0.613 1320 | 14.89 *
43 - 6 67.8 70.5 0.677 1252 | 14,89
43 - 7 67.75 70.45 0.652 1240 | 14.89
43 - 8 67.7 70.5 0.583 1264 | 14.90
43 - 9 67.7 70.45 0.554 1265 | 14.89
43 - 10| 67.7 70.4 0.527 1269 | 14.89
43 - 11 67.65 70.4 0.481 1283 | 14.89
43 - 12 67.6s 70.35 0.444 1294 | 14.89
43 - 13| 67.6 70.35 0.403 1290 | 14.89
43 - 14 67.65 70.35 0.349 1357 | 14.89
43 - 15 67.75 70.35 0. 306 1370 | 14.90
43 - 16 { 67.7 70.2 0.261 1382 | 14,92
43 - 17 67.65 70.2 0.219 1379 | 14.96
43 - 18] 67.7 70.35 0.177 1395 | 14,93
43 - 19 67.65 70.35 0.145 1401 | 14.90
43 - 20| 67.6 70.35 0.123 1387 | 14.90
43 - 23| 67.7 70.3 0.096 1309 | 14.86
43 ~ 24| 67.6 70.2 0.076 1191 | 14.83
43 - 25| 67.7 70.05 0.054 1056 | 14.83
43 - 26| 67.8 69.6 0.033 741 | 14,80
43 - 27| -67.9 69.2 0.0182 521 | 14.80
43 - 28} 67.8 68.7 0.0068 301 | 14.80
43 - 29 67.75 68.3 0 130 | 14.80 Y
Range oﬁ Re, atlTB,i' 173 778

* Less than 0.10 psi

316



Table G.2 Continued

Dﬁg?m TB,i TB,e Vé % Pi APchan
ug = 0.718 ft/s Run no. 40

40 - 2 67.6 68.75 0.600 1437 | 15.09 %
40 - 5 67.75 68.95 0.621 1454 | 15.09

40 - 6 67.7 68.95 0.643 1435 | 15,09

40 -~ 7 67.75 68.95 0.565 1468 | 15.10

40 - 8 67.85 69.05 0.540 1484 | 15.10

40 - 9 67.9 69.05 0.497 1465 { 15.09

40 - 10 | 67.9 | 69.03 | 0l440 | 1473 | 15110 | ¥
40 - 11| 67.8 69.0 0.390 1488 | 15,15 0.10
40 - 12 67.75 68.95 0.360 1502 } 15.20 0.10
40 - 13| 67.8 68.95 0.316 1534 | 15.20 0.10
40 - 14 67.85 68.95 0.290 1515 | 15,20 0.10
40 - 15| 67.8 68.95 0.263 | 1553 |( 15.19 0.10
40 - 16 | 67.8 69.0 0.234 1542 { 15,18 %
40 - 17 | 67.8 68.8 0.210 1541 | 15,15

40 - 18| 67.7 68.7 0.177 1527 { 15.10

40 - 19| 67.6 68.7 0.158 1508 | 15.07

40 - 20 | 67.6 68.7 0.110 1413 [ 15.00

40 - 24 67.75 68.35 0.136 1515 | 15.05

40 - 25 67.85 68.6 0.135 1529 | 15.05

40 - 26 67.85 68.7 0.093 1371 | 14.99

40 - 27 | 67.9 68.7 0.076 1204 | 14,95

40 - 28 '67.95 68.9 0.061 1137 | 14,90

40 - 29 | 67.9 68.7 0.040 905 | 14.89

40 - 30 | 67.8 68.6 0.0297 760 | 14,89

40 - 31 67.85 68.4 0.0164 587 | 14.89

40 - 32 67.85 68.05 0 297 | 14.82 Y
Range of Re‘f at TB»i' 1896 - 1906

% Less than 0.10 psi
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e 1t

Dig?m i | TB,e A % P {%Pehan
ue = 1.55 ft/s Run no. 41
41 -2 | 67.8 | 68.4 | 0.605 | 1724 |15.35 | 0.17
41 -5 | 67.9 | 68.4 | 0.650 | 1658 |15.36 | 0.17
41 -6 | 67.9 | 68.5 | 0.626 | 1674 |15.36 | 0.17
41-7 | 67.7; | 68.3; | 0.570 | 1693 |15.35 | 0.17
41 -8 | 67.8° | 68.42 | 0.530 | 1682 |15.35 | 0.17
41-9 | 67.8 | 68.42 | 0,499 | 1618 | 15.38 | 0.17
41 - 10 | 67.8° | 68.5° | 0.466 | 1711 | 15.40 | 0.17
41- 11| 67.8; | 68.5 | 0.440 | 1716 | 15.45 | 0.16
41 - 12 | 67.95 | 68.4 | 0.403 | 1715 |15.50 | 0.16
41 - 13| 67.9 | 68.5° | 0.370 | 1728 |15.50 | 0.16
41 - 14 | 67.9. | 68.5 | 0.334 | 1715 | 15.49 | 0.15
41 - 15 | 67.9° | 68.4; | 0.208 | 1693 | 15.45 | 0.14
41 - 16 | 67.8; | 68.3; | 0.257 | 1681 |15.38 | 0.13
41 - 17 | 67.87 | 68.33 | 0.220 | 1658 | 15.33 | 0.12
41 - 18 | 67.8; | 68.3° | 0.196 | 1648 |15.28 | 0.11
41 - 20 | 68.0° | 68.6; | 0.161 | 1637 |15.20 | ¥
41- 21| 67.7 | 68.27 | 0.134 | 1561 |15.18
41 - 23 | 67.9 | 68.23 | 0.113 | 1490 | 15.10
41 -26 | 67.7 | 68.17 | 0.084 | 1373 | 15.05
41-27 | 67.7 | 68.13 | 0.082 | 1251 |15.01
41 - 28 |-67.7. | 68.12 | 0.052 | 1146 |15.01
41 - 20 | 67.7° | 68.1° | 0.0294 | 862 | 14.99
41 - 30 | 67.6. | 67.9 | 0.0109 | 681 | 14.97
41 - 31| 67.9° | 68.1 | 0 535 | 14,90 {

4111 - 4134

Range of Ref at TB it

’

* Less than 0.10 psi
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Table G.2 Continued

Patum 4 T3 | Ts,e Vg % Py | ®Pepan
ug = 3.08 ft/s Run no. 42
42 - 2 | 68.0 | 68.3 | o0.581 | 1906 |15.70 | 0.27
42 - 5 67.65 67.95 0.643 1890 { 15.72 0.28
42 - 6 67.7 68.0 0.621 1911 1 15.72 0.27
42 - 7 68.0 68.35 0.607 1891 | 15.71 0.27
42 - § 68.0 68.35 0.592 1886 1§ 15.70 0.27
42 - 10 | 67.8 68.5 0.559 1935 | 15,70 0.27
42 - 12 | 67.7 68.0 0.525 1895 | 15.70 0.27
42 - 13 | 68.0 68.25 0.485 1920 | 15.77 0.27
42 - 14 | 68.0 68.35 0.441 1916 1§ 15.80 0.26
42 - 15 67.75 68.05 0.412 1889 | 15.80 0.25
42 - 16 67.75 68,1 0.380 1861 | 15.72 0.25
42 - 17 | 67.9 68,2 0.350 1905 1 15.65 0.24
42 - 18 | 67.8 68.1 0.304 1604 | 15.55 0.22
42 - 19 67.75 68,1 0.276 1903 | 15.38 0.21
42 - 20 | 67.9 68.15 0.238 1906 | 15.22 0.19
42 - 21 | 67,7 67.95 0.200 1865 | 15.10 0.18
42 - 23 | 67.9 68,2 0.167 1869 15.35 0.16
42 - 24 | 67.7 68.05 0.138 1805 | 15.22 0.14
42 - 25 67.65 68.0 0.123 1760 | 15.23 0.13
42 - 28 67.75 63,1  0.097 1684 ] 15.19 0.11
42 - 30 | 67.8 68;05 0.075 1632 ] 15.15 0.10
42 - 31 67.85 68.1 0.058 1515 15.10 %
42 - 32 | 68.0 68.25 0.049 1433 | 15.10
42 - 33| 67.8 68.0 0.0323 | 1318 | 15.09
42 - 34 67.85 68.0 0.0138 | 1160 15.01
42 - 35 | 67.7 67.85 0 960 14.75

8130 - 8179

Range of Ref at TB it

’

i

* Less than 0.10 psi
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i)

Dig?m TB,i TB,e yg % Pi APchan
ug = 5.08 ft/s Run no. 45

45 - 1 67.95 67.95 0.648 2211 | 16.65 0.47
45 - 2 68.0 68.0 0.667 2223 | 16.65 0.48
45 - 3 68.15 68.1s 0.628 2201 | 16.62 0.48
45 - 4 68.0S 68.1 0.608 2194 | 16.62 0.48
45 - 5 67.9S 68,0 0.588 2196 | 16,55 0.48
45 - 6 68.0S 08.2 0.564 2220 | 16.55 0.47
45 - 7 67.85 68.0 0.544 2215 | 16.53 0.47
45 - 10 68.25 68.5 0.511 2174 | 16.58 0.46
45 - 11 67.85 68.1 0.514 2192 | 16.66 0.45
45 - 12 68.05 68.35 0.476 2213 | 16.62 0.44
45 - 13 | 67.7 67.85 0.430 2143 | 16.55 0.43
45 - 14 | 67.7 68.0 0.388 2177 | 16.48 0.42
45 - 15 67.9S 68.2S 0.348 2182 | 16.35 0.39
45 - 17 | 67.9 68.15 0.267 2182 | 16.15 0.35
45 - 18 | 68.1 68.35 0.232 2165 | 16.66 0.35
45 - 19 | 67.9 68.1 0.195 2166 | 15.99 0.29
45 - 20 67.95 68.1 0,157 2121 | 15.89 0.26
45 - 21 | 67.9 68.0S 0,140 2124 | 15.80 0.25
45 - 22 67.7S 68.0 0.115 2104 | 15.73 0.22
45 - 25 67.8S 68.0 0.113 2142 | 15.73 0.21
45 - 26 | 67.9 68.0 0.104 2101 | 15.65 0.20
45 - 27 | 67.7 67.8S 0.079 2056 | 15.56 0.17
45 - 28 | 67.8 68.0 0.056 1995 | 15.49 0.15
45 - 29 | 67.9 68.05 0.0313 | 1837 | 15.20 0.12
45 - 30 67.55 67.8 0.0202 | 1736 | 15.17 0.10
45 - 31| 67.6 67.8 0.0049 | 1583 | 15,10 *
45 - 32| 67.8 67.95 0 1512 | 15.08 *

Range ofLFef at Ty i

l ’

13,410 - 13,520

|

* Less than 0,10 psi
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Table G.3 Data for Tests with Finite Inlet Quality

321

Datum | Ty 5 | T,e | Ve | Vet | Ygi | %P orp | Pi |“Pchan

. Ug Btu %sp

F °F |ft/s| ft/s P degF %% | psia| psi
Injector Arrangement 1
uc = 0.292 ft/s; Yg =0 Run no. 75
75 - 2 | 68.1 | 68.9 010 0 140 14,78 *
75 - 3 68.15 68.9s 0 0 138 14,78
75 - 4 ] 68.6 69.35 0 0 140 14,78
75 -5 68.65 69.4 0.443] 1.514 263 1.85 | 14,78
75 - 6 68.55 69.7 0.712§ 2.44 357 2.51 | 14,78
75 - 7 69.05 70.35 1,113} 3.81 423 3.01 | 14.78
75 - 8 | 69.0 70.3s 1,802 ] 6.16 529 3.72 | 14.78 ) .
75 -9 |68.2 69.65 2.79 19.52 350 2.46 | 14.79 |
75 - 10 168.3 | 69.7 1.77216.06 531 3.74 | 14.79
75 - 11} 68,2 69.6S ' 2.38 | 8.13 408 2.87 | 14,78
75 - 12 67.75 69.1 3.55 | 12.12 366 2.58 | 14.82
75 - 13 67.75 69.1S 4,69 ]16.04 399 2.81 | 14.79
75 - 14 67.1s 68.5 7.34 | 25.1 445 3.13 | 14,79
75 - 151 66.87 | 68.1 10.43 | 35.6 499 3.51 | 14.79
75 - 16 | 65.8 68.65 45.8 156.7 1138 8.01 | 14.98
75 - 17 164.2 |67.7 77.7 265 1522 | 10.72 | 15.23
75 - 18} 64,5 | 68.0 73.8 252 1478 | 10.40 | 15.23
75 - 19 64.75 68.35 59.5 203 1326 9.34 ] 15.09
75 - 20| 65.7° | 68.7 45.0 154.0 1146 8.07 | 14.99
75 - 21]166.3 }69.3 30.2 103.5 950 6.69 | 14.89
75 - 22 66.45 69.55 21.5 73.6 738 5.19 | 14.85
75 - 23 66.4S 68.25 14.6 50.1 582 4,10 | 14,79
75 - 24 166,57 | 67.7 10.6 36.2 504 3.55 | 14,79
75 - 25 66.35 67.7 3.51 }12,0 379 2.67 | 14.79
75 - 26 66.45 66.9S 0 0 147 14,78
75 - 27 ]66.5° | 67.55| 1| 0 0 145 14,78 |
Ref at TB,i‘ 738 - 7?8

1

* Less than 0.10 psi

F3]
%sp

-4, -26 and -27.

is the average (= 142 Btu/ft2 h degF) of Data 75 - 2, -3,




Table G.3 Continued
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Dggt'ml TB,i TB,e AVg ug,i u, s (] Pi Apchan
uf Btu
°F °F £t/s ft/s —————— psia | psi
ft® h degF
Injector Arrangement 1
144

ue = 0.292 £t/s; nominal Vg = 0,05 ft/s Run no. 70
70 - 1 |67.6 | 69.9.[0.052| 0 0 1002 14.98{ %
70 - 2 {67.2,|69.7;|0.050 | 0.448 1,531 1046 14,97
70 - 3 | 67.32]69.87 ] 0.051 | 0.720 2.46 1081 14,98
70 - 4 |67.4°]69.97 0,050 | 1.402{ 4.79 1090 14.98
70 - 5 | 67.4.169.9¢ [0.,053 | 2.33 8.00 1056 14.97
70 -6 | 67.5; 70.0; 0.052 | 3.90 13,34 1047 14,97
70 - 7 [67.37]69.8 [0.051| 6.89 23.6 1064 15.08
70 - 8 167.3°169.7,10.051| 8.87 | 30.3 1079 15.08
70 -9 |67.4.]69.9; 0,051 |11.95 40.8 1117 15.08 ?
70 - 10} 65,52 | 67.52 | 0.052 | 73,1 250 1605 15.38] 0.12
70 - 11} 65.5°| 67.5° | 0.051 | 74.7 | 256 1601 15.43] 0,11
70 - 121 66,0 | 68.1 |0.050 |58.2 199 1537 14.79| %
70 - 131 66.5 | 68.6. |0.051 | 43.7 149.6 1497 15.19
70 - 141 66.9.]69.2>10.050 |29.5 100.8 1375 15.18
70 - 15 67.5” | 69.8. [ 0.051 | 14,33 [ 49,0 1180 15.08
70 - 16 [ 67.3. | 69.57 | 0.053 | 21.3 72.8 1299 15.08
Re; at ?B,i' 751 -~ 773

* Less than 0.10 psi
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. I
Dig?m TB,i TB,e Vg ug,i u, 4 o Pi- Apchan
OF OF f.t/ ft/ uf Btu . .
s ] ——y———— psiaj psi
£t” h degF '
Injector Arrangement 1
11]
u = 0.292 £t/s; nominal Vg = 0.1 ft/s Runno. 72
72 - 1 67.55 70.2 0,099} O 0 1362 15.071 %
72 - 2 | 67.6 70.25 0.100 | 0.435 1,487 1371 15,05
72 - 3 67.55 70.25 0.100 | 1.882} 6.44 1325 15.05
72 - 4 66.65 69.3° [ 0.100 | 1.872 6.40 1369 15.05
72 - 5 1 66.6 69.45 0.100 | 3.98 13.59 1351 15.03
72 - 6 | 66,6 |69.47 10,099 | 6.47 22.1 1351 15.05
72 - 7 66.55 69.25 0.098 | 13,55 46.3 1413 15.006
72 - 8 66.15 68.7° 10.099 | 29.1 99.6 1497 15.08
72 - 9 | 65.87 1 68.3 }0.099 | 43.7 149.4 1553 15.19
72 - 10 65.55 67.8S 0.098 | 58.6 200 1567 15.29] 0.10
72 - 11 65.25 67.35 0.098 | 72.0 246 1615 15.42| 0,12
Ref at TB,i: 7?9 - 77?

*¥ Less than 0.10 psi
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KT

Dﬁg‘fm Tgi |TB,e | Vg | Ygi | Ygi a Pi [2Pchan
°F °F ft/s ft/s 't -7§EE——~—- psia | psi
' ft~ h degk

Injector Arrangement 1

« N

ug = 0.292 ft/s; nominal Vg = 0,2 ft/s Run no. 71

71 -1 [68.0 | 70.8,]0.203] O 0 1465 | 14.970 %

71 - 2 67.95 70.85 0.202 | 0.440 1.506 1400 14,97

71 - 3. 67.8s 70.7s '0.201 ) 0.998 3,41 1413 14,97

71 - 4 | 67,9 70.75 0.200 1.834 6.27 1373 14.96

71 - § 68.0 70.85 0.202 2.98 10.18 1400 14.96

71 - 6 70.7 70.5s 0.201 5.58 19.07 1414 14.99

71 - 7 ] 67.6 70.45 0.202} 7.37 25,2 1439 14,99

71 - 8 67.5 70.3°10.202 | 10,51 35.9 1463 15.0

71 - 9 67.2 70.1 {0,200 13.08 44,7 - 1479 15.05

71 - 10] 66,8 69.6s 0.201] 28.3 96.7 1502 15.0

71 - 11 66.55 69.17 10,201 |42.8 146.4 1510 15.10

71 - 121 66,0 68.55 0.200 1} 57.9 198.0 1487 15.21

71 - 13 65.45 68.0°10.198]72.0 246 1515 15,35

71 - 14 65.45 67.85 0.198177.7 266 1514 15.39

* Less than 0.10 psi
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« N
°F °F |ft/s ft/s g __7§EE__._. psia | psi
£t“ h degF
Injector Arrangement 1
. « 1N

u = 0.292 ft/s; nominal Vg = 0.4 £ft/s Run no. 73
73 - 1| 65.3 | 67.7 | 0.384]69. 239 1409 15.46 | 0.13
73 - 2 65.7S 68.3¢ 0.384 | 55.2 188.6 1399 15,30 0.12
73 - 3] 66,27 ] 68.9°) 0,386 | 40.9 139.7 1386 15,26] 0.10
73 - 4| 66.5 | 69.3 | 0.3881 26.6 90.7 1396 15.16 i
73 - 5 66,9 | 69.8 | 0,389 | 11,59 39.6 1362 15.10
73 -6 | 67.3 | 70.2 | 0.392| 3.85 13,18 1291 15.15
73 -7 67.25 70,2, 0.391} 1.357 4.64 1322 15.09
73 - 8 | 67.2¢| 70.2¢ 0.392{ 0 0 1342 15.06
Re. at TB;i: 749 - 7?0

* Less than 0,10 psi
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tt

Dgz?m TB,i TB,e Vé u.g’i u i o Pi quhan
Ug Btu C . .
°F °F ft/s ft/s ————— psia psi
ft” h degF
Injector Arrangement 1
» 1t

ug = 0.292 ft/s; nominal Vg = 0,6 ft/s Run no. 69
69 - 1 |68.9 71.55 0.5851]1 0 0 1271 14,90 L
69 - 2 67.35 70.1° 1 0.579 | 0.445 1.522 1289 14,95
69 - 3 67.45 70.25 0.579 | 1.1129f 3.86 1285 14.99
69 - 4 167.4 70.35 0.578 | 2.26 7.72 1263 15.00
69 - 5 67.45 70.2° {0.577 | 4.05 | 13.84 1274 15.00
69 - 6 67.45 70.3 0,575} 5.57 19.03 1282 15.00
69 - 7 67.55 70.3 {0.574 | 7.15 24.4 1285 15.00
69 - 8 67.35 70.1 |0.574 {10.04 34.3 1309 15.00
69 -9 66.85 69.45 0.575 | 24.8 84.8 1356 15.05 J
69 - 10]66.3°|68.7° | 0.572 |40.9 139.8 1348 15.15} 0.12
69 -~ 11 65.95 68.2s 0.573156.1 191.9 1325 15.25f 0.12
69 - 12165.4°167.6° | 0.566 | 71.1 | 243 1341 15.38} 0.13
69 - 13 65.15 67.5‘5 0.561 {74.8 256 1353 15.45] 0.14
Range oﬁ Re. at TB,i: 747 - 386

# Less than 0.10 psi
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Datum
no.

Tp,i .

°F

TB,e

OFA

vV
g

ft/s

u_ .
g,1

ft/s

u .
i
Ue

ftz h degF
1} !

orp

. Btu

orp

Osp

P.
1.

psia

APchan

psi

Injector Arrangement 1

—

« 1t
ug = 1.55 ft/s; Vg = (Increasing inlet quality) Run no, 74
74 - 2 67.75 67.95 01]0 0 527 1 14,93 *%
74 - 3 | 67.57 | 67.8] 0.388| 0.250| 660 | 1.27|15.05 j ,
74 - 4 1 67.67 | 68.1 2.18 | 1,34 1140 2.16 | 15.16
74 - 5 67.65 68.15 6.01 | 3.86 1148 2,17 | 15,16
74 - 6 | 67.6¢ | 68.1¢ 9,24 | 5,94 1306 2.47 | 15.16] 0.13
74 - 7 | 67.67]68.4 13,81 | 8.88 1554 2.95(15.30] 0.12
74 - 8 |67.3; 68.0 17.04 [10.96 1644 3.12 1 15.38] 0.12
74 - 10 | 67.5¢ 68.1; 23.1 114.83 1827 3.44 115,51) 0.15
‘74 - 11} 67.87 | 68.4 35.6 |22.9 2281 4,33115.75] 0.18
74 - 121 67.4 | 68.2 52,3 |33.6 2904 5.5116.25] 0.23
74 - 13| 67,9 | 68.7 166.3 [42.6 3510 6.65]16.74| 0.27
74 - 14| 68.6¢ 69.4 71,5 |45.9 3594 6.81]16.95( 0.29
74 - 151 68.8; 69.6 58.4 |37.6 3173 6.01]16.40( 0.25
74 - 16| 68.3; [ 69.1 Y |45.0 }28.9 2790 5.29 | 16.05] 0.21
Rec at Ty it 4177 - 4094, For this test, one pressure tap plugged;
’
AP 4 on WeTe obtained during the test below for the same conditions.
(Decreasing inlet quality) Run no. 74A
74A -1 |} 67.3 | 68.1 0 |71.2 |45.8 3434 6.51]16.85] 0.29
740 -2 | 67.4 | 68.1¢ 66.3 |42.7 3346 6.34 | 16.68| 0.27
740 -4 | 67.6 | 68.4; 52.5 |33.8 2922 5.54{16.15} 0.22
74A -12| 66,3, | 66.7; 6.00 | 3.86 1173 2.22|15.08| *
74A -13| 66,17 | 60.5¢ 4,84 | 3.11 1193 2,26 | 15.56| *
74A -14| 66.1 | 66.6 3.35 ] 2.16 1397 2.65115.20f 0.11
74A -15] 65.8 66.3; 2,24 | 1.4 1106 2,10} 15.,10f %
74A -16| 65.9: | 66.6 1,508 0.970 860 1.631 14,99
74A -171 66,27 | 66.5¢ 1,045 0.672 718 1,36 | 14.93
74A -181 65.8 | 66.2¢ 0.536] 0.345 732 1.39 | 14.99
74A -19| 65.8 | 66.0 Y|oO 0 527 1 | 14,87
Re. at 2B,i’ ﬁ}OQ 4011

* Less than 0.10 psi
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. « 11
Dig?m Tf,i TB,e Vg ug,i ugzi ¢ Pi APchan
£ Btu . .
°F °F ft/s ft/s —5———— Dpsia si
. ft” h degF P P
Injector Arrangement 1
* 1 -

ug = 1.55 ft/s; nominal Vg = 0,05 ft/s Run no. 67
67 - 2 67.3S 67.85 0.051] 0 0 1285 14,92 *#
67 - 3 67.4S 67.9S 0.050 { 0.311 0.200 1359 14.99 *
67 - 4 67.65 68.0S 0.049 | 0.591 0.380 1400 14,99 ®
67 - 5 |67.6 68.0S 0.049 | 1.925 1.238 1748 15.18f 0.10
67 - 6 67.45 67.9S 0.051 ] 3.00 1.930 1877 15.23} 0.11
67 - 7 |67.5 68.0S 0.051| 5.75 3.70 1632 15.13 ®
67 - 8 |67.5 68.05 0.050 ] 9.15 5.88 1736 15.20] 0,10
67 -9 |67.4 | 68,0°] 0.049112.74 8.19 1866 15.28) 0.12
67 - 10 [ 67.4 68.0S 0.050 | 16.74 10.77 1983 15.37] 0.12
67 - 11}167.6 | 68.2°| 0.050 | 16.80 10.80 1967 15.37] 0.12
67 - 12 | 67.6 68.0S 0.050 { 23.47 15.09 2105 15.46( 0.14
67 - 13 67.3S 67.97 | 0,049 | 35.0 22.5 2406 15.70) 0.15
67 - 14167.3 68.0S 0.049 | 44.6 28.7 2640 15.95] 0.18
67 - 15 67.2S 68.0s 0.050 { 51.1 32.8 2729 16,15} 0.19
67 - 16 67.2S 67.97} 0.048 ] 58.8 37.8 2824 16.35| 0.22
67 - 17 67.1S 67.9 | 0.049 ] 66.9 43.0 2963 16.65| 0.27
67 - 18 66.95 67.6S 0.049 1 69.0 44,4 3049 16.83) 0.31
Ref at ?P,i' 1073 - %111

% Less than 0,

10 psi
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o It

Dig?m TB,i TB,e Vg ug,i ugai o Pi AP han

° Ue Btu . .

F °F ft/s ft/s —5———— Dpsia | psi

ft” h degF
Injector Arrangement 1
’ s 11

ug = 1.55 ft/s; nominal Vg = 0.1 ft/s Run no. 68
68 -1 |67.5 |68.0 [0.102] O 0 - 1526 15.10 %
68 - 2 67.5S 68.05 0.102 | 0.387 0.249 1635 15.17
68 - 3 67.45 68.05 0.101] 0.629 0.404 1635 15.19
68 - 4 67.3S 67.85 0.101] 1,342 0,863 1708 15.26
68 - 5 67.75 68.37 [ 0,101 | 1.420 0.913 1752 15.26 .
68 - 6 |68.0°]68.5 |0.101] 2,51 1.615 1876 15.36} 0.11
68 ~ 7 [67.9 68.4S 0.101 ) 5.27 3.39 1870 15.27} 0.11
68 ~ 8 67.95 68.57] 0.101 ] 8.42 5.42 1906 15.35) 0.11
68 - 9 67.95 68.4 | 0,099 12,57 8.09 1983 15.38] 0.12
68 - 10 ] 67.6 68.2S 0.102 | 15,90 10.22 2090 15.48) 0.13
68 - 11 67.65 68.2S 0.099 | 22.2 14,29 2190 15.55| 0.14
68 - 12 67.05 67.8" | 0,101 35.5 22.8 2419 15.85] 0.17
68 - 13 66.85 67.6 | 0.100 | 43.8 28.2 2532 16.04} 0.20
68 - 14 67.15 68.0 | 0.101§ 51.1 32.9 2646 16.23] 0.22
68 - 15 67.35 68.05 0.0991} 59.5 38.29 2729 - 16.45| 0.26
68 ~ 16 67.35 68.05 0.098 | 65.9 42.4 2821 16.70| 0.30
68 - 171 67.3 68.05 0.098| 71.6 46.1 2912 16.95] 0.34
Ref at %B,i' ﬁ?67 - 4130

* Less than 0.10 psi
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Dig?m TB,i TB,e Vg ug,i uu N o . Pi APChan
' £ Btu . .
°F °F ft/s ft/s ————— psia si
£ft" h degF P
Injector Arrangement 1
: ¢ 1"
ug = 1.55 ft/s; nominal Vg = 0,2 ft/s Run no. 64
64 -1 67,2 167.7 |0.204] O 4] 1797 14,95 {0.10
64 - 2 167.2 | 67,7 |} 0.203| 0.397 0.255 1851 14,99 j0.11
64 - 3 67.0s 67.5 | 0.202 0.564 0.362 1850 15.00 {0.11
64 - 4 | 67.0°| 67.5 | 0.203] 1.694 1.089 2022 15,17 {0.12
64 - 5 66.9s 67.4s 0,201 4.08 2.62 2026 15,19 [ 0,14
64 - 6 66.9s 67.45 "0.202] 7.10 4,57 2088 15.06 | 0.16
64 - 7 [ 67.0°| 67.5°| 0,205{ 7.14 4,59 1986 15.00 { 0.15
64 - 8 | 67.0 | 67.5 }0.201]11.21 7.21 2043 15,10 | 0.17
64 - 9 66.9s 67.45 0.205{ 15.00 9.65 2142 15,18 | 0.14
64 - 11 66.65 67.15 0.20014 20.74 13,34 2205 15.2510.15
64 - 12| 68.3 68.8s 0.2001] 36.7 23.6 2496 15,65 10.22
64 - 13| 68.2 68.75 0.205} 44.8 28.8 2497 15.85 {0.24
64 - 14 68.0s 68.6% ] 0.198 | 52.0 33.4 2614 15,95 {0.26
64 - 15| 67.9 68.4S 0.202 ] 59.3 38.1 2767 16.37 {0.31
64 - 16 67.9s 68.5°] 0.196 ] 66.2 42.6 2755 16.52 10,34
64 - 17 67.8s 68.4 | 0.201] 70.6 45.4 2762 16,63 | 0.38
64 - 18] 68.3 68.8s 0.205112.82 8.25 2145 15,18 | 0.23
64 - 19 68.2s 68.7s 0.202{ 0.953 0.613 1888 15.10 [ 0.14
64 - 20| 68.37| 68.87| 0.202| 2.16 1.392 1917 15.15 {0.16
64 - 21 68.35 68.8s 0.204| 5.86 3.77 1963 15,05 ]0.16
Ref at TB T 4057 - 4149

’
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* 1
Dﬁz?m TB,i TB,e Vg ug,i uu i o Pi Apchan
o £ Btu . .
F °F ft/s ft/s ~s————— psia | psi
ft” h degF P
Injector Arrangement 1
.«
ug = 1.55 ft/s; nominal Vg = 0.4 ft/s Run no. 65
65 -1 |68.0 68.55 0.404] 0 0 1660 15.20] 0.14
65 - 2 67.9S 68.55 0.401| 0.412 0.265 1718 15.20} 0.16
65 - 3 | 68.07]68.6"]0.404] 0.993 0.638 1758 15.20) 0.16
65 - 4 68.35 68.9 |0.408| 0.997 0.641 1758 15,15} 0.15
65 - 5 | 68.2 68.75 0.391} 2.21 1,421 1874 15.20 0.16
65 - 6 | 68,2 68.85 0.406| 2.65 1.701 1902 15.15] 0.16
65 - 7 68.1S 68.7° ] 0.406] 5.71 3.67 1902 15.09] 0.15
65 - 8 | 68.1 68.65 0.402} 8.91 5.73 1951 15,16} 0.17
65 - 9 68.05 68.6 ] 0.398} 13,99 9.00 2021 15,251 0.18
65 - 10 67.9°| 68.5 | 0.400| 19.78 12,72 2097 15.36] 0.19
65 - 11 67.65 68.3 | 0.395] 32.8 21.1 2178 15.66 0.23
65 - 12 67.95 68.55 0.388]( 41,2 26.5 2245 15.85} 0.27
65 - 13 67.6° | 68.2° ] 0.391| 40.9 26.3 2233 15.87] 0.27
65 - 14 67.8 | 68.4 | 0.382] 49.1 31.6 2266 16.111 0.30
65 - 15} 67.9 | 68.5 | 0.384] 50.6 32.5 2349 16.35} 0.35
65 - 16| 67.8 | 68.4 |0.380] 62.9 40,42 2381. 16.63| 0.37
65 - 17167.7 | 68.3 | 0.376} 69.4 44,6 2446 16.78] 0.41
Ref at iB’ ﬁ}Sl - ﬁ107
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. * It
Dié?m TB,i TB,e g ug,i u, s a P.1 APchan
°F °F | ft/s | ft/s 't ——YEEE—- psia | psi
ft~ h degF
Injector Arrangement 1
L1}
U = 1.55 f£t/s; nominal Vg = 0,6 ft/s Run no. 66
66 - 1 67.7. | 68.3-10.593| 0 0 1678 15.15] 0.19
66 - 2 | 67.67[68.27 {0,591} 0.389 0.250 1743 15,181 0.20
66 - 3 | 67.5.168.2 |0.590 | 0,923 0.594 1815 15,18} 0.21
66 - 4 67.55 68.2 {0.590 | 2,30 1.476 1899 15.25} 0.23
66 - 5 | 68,07 |68.6 | 0.595| 2.28 1.466 1991 15.25] 0.22
66 - 6 [ 67.9 |68.5 {0.594 | 3.91 2,51 1929 15.25] 0.20
66 - 7 67.85 68.4.) 0.590 | 6,11 3.93 1920 15.33) 0.25
66 - 8 | 67.8;168.57| 0.587 | 8.43 5.42 1946 15,34} 0.22
66 - 9 | 67.87 ]| 68.5 | 0.585| 12,32 7.92 1997 15.441 0.23
66 - 10 67.85 68.4. 1 0,577 | 18.07 11.62 2057 15.55) 0,24
66 - 11] 67,87 | 68,47 | 0,571} 30.3 19,50 2107 15.78) 0.27
66 - 121 67.7. | 68.3.| 0.564 | 38,7 24.9 2137 16,40] 0.29
66 - 13| 67.6¢ 68.35 0.560 | 46.4 29.9 2229 16.26| 0.32
66 - 141 67.6 | 68,3 | 0,542 | 53.4 34.4 2307 16.45) 0.35
66 - 151 67.4. | 68,2¢} 0.542 | 61.7 39.7 2365 16,73} 0.39
66 - 16 67.5- f 68.27f 0.541 1 63.1 40.6 2355 16.75) 0.50
66 - 17| 67.25| 67.95] 0.538 | 66.9 43.0 2268 16.95| 0.45
Re. at TB’ ﬁQQO - f126
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Datum | Tp 5 | Tp,e [ Vg | Vg, | Ygud | %10 p | Pi PPchan
£ | Btu Gsp : :
°F °F |ft/s| ft/s —5——— % | psia |psi
ft” h degF
Injector Arrangement 1
s N

u = 5.08 ft/s; Vg =( Run no. 82
82 - 2 | 69.3; 69.55 00 0 1664 15.26 *
82 -3 69.35 69.45 0 0 1651 15.25 #
82 - 4 69.85 70.1 56.7 |11.15 7104 4,27 | 21.2210.75
82 -5 |69.9°}| 70.1 55.3 110.89 6608 3.97 | 21.00} 0.74
82 - 6 69.85 70.0S 44,3 8.73 5509 3.31 | 19.80] 0.62
82 -7 | 69.9 70.05 35.5 6.99 4784 2.87 | 19.00 | 0.53
82 - 8 69.6S 69.85 35.5 6.99 4839 2,91 ] 19,00 0,58
82 -9 69.85 70.1 29.7 5.85 4395 2.64 | 18.50 0.46
82 - 10} 69.8 70.0¢ 23,6 4.65 4134 2.48 | 18.00(0.41
82 - 11/ 69.8 70.05 : 17.99 | 3.54 3910 2,35 } 17.53] 0.37
82 - 12 69.75 70.0 13,16 | 2.59 3506 2,11 | 17,10 0.31 -
82 - 13| 69.8 70.05 10.39 | 2.05 3278 1.97 | 16.83 0.28
82 - 14 69.95 70.25 8.66 | 1,704 | 3180 1.91 | 16.681 0.26
82 - 15| 70,05} 70,3 6.50 | 1.28 3020 1.82 | 16.45]0.24
82 - 16 70.05 70.3 5.80 { 1.142 | 2947 1.77 | 16.35 0.24
82 - 171 70.1 70.3. 5.11 | 1.006 | 2933 1.76 | 16.35|0.24
82 - 18} 70.1 70.35 4,50 | 0.886 | 2865 1.72 | 16.33} 0.23
82 - 19 70.05 70.3 3.93 | 0.774 | 2794 1.68 | 16.33}0.21
82 - 20 70.05 70.3- 3.19 | 0.628 | 2664 1.60 | 16.23] 0,20
82 - 21 70.05 70.2¢ 2,50 | 0.492 | 2503 1,50 | 16.12] 0.18
82 - 22 70.0"} 70.2¢ 1.875{ 0.369 | 2311 1.39 | 16.00] 0,16
82 - 23] 69.95 70.2¢ 1.241) 0.244 | 2112 1.27 | 15.8610.13
82 - 24 69.9 70.25 0.790] 0.155 | 1994 1.20 | 15.76 1 0.11
82 - 25 69.75 70.0 0.600f{ 0.118 | 1887 1.13 | 15.681 0.10
82 - 26 69.75 69.95 0.457} 0.090 | 1820 1.09 | 15.65 *
82 - 27 69.75 69.95 0 0 1673 15.55 ®
82 - 28| 69.7;|69.8;) 1 |0 0 1654 15.55| *
Re. at ?B,i' .ﬁ3,740 i 13,?80

# Less than 0.10 psi

%
o,
S

-27 and -28.

» is the average (= 1661 Btu/ft® h degF) of Data 82 - 2, -3,
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* 1
Digum 1B,i TB,‘e Vg ug,i ug!i ¢ P;  [*Pchan
. °F °F ft/s ft/s g Btu psia | psi
£t2 h degF
Injector Arrangement 1
LI A |
ug = 5.08 ft/s; nominal Vg = 0.05 ft/s Run no. 77
77 - 1 67.2s 67.55 0.051) 0 0 2070 15.25] 0.13
77 - 2 67.7s 68.07 10,052 | 0.481 0.095 2137 15.30} 0.14
77 - 3 | 65.4 65.6s 0.052 1 1.260 0.248 2370 15.50} 0.18
77 - 4 | 64.5 64.75 0.051{ 3.01 0.592 2621 15.85( 0.24
77 - 5 | 65.0 }65.37]0.052| 4.69 0.922 2859 16.00] 0,28
77 - 6 { 66,0 {66.3 [0.051( 7.36 1.449 2905 16.15} 0.30
77 - 7 | 65,5 |65.8 | 0,051 11.86 2.33 3173 16.82} 0.35
77 - 8 | 65.6 |65.9 | 0.052] 20.0 3.94 3398 17.30) 0.41
77 - 9 65.7s 66.05 0.051] 45.1 8.88 4062 19.40} 0.65
77 - 10) 67.47 | 67.77 ) 0:051 | 58.6 11.53 4400 20.00] 0.74
77 - 11} 65,8 |66.1 | 0.05929.8 5.86 3622 18.15{ 0.51
77 - 12| 65.8 } 66,1 |0.052] 29.8 5.88 3738 18,10} 0.51
77 - 13| 65.8 | 66.1 | 0.053]11.98 2.36 3192 16.651 0.35
77 - 14| 65,2 65.45 0.052 | 1.238 0.244 2378 15.55] 0.18
Rep at Ty ;: 1'2,870 -l 13,450|_
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Datun 1Ty 3 1Te | Vg | Yt | Ygid o Pi |*Pchan
°F °F ft/s ft/s g ——7259——-—- psia | psi
£t~ h degF
Injector Arrangement 1
- n
ug = 5.08 ft/s; nominal Vg = (0.1 ft/s '~ Run no. 80
80 - 2 | 66.8 67.05 ‘0,101 0 0 2141 15.87{ 0.19
80 - 3 67,7 {67.97]10,101] O 0 2161 15.83] 0.20
80 - 4 67.65 67.9 | 0.101| 0O 0 2170 15.83] 0,19
80 - 7 166.3;|66.6,10.100 58.6 11,54 3923 21,50 0.91
80 - 8 |66,7;}67.0"| 0,101 55.0 10,83 3909 21,221 0.89
80 - 9 [66.5" |66.8 | 0,101 42.8 8.42 3696 19.85] 0.75
80 - 10| 66,4 |66.6. | 0.102 ] 28.8 5.67 3383 18.43] 0.59
80 - 1166.0 |66.3; | 0.103 19.47 3.83 3137 17.73} 0.50
80 - 12| 65.8 |66,07 (0,101} 10.56 2.08 2954 17.03] 0.42
80 - 13| 65,7 {66.0 [0.102{ 6.57 1.29 2839 16.65{ 0.36
80 - 14 1 65.6.|66.0 | 0,101 4,00 0.788 2763 16,551 0,34
80 - 15165.7; | 66.1 0.102] 2.52 0.496 2632 16.33| 0.31
80 - 16| 65.97 | 66.2, | 0.102 0.84 0,165 2342 16.05| 0.24
Re.at T, .: 13,080 - 13,440
£ B,it P
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Dﬁg‘:m TB,i TB,e Vg ug,i ug!i @ Pi APchan -
u
°F °F ft/s ft/s £ —-‘2-13-1-:—"3-—-— psia | psi
‘ ft“ h degF
Injector Arrangement 1
* 11t *

ug = 5.08 ft/s; nominal Vg = 0,2 ft/s Run no. 76
76 - 2 | 67.2.|67.6 | 0.196| 0 0 2227 | 16.05] 0.27
76 - 3 67.3; [ 67.6 | 0.195| 0.442 0.087 2318 16.207 0.28
76 - 4 | 67.47| 67.7 | 0.201] 57.2 11,26 3597 21.601 0.93
76 - 5 66.95 67.35 0.198 | 45.6 8.97 3326 20.20¢1 0.85
76 - 6 | 67.0 67.25 0.196 { 30.3 5.96 3140 18.80] 0.75
76 - 7 67.25 67.55 0.195} 19,37 3.81 3026 17.901 0.63
76 - 8 67.05 67.45 0.204 ] 10.16 2,00 2840 17.20} 0.55
76 - 9 66.75 66.9°( 0,192 | 6.10 1,20 2758 16.85] 0.50
76 - 10 67.25 67.6 | 0.198} 3.47 0.68 2639 16.70| 0.43
7 - 11 67.15 67.5 { 0.196( 1.777 0.350 2556. 16.45] 0.41
Re at EB,i‘ 1'3,270 - 13,38(1
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Dig?m TB,i TB,e Vg ,“g,i u, 5 o ‘Pi APChan
Ug - Btu
°F °F ft/s ft/s —5————— psia | psi
£t” h degF

Injector Arrangement 1

« 1t
ug = 5.08 ft/s; nominal Vg = 0.4 ft/s Run no. 81
81 -1 66.25 66.5 |0.419| O 0 2076 16.45] 0.43
81 - 2 66.35 66.5S 0.4181 0 0 2073 - 16.45] 0.43
81 -3 65.65 65.95 0.418 | 1,563 0.308 2264 16.83] 0.53
81 - 4 65.05 65.3° ] 0.418 ] 3,93 0.774 2368 17.00} 0.58
81 - 5 | 65.67|65.9 0.414 | 8.31 1.636 2432 17.15] 0.60
81 -6 65.35 65.65 0.414 | 16.57 3.26 2565 17.82} 0,70
81 - 7 | 64.5 64.75 0.414 | 26.4 5.20 2658 18.60] 0.80
81 - 8 | 64.0 64.35 0.408 [ 41.2 8.11 2828 19.80| 0.97
81 -9 | 64,2 | 64.4° ]10.408 | 53.8 10.61 2978 21,30
81 - 10| 64.5 | 64.8 ]0.408 | O 0 2124 16.40} 0.43
Re,at T, .: 12,780 - 13,200

£ JB’I ] ’ | ’ 1
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. 1t

Datum T, . {T A . . P.
go. B,i B,e g ‘ug,l ugzl “rp SIE. i APchanl

. £ | Btu ®sp _

F °F |[ft/s| ft/s ft? h degF * psia | psi
Injector Arrangement 2
ue = 1.55 ft/s; Vg = 0 [Run no. 87
87 - 1 67.65 67.95 010 0 531 14,81 !
87 - 2 | 67.6767.9 0 0 534 14,80
87 - 3 67.35 67.7 0.961} 0.618 726 1.36 | 14.86
87 - 4 67.05 67.55 0.961} 0.618 711 1.33 | 14.86|
87 - 5 67.55 67.95 1.45 | 0,933 779 1.46 | 14.93
87 - 6 67.85 68.25' 2,38 | 1.530 848 1.58 | 14,92
87 - 7 | 67.67 }68.0 3.43 | 2.21 877 1.64 | 14,99
87 - 8 67.25 67.6 4,89 | 3.15 981 1.83 | 15.05
87 -9 | 67.17 | 67,5 6.11 | 3.93 1013 1.89 | 15.10
87 - 10} 67.2 | 67.9 9.19 | 5.91 1241 2,32 | 15,25 Y
87 - 111 67.2 {67.9 23,6 [15.21 1942 3.63 | 15.45] 0.13
87 - 12 67.0, 67.8 51.6 |33.2 2821 5.28 | 16.12] 0.24
87 - 13| 66.8" | 67.5 66.6 |42.9 3261 6.10 | 16.60{ 0,32
87 - 14 66.7S 67.6 73.1 |47.0 3464 6.48 | 16.83] 0.34
87 - 15 67.55 67.8 T |o 0 540 14.85 *

* Less than 0.10 psi

** a.p is the average (= 535 Btu/ft2 h degF) fromData 87-1, -2, and -15.

SP
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o 1
Patum 1 T35 1Tse | Ve | Ui | Yeid o P PPehan
u
°F °F ft/s ft/s £ ~—-2-I§-EE———-— psia | psi
ft” h degF
Injector Arrangement 2
) LR L

ue = 1.55 ft/s; nominal Vg = 0,05 ft/s Run no. 85
85 - 2 68.15 68.6 | 0,053} 0 0 1227 14,63 ®
85 - 3 67.85 68.25 0.052 1 0 0 1196 14.63 "
85 - 4 67.75 68.5°] 0,050 | 72.8 46.8 3094 16.601 0.38
85 - 5 | 67.8°}68.,5 | 0.050 |59.5 38.2 2815 16.051{ 0.30
8 - 6 | 67.9 | 68.7 | 0.052135.5 22.8 2490 15.451 0.19
85 - 7 | 68.0 68.7s 0.054 | 24,8 15.94 2190 14,081 0.15
85 - 8 68.15 68.9° | 0.053 {12.92 8.31 1868 15,051 0.12
85 -9 | 63.1°|68.7 | 0,053} 5.88 3.78 1445 14.801% 0.10
85 ~ 10 67.95 68.55 0,053 2.08 1,338 1300 14,70 #
g5 - 11 68.15 68.55 0.053] 0 0 1175 14,68 *

% Less than 0,10 psi
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Dﬁg?m TB,i TB,e Yg ug,i ug;i o Py |PPchan

° Ue _ Btu

F °F ft/s ft/s —————— psia | psi

ft” h degF
Injector Arrangement 2
o 17 )

ug = 1.55 ft/s; nominal Vg = 0.6 ft/s Run no. 84
84 - 1] 68.0 ]68.6 |0.599 ] 0 0 1538 15,28 0.14
84 - 2| 67,9 | 68,5 | 0.594| 0 0 1575 15,28} 0.14
84 - 3 | 67.1 | 67.8 | 0,548 | 66.3 42,6 2222 17,13} 0,52
84 - 4 | 67.3 | 68.1. 0.556 | 52.8 34.0 2095 16.63} 0.43
84 - 51 67.0-] 67.8-1 0,582 | 29.9 19.2 1844 16.00{ 0.31
84 - 6 | 67.8.| 68.7"| 0,586 | 17.96 11,55 1808 15,70 0.25
84 - 7 67.7¢ | 68.5. 0.597 | 6.05 3.89 1481 15.50| 0.18
84 - 8 | 67.87| 68.57| 0.606 | 2.24 1,444 1488 15,301 0.15
84 - 9 | 67.7.168.5 {0,602 0.92 0.592 1557 15.30¢ 0.15
84 - 10| 67.6 68.45 0.599 | 0 0 1600 15.25] 0.16
84 - 11| 67.7 | 68.4°} 0.594 | 0 0 1581" 15,281 0.15
Re. at'?B,i: ﬁOSO - %130
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SHORTER COMMUNICATION

SIMULATION OF POOL BOILING HEAT TRANSFER BY GAS INJECTION
AT THE INTERFACE

G. E. SIMS,* U. AKTURK? and K. O. EVANS-LUTTERODT}
Mechanical Engineering Department, Imperial College, London

NOMENCLATURE

A, a dimensionless constant;

g, gravitational acceleration, ft/h?;

g0, constant in Newton’s Second Law of Motion,
4-17 x 108 Ibm ft/Ibf h2;

h, heat-transfer coefficient between the heated wall
and the bulk liquid, Btu/ft? h degF;

k, thermal conductivity of the liquid, Btu/ft h degF;

K,, Kutateladze’s criterion for the critical heat flux,
equation (4);

n, exponent of the Reynolds number in equations
(1), (2) and (3);

Nyw, Nusselt number

Np,, Prandtl number

Ng., Reynolds number

D, system pressure, 1bf/ft?;

P, dimensionless pressure term in equation (2);

¢, heat flux measured through a control surface just
on the wall side of the solid-fluid interface,
Btu/ft? h;

4”er, critical heat flux measured as for ¢”, Btu/ft? h;

V”, gas volume injected per unit time and unit area of
heating surface or superficial gas-injection velo-
city, ft¥/ft> h or ft/h;

V”,., critical superficial gas-injection velocity corres-
ponding to the critical superficial vapour velocity
in boiling, ft3/ft? h or ft/h.

]see equations (1) and (2);

Greek symbols
a, thermal diffusivity of the liquid, ft?/h;
A, latent heat of vaporization of the fluid, Btu/lbm;
Vs kinematic viscosity of the liquid, ft?/h;
pe, density of injected gas, lbm/ft®;
pr, density of liquid (saturated for boiling), Ibm/ft3;
pv, density of saturated vapour, lbm/ft®;
a, surface tension for the liquid-vapour interface,
1bf/ft;
org, surface tension for the liquid—gas interface, 1bf/ft.

INTRODUCTION
IN A RECENT experimental investigation Gose, Acrivos
and Petersen [1] simulated nucleate pool boiling at
saturation temperature by bubbling a gas through a

* Research Assistant.
1 Research Student.

heated porous or drilled surface into a pool of liquid,
the gas being insoluble in the liquid.

We are carrying out similar investigations, measuring
both heat- and mass-transfer coefficients with a view to
comparing the results with boiling heat transfer in
general, and Kutateladze’s [2] theory in particular. In
connection with this study we have examined the data
of Gose et al. in the light of Kutateladze’s theory; with
the results contained in the present note.

The comparison of the experimental results with
correlations developed for boiling heat transfer will be
made in two parts, closely following Kutateladze’s
presentation. The first part of the comparison will be
made for saturation pool boiling at moderate heat
fluxes and pressures; the second part for the critical heat
flux (burnout).

In this note the following terms require qualification:
“porous’ will describe only metal plates manufactured
by sintering metal powders; “drilled” will describe only
solid metal plates with holes drilled through them;
“incipient boiling range” will describe the region where
the predominant mechanism of boiling heat transfer
changes from free convection to nucleate boiling.

MODERATE HEAT FLUXES

Kutateladze obtained the following dimensionless
equation for nucleate pool boiling at saturation tempera-
ture:

’L[g_"&_]* -4 (:/)
klg(pr — pv) a
s pgo* . 102 ]0.7

S sl T
Apvylg(pr — pv) [og(pr — pv)I?
where 4 = 0-44 and n = 0-7. It will be noted that the

group
1
Erarl
g(pr — pv)

has the dimension of length so that the dimensionless

group
el

0]
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is a form of Nusselt number, Ny, and the dimensionless
group

q’ [ (4] ]é
Apvy Lg(pr — pv)

is a form of Reynolds number, Ng., since the group
¢"/Apy has the dimensions of velocity. The group y/a
is the usual Prandtl number, Np,, and the group

pgot
[og(pr — p)1

is a dimensionless pressure term, P. Equation (1) then,
can be rewritten as

Nyw = A.Np,»% . Ng,».(P.1079)%7 )

The group ¢”’/Apy is the volume time rate of vapour
production by boiling per unit area of heating surface
or the “superﬁc1a1” vapour velocity; in the gas-mjectlon
case it is replaced by the term V”, the gas volume in-
jected per unit time and area of heating surface; v is
equal to the “‘superficial”” gas velocity. For the la.tter case,
equation (1) becomes

oLGEo

el ()™

A7 [z 1 pgot 107 oo
v lg(pr — pe) lorce(pr — po)l®

Equation (3) can also be rewritten as equation (2).

A plot of Ny . Np,7 %% . (P.107%)7° 7 vs. Ng, isshown
in Fig. 1. The various systems of heated surfaces, gross
geometry, liguids and gases are given in the key to the
symbols. All the tests were performed at atmospheric
pressure; the fluid properties were evaluated at the
heated surface temperature.

In Figs. 1a and b straight lines have been drawn for the
points corresponding to horizontal porous plates,
vertical porous plates, horizontal drilled plates and
vertical drilled plates. Kutateladze’s relationship, equa-
tion (1), has also been drawn for the comparison. The
values of the' constant, 4, and the exponent of the
Reynolds number, n, appearing in equation (3) were
were found from Fig. 1 to be:

3).

A n
Porous plates, horizontal, 0-72 0-62
vertical, 0-58 0-60
Drilled plates, horizontal, 0-43 0-53
vertical, 1-14 0-36

Kutateladze used 4 = 0-44 and n = 0-7 for nucleate pool
boiling at saturation temperature.

Inspection of Fig. 1a shows that Kutateladze’s equa-
tion for moderate heat fluxes correlates the porous-plate
data. On the other hand, it is seen from Fig. 1b that the
slopes of the lines for the drilled plates are quite different
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from that proposed by Kutateladze; there is also con-
siderable scatter of data points.

For the porous plates, the curves of 4 vs. P’ exhibited
maxima beyond which % decreased with increasing V.
For the drilled plates, no such maxima existed.

In Fig. 1a, the data points in the vicinity of maximum
heat-transfer coefficients and beyond them, also these
corresponding to the incipient boiling range have not
been included. However, the results for the complete
range of gas-injection rates for two porous-plate systems
have been included in order to illustrate the type of
data points rejected, and in particular to illustrate the
existence of maximum heat-transfer coefficients. Kutate-
ladze’s correlation does not fit, and indeed is not meant
to fit, the region corresponding to incipient boiling and
the region of maximum heat-transfer coefficients. The
complete range of drilled-plate results have been included
because the rejection of any data points corresponding
to the region of incipient boiling would have not been
justified as this region was not well defined; nor did
maximum heat-transfer coefficients exist.

The drilled-plate systems are unlike boiling in the
existence of very few centres of gas injection (nucleating
sites in boiling) and in the constancy of the number of
sites throughout the range of injection rates. The absence
of maxima in the & vs. V" curves is probably related to
this. Gose ez al. suggest the following tentative explana-
tion *“. . . the velocity of the gas leaving the drilled holes
is much greater than the velocity of the gas leaving the
potes, and these jets of gas can penetrate the layer of
gas tending to form an insulating film near the wall”.

CRITICAL HEAT FLUXES
Kutateladze, postulating that the critical heat flux
(burnout) is a hydrodynamic phenomenon, derived, by
a combination of physical reasoning and dimensional
analysis, the following relationship for saturation pool
boiling:

G er
Apvt [ggoo(pL — pr)It

= K, = constant = 0-16 3- 0-03. @

The value of the constant was determined from existing
experimental data on boiling.

The quantity ¢”’¢»/ Apy represents the superficial vapour
velocity under burnout conditions; in the gas-injection
case this group is replaced by V.., the critical superficial
gas velocity. For the latter case, equation (4) becomes

A K,. ®)
[egoore (pr — P

K, has been evaluated from the data of Gose et al. and
the results are shown in Table 1. The values of V", used
in equation (5) were the superficial gas velocities at which
the maximum heat-transfer coefficients occurred.

In Table 1 the values of K, are certainly of the correct
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Table 1. Kutateladze’s critcal heat flux criterion applied
to gas injection.

G, A
and P K,
plate Gross Injected equation
desig- geometry Liquid gas
nation (5)
A Horizontal Water Air 0-13
A Horizontal Shell Tellus Air 0-14
oil No. 15
B Horizontal  Shell Tellus Air 0-16
oil No. 15
A Horizontal Ethylene Air 023
glycol
A Horizontal  Shell Tellus Air 0-02
oil No. 69
B Vertical Shell Tellus Air 0-05
oil No. 69
B Vertical Water Air 0-05
B Vertical Ethylene Air 0-10
glycol
B Vertical Shell Tellus Air 0-12
oil No. 15

Norte: A description of the porous plates is given in the
key to the symbols in Fig. 1.

order of magnitude and three of the values are within
the range 0-13-0-19 as determined by Kutateladze. If the
effect of heater orientation is taken into account, then
the results are even better than they at first appear.

The values of K; obtained by Kutateladze were for
heaters having a horizontal orientation. Bernath [3], in
assessing the effect of heater orientation, found that the
critical heat fluxes for heaters with vertical orientation
were approximately three-quarters of those for horizontal.
The only system tested by Gose et al. in the horizontal
and vertical positions was that of oil No. 15, air and
plate B; K, for the vertical position (K; = 0-12) is indeed
three-quarters of that for the horizontal position (K; =
0-16). The values of K, for the vertical position of heaters
vould then be expected to fall between § (0-13) and
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(0-19), i.e. between 0-10 and 0-14. Considering the effect
of heater orientation, then, three of the five horizontal
systems and two of the four vertical systems give values
of K; within the expected ranges.

However, there were some sources of error in evaluating
K,; for certain systems there was difficulty in assessing
the value of V”., becaus:: of the lack of data points near
the maximum h. This was especially true for the system
of vertical plate B, with water and air (K; = 0-05). But,
for the system which had the lowest value of K, (0-02),
the selection of the V., was comparatively easy as the
curve was well defined. This system involved oil No. 69,
the most viscous liquid tested, which may account for
part of the large discrepancy.

The critical superficial gas velocity has been used to
correspond to the critical superficial vapour velocity.
This might have introduced a source of discrepancy since
in boiling the superficial vapour velocities at the maximum
heat-transfer coefficient and at the critical heat flux are
not necessarily the same.

CONCLUSIONS

Kutateladze’s relationships for moderate heat fluxes
and for the critical heat flux correlate satisfactorily the
porous-plate results of Gose, Acrivos and Petersen.
Porous-plate systems therefore appear to simulate
nucleate pool boiling at saturation temperature.

The results of Gose, Acrivos and Petersen for the
drilled plates are not correlated by Kutateladze’s rela-
tionship for moderate heat fluxes and no phenomenon
corresponding to the critical heat flux in boiling occurred.
Thus, as a simulation of boiling, the use of drilled plates
is not satisfactory.
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