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ABSTRACT

The accurate prediction of the thermal performance of large multi-
tube steam condensers for application to the distillation desalination
of seawater depends on the availability of correlations for calculating
each of the film heat transfer coefficients for individual tubes located
within the condenser as a function of local conditions. Although cor-
relations are available, there have been few experimental verifications
of their accuracy or even of their validity in the specific application -
to desalination, particularly with respect to the two film coefficients
associated with the condensation process, the condensate film heat trans-
fer coefficient and the non-condensable gas film heat transfer coef-
ficient.

A horizontal multitube steam condenser was built and operated in
the present work in order to investigate the individual and combined
effects of steam temperature, steam velocity, condensate rain, and non-
condensable gas fractionvon the thermal performance of a vertical array
of five tubes located within the condenser over the range of interest of
each of the variables of importance to the distillation desalination
process.

The results were analyzed by comparison with existing and improved
correlations. The effect of condensate rain on the condensate film heat
transfer coefficient was found to be consistent with previous investiga-
tions. A new side drainage model described the observed results and
provided the basis for improved prediction methods. The effect of steanm
velocity was found to be similar in the horizontal direction to that

observed by previous investigators in the vertical direction. The effect
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could be accounted for as being due to the lateral transport of the con-
densate by the steam out of the region of active condenser tubes, and
thus unlikely to occur in large tube bundles. The effect of temperature
on the condensate film heat transfer coefficient was found to be con-
sistent with the theoretical prediction of the Nusselt equation.

The combined effect of gas concentration, steam velocity, condensing
rate and condensing temperature on the non-condensable gas film heat
transfer coefficient was correlated using the Colburn mass transfer j
factor and a modified j factor, with the latter being preferred because
it led to a considerable decrease in the data scatter about the corre-
lating line. A cavity flow model for describing the process of condensa-
tion in the presence of gas in a tube bundle was described and the
results analyzed in terms of it.

Design equations for predicting the film ccefficients were pre-
sented, with values based on the present work incorporated. Recommen-
dations for additional work to generalize the present results are

included.
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CHAPTER I
INTRODUCT TON

Steam surface condensers constiéhte the major component of seawater
distillation plants of the multistage flash (MSF) evaporator type, the’
most common in use. A typical MSF flowsheet is shown in Figure 1. The
steam condensers in that process coﬁéist of single tube-pass horizontally

oriented multitube bundles, which afe arranged within the flashing stagé_
compartments as shown in Figure 2.  T£e tZEes ;re céoledib& briqg‘passing
successively through the stage condensers%from the low ﬁemperat;}e to
high temperature stages countercurrént;té thehfloﬁ of flashing brine and
condensate in the trays beneath. In péssing through a given stége, the
brine in the tubes is heated about SOF}£y'condensation of the fiéshed
vapor, with the mean temperature diffefencé betwéen tube side b?ﬁne and
condensing steam (expressed as IMID) of about;lOOF. Multistagezflash
evaporators contain between 20 and ho‘éﬁcg flashing stages arraﬁged iﬁ
one or more close-coupled series trainS, ope;ating between the ;@bient
seawater temperature and a maximum temperature’ in the_range ISO;QSOOF.
(The upper limit is dictated by the gcalé_control method used.) Tube
diameters used in the condensers areiS/B —‘1;in. oD, withlseawater—b
resistant copper alloys such as aluminum Brasé or cupron%ckel being
used for the tubing material. The tubé bundiés contain approximately
1000 tubes per million gallons per dayftotaifﬁlant capacity.

The temperature range of flash evaporagg;s covers botﬁ pressure and

vacuum steam conditions. The stages operating under vacuum are suscep-

tible to inleakage of air through flanged“joihfs and leakiﬁg welds which



ORNL-—DWG 72—-12444

BRINE HEATING SEA WATER PRETREATING
MAKE UP
)
EFFLUENT
[ ) o
STAGE STAGE
1 2 3 N
Y SEA WATER FEED
——— || —f] || ———f——— - |H—-— =
y 2 Ar w B
d LI\ 7|\ /e —
| | \:IJ ol | | | PRODUCT
L 4 I R
e / p
FLASHING ik v M ’% . B-OWo0uN
BRINE
—
RECYCLE
HEAT RECOVERY STAGES HEAT REJECTION STAGES

FIGURE 1

MULTISTAGE FLASH EVAPORATOR FLOWSHEET



ORNL-DWG 72—12445

UBE BUNDLE

FROM
STAGE M+1

— PRODUCT WATER
TROUGH
|~ VAPOR
MIST
ELIMINATOR
TOSTAGE TO STAGE
M-—1 M+1
BRINE SUMP

FROM
STAGE
M—-1

SPLASH PLATE
ADJUSTABLE ORIFICE ..
FIGURE 2

SCHEMATIC DRAWING OF A TYPICAL FLASH EVAPORATOR STAGE



L
can flow along with the vapor into the shell sidé of ﬁhe condenser
bundle. The higher temperature (above atmospherié stages)are less sub-
ject to containing non-condensing gas, %1though the highest temperature
stage will contain small amounts of'éérﬁbﬁ;diokide which remains in the
brine after deaeration. | ’va?

The design of stage condenser tube bundles (as with any heat
exchanger) consists of’the selection of ; ;Qi£a§1e bﬁndie c;os; sectional
shape which conforms to the stage dimensions and which appears to provide
good steam flow patterns, and the calculation, usually by trial and
error, of the required heat transfer area based on the assumed bundle
shape and such constraints as brine velocity, tube diameter, wall thick-
ness, and length. Because the stage :.condensers are all single pass and
linked together in series, both with respect to the brine flow in the
tubes and the flashing‘ﬁrine and condenéate stréém;‘;ﬁ tﬁgrégéilvside,
the calculation of their heat transfer areas is part of a more complexv

computation of the entire process flowsheet.

Condenser Heat Transfer Performance

The definition of the heat transfer perférmanée ofhthe stége cohaen—
sers 1s that conventionally used in the proces; iﬁduétries:aﬁa»described
in many texts. This involves the concept of a bundle mean o;efall heat
transfer coefficient (U_) which is related to the heat duty of the con-

B
denser (QB) by the equation:



5

vhere the temperature driving force (IMID) is based on overall bundle

parameters:

T - T,
IMTD = oB iB (2)
T, =T,
1n si iB
T51 - ToB

The condenser heat duty is the sum of the heat duties of each of the

tubes:

o
&

t
ER
’f

"

where:

Qp = UsAqe 8T, (L)

and the temperature driving force is based on the local parameters:

T - T,
o) i

My s T 2
1
In

Tb - TO

By convention, each tube overall heat transfer coefficient is considered
to be composed of series film resistances. For the case of condensation
on the outside of the tube with some non-condensable gas present and
sensible heat transfer inside the tube, the resistances commonly

included are:

-+ R _+ =+ F+R (6)



as shown schematically in Figure 3. The wall resistance (Rw) and by con-
vention, the fouling resistance (Rf), will be constant within a given
bundle, whereas the remaining three resistances, being located within
fluid streams,will vary depending on the properties of the fluid streams.
The central problem of predicting condenser performance is correctly
estimating ﬁé. This can be done in several ways, depending primarily on
the desired accuracy and the intended application. The procedure des-
cribed in standard heat transfer textsl’2 and used in the chemical
process industry for the design of small condensers is based on bundle
average film resistances. Although the film resistances pertain concep-
tually to a single tube, as an approximation they are applied to the

bundle as a whole. According to this method, the bundle overall heat

transfer coefficient is the sum of the five bundle averaged resistances:

o]

(7)

GI'H
+
0|
+

ﬁlPA
+

S||w
4+
o

Q.
=

which are evaluated separately and then combined.

This procedure, although commonly used, has several defects which
contribute to its generally limited accuracy. The major defect arises
from the fact that three of the resistances vary from tube to tube, while
the remaining two are constant. If the variations are sufficiently large,
and if the resistances which vary are of the same order of magnitude as
the constant resistances, the process of summing the mean values of each
resistance leads to a different result than summing the resistances for

each tube and adding the resulting heat loads. In practice, this can
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lead to significantjerror in:lafge éondensers. The‘error is always on
the conservative:side; that is, it leads to a low value of the overall
heat transfer coefficient for the biundle.

A second source of error are the methods required to estimate the
bundle average .values of the:film resistances. The commonly cited eqgua-
tion for predicting Eénis‘known to be cbnservative. -On the other hand
the calculation -procedure ‘for estimating Eévis so complicated thgt it is
generally ignored: except in the .extreme cases where the inlet stréam'coh—
tains a large concentration of non-condensable gas, as for gxample in
dehumidifiers. Omitting Eé when it should be included leads to under-
design.

Finally,'a third source of error arises in part from the fact that
the above approximations are known: to the designer;. The fouling resist-
ance, rather than .being chosen on the:basis of accounting for thé thefmél
resistance of'layérsaof'solids fouling, is generally chosen from a com-
pilation such as the TEMA‘Tables,3 which is known to be very conserva-
tive.LL As a.result, the method'basedlon bundle averaged film coeffi-
cients virtually insures that condensers will be-overdesigned. Because
of their small size, however, and small contribution to.the usual chemi-
cal product cost, overdesigned condensers iﬁ the process chemical
industry are not considered to be a problem.

In the case of.the stage condensers used in desalination plants, the
tube bundles are much larger than used in the ﬁrocess chemiéal industry.
In addition, there is a strong ‘incentive to obtain accurate rather than

conservative designs; since the installed cost of the desalting plant
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'chdénsers constitutes a large fraction-of the.fotal plant cost. A
similar éituation prevails in the case of steam tﬁfbine surface condens-
ers used in stationary power planté. |
As a result . computer design programs: have been‘eyolved for both
desalting plant,and .power plant condensers from which more accurate esti-
mateS*of,ﬁﬁgcanwbe obtained. These programs invqlve the separate cal-
culation: of overall: heat transfer.coefficients for small groups of tgbes
within the bundle: rather than for the bundle as a whole. By diﬁiding‘
thesbundle into-homogeneous groups, overall heat transfer coefficients
forvthe.gfoups'can'be obtained fromsgroup average values.of the film
coefficiéntswwith much less error than for:the bundle as:a whole. The
hesat loadswof;the‘groups can then be summed and substituted:into
Equationi(l)%to obtain'ﬁé. In additiony; as a result of the greater
accuracy,:selection of a fouling factor can also be made more realisti--‘
cally; oﬁ the basis-of the expected solids fouling, rather than ffom
the convgntional.TEMA tabulation. In order-for these more;detailed cai—
culations to realize that objective, however, it is necessary for each
of ‘the cqrrelations used. for evaluating the4variouSvfilm resistanées to
be capable of predicting the expected heat transfer with as greaf or
greater accuracy:.than -possible with the more.approximate method. To
establish thisswould require experimental verification in multitube
condensers such that each of the relevant parameters is varied systemat-
ically over: as much of the range of interest- as poséible., Such a verin
fication}has not previously been carried out. This is the.objective of

the present program.



CHAPTER 1T
BACKGROUND

In Chapter I, it was noted that one can calculate the heat transfer
performance of a condenser by dividing it into groups of tubes and cal-
culating group-average overall heat transfer coefficients from group-
average values of the film resistances. 1In following this procedure, .. :
the film resistances are evaluated based on local values of the parame-.
ters which affect each film. These parameters include the temperatures
of steam and cooling water, the water velocity in the tube, the steam
velocity past the tube outside, the non-condensable gas concentration;
and the condensate rain rate. Of these, the parameters whicﬁ vary iwith
position in the bundle are the latter three.

The steam mass velocity variation with location in a condenser®
bundle is a consequence of the interaction between the steady decrease’
of steam mass flow along the flow path as condensation occurs, and .the
change in the open cross sectional area along that path due to the over-
all bundle shape. Its magnitude is also affected by the bundle veﬁt
rate and by the bundle friction factor-Reynolds number relationship.
Thus, although the steam mass flow rate itself always will decrease
monotonically along the flow path due to condensation on each tube, the
steam mass velocity can be made to increase if the percentage change in
flow area exceeds the change in mass flow rate. It is possible also tb
design a tapered tube bundle which has a steam mass velocity which:is

constant throughout the entire bundle.

10
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In a similar fashion, the non-condensable gas fraction will also
change with location in a condenser, increasing along the steam flow path
from front face to vent as a result of the 1o§s of steam with no associ-
ated loss in gas. The change is not necessarily linear, but depends on
the condensation rate at each position on the flow path and on the vent
rate.

Finally, the condensate rain rate, or mass flow rate of condensate
raining onto a given tube, is a function of the number of tubes above it
and thus also depends on the bundle cross section geometry, although
according to a different set of criteria.

In dividing the bundle into groups for the computer calculation of
heat transfer, the size and arrangement of the groups and the sophistica-
tion of the calculation are dictated by the overall bundle geometry and
by the methodology\of the computer programs. ORCON, a program developed
at ORNL,5 calculates the overall heat transfer coefficient, steam pres-
sure, steam mass velocity, non-condensable gas fraction, and condensate
rain rate for tube groups in sequence moving from the entrance face to
the vent. An iteration procedure is used to match the total vent rate
and pressure drop with those required by the flowsheet. An inherent
assumption in the detailed design calculation of ORCON is that the
various film resistances applicable for a group are that of a represen-
tative tube, that 1s, one exposed to the same conditions as the average
of the tubes in the group. Thus, in preparing the computer program, the
correlations used are for individual tubes located within large bundles.

In the following sections, the methodology and correlations for

predicting the applicable individual tube heat transfer coefficients for
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tubes within tube bundles are reviewed, with reference to areas whére
the present experiments are directed. Where pertinent, theoretical and
semi-theoretical derivations are p}éséﬁtéd, includiﬁé ﬂﬁbéé developed in
the course of tﬁe.pfesént experimental work. No attempt has been made
to provide a comprehensive review of the literature of condensation heat
transfer. Most of the references, dealiﬁg'both with theoretical and
experimental aspects of the subject, pertain to simpler geqmetries'orh

flow conditions, and are not relevant to the current work.
Individual Tube Heat Transfer Coefficients-

In calculating the overall heat transfer coefficient for steam con-
densing on the outside of single horizontal tubes in which cooling water
flows in turbulent forced convection, five series thermal resistances.

were defined,

These film resistances divide the total temperature difference (ATlm)
into film temperature differences. Three of these resistancés arefi
located within flowing:streams and are exﬁressed éoﬁ%enfionélly as Tilm
coefficients based on the area where the films éfé'lééaféd.

Individual film heat transfer equations can be Wriﬁﬁéh for eééﬁ‘

film analogous'to Equétion (4).
Qp/8; = hy AT, - (8)

QT/AT = hc ATC (9)
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Op/Ag = hg ATg ' ) (10}

The wall resistance is obtained from the thermal conductivity and
thickness of the tube wall:

do In dl/dL

i a— e

and the fouling resistance from a suitable evaldéfion ofﬁ£he expected
fouling tendencies of the steam and cooling waféf;

In the present work only the two film coeffiéients gﬁ thew£ubé‘6ﬁ£1’
side (hC and hg) were investigated. The correlation equéfionléssﬁﬁéd for
predicting hi was the conventional Sieder-Tate tyﬁe:
0.1k

0.8 0.33 Mw
e

L C. (Re (12)
i & i

with Ci obtained experimentally for the tubes used in the condenser using

the Wilson plot method.

Condensate Film Heat Transfer Coefficient

The basic correlating equation for the heat transfer coefficient
for condensation on the outside of a single horizontal smooth tube is the
well known theoretical equation of Nusselt,6 commonly written in either
of two equivalent forms, one based on the film AT:
3 2 1/h
k A
r Pr &

hN = 0.725 Ta A ‘(13a)
f o @ %
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and the other on the tube condensation rate:

K 3\“0‘ 2 g /3
hN ="O.T6 £ £ " E e (l3b)

e T

The derivation of this equation, given in*many reference books,
requires the following assumptions:1

1. The heat delivered by the vapor is latent heat only.

2. The flow of the condensate film along the surface is laminar
with the heat of condensation transferred through the film by conduction.
3. The thickness of the film at any point is a function of the
condensation rate at that point and the net emount of condensate passing

the point.

4. The velocity gradient scross the film is a function of the
relation between the wall frictional shearieg force andkthe weight of the
film. There is no shearing force acting onvkhe fapor eide of'the conden-—
sate film.

5. The condensation rate at every point is propoftional'to the quan-
tity of heat transferred, which i1s in turn related to fhe thickness of
the film and of the temperature difference fetween the‘vapor’and the
surface. |

6. The condensate film is so thin/thaf the temperature gradient
through it is linear.

7. The physical properties of the condensate are taken at the mean
film temperature.

8. The surface is smooth and clean;

9. The temperature at the surface of the solid is constant.
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10. The curvature of the film is neglected.

A1l of these assumptions are reasonably met in the case of laminar
film condensation of slow moving steam on the cutside of a single hori-
zontal smooth tube.

It is of interest to note that one can derive a more general form
of the Nusselt equation by dimensional analysis without the need for the
Nusselt assumptions. By considering that the variables which affect the
heat transfer coefficient are the set: kf, uf, g, I', pf, the Buckingham

Pi method leads to the following relationship:

where the first term in parenthesis on the right hand side is sometimes
referred to as the Condensation Group, and the second term is seen to be
proportional to a film Reynolds number.

A prediction method using these groups was developed by Dukler7
based on boundary layer theory for application to vertically oriented .
condensing surfaces. He prepared parametric plots of the ratio of the
Condensation Group to the condensate film heat transfer coefficient
plotted against the film Reynolds number, with the condensate Prandtl
number and a vapor shear term as parameters. His theoretical predictions -
for the case of zero vapor shear, Prandtl numbers betweel 0.1 and 5, and
Reynolds numbers less than 100 asympotically approached the Nusselt
equation (laminar flow) predicted line drawn for the case of vertical
surfaces, That is, the exponent on the Reynolds number approached -1/3,
and the constant approached the Nusselt predicted value. There was no

sharp laminar-turbulent transition in Dukler's results.
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It is noted that a single ‘Horizontal tube With steameOndensing at
212°F on its outside will have a film Reynolds numﬁer (at 'its midpoint) of
2-5, depending on the values of U andfthééATlm.? Even the -bottom tube of
a 10 tube high array will have a Reynolds number less than 100, thus
lending theoretical support to the use of the Nusselt equation for pre-
dicting the performance of at least the top tube of a horizontal conden-
ser tube bundle.

Experiments by many investigators have confirmed the validity of the
single tube Nusselt equation for the' case of Frébh,8’9 andf‘érganics2 as
well as steam,l and over a range ‘of temperatures<and condensing rates.
Agreement is generally within ten percent. Where values differ signifi-
cantly, either non-condensable gas or dropWise~COn&ensation has been
suspected, either by the author or by latér investigators. 'Thus, it is
concluded that for the case of a single horizontal ‘tube (the top tube in
a bundle), no additional work is needed to'improve the existing correla-

tion.

Condensate Rain Effect

When condenser tubes are arrayed horizontgllybin bundles, in addi-
tion to the condensate continually formed én eéchA£ube, £here is a rain
of condensate onto each tube fromfabove, W%th ﬁhé ﬁhickness éf the total
condensate layer on the lower tubés reflec%ing;theiadded’flé%. Although
the single tube theoretical equation can nét bé appiied Qirectly,by
making several simplifying assumptiqns Nu;sel£6 dé;iveaha @odification
for predicting the mean condensaté film heét transfer coéfficient of a

vertical column of horizontal tubes. When written as az ratio of the
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mean condensate film heat transfer coefficient for a vertical colﬁmnAOf
n tubes (Eén> to that of the top tube (hN) as calculated from

Equation (13), the following simple relationship was obtained:

|

cn _ n—O.25

(15)

ol

The assumptions required (in addition to those used for the single
tube derivation) were:

1. Condensate drains as a laminar sheet from a tube bottom to a
tube top such that the velocity and temperature gradients are not lost
in the fall between tubes.

2. The condensation rates for all tubes¢in the colum are equa1.3

In contrast to the single condenser tube derivation, neither simpli—
fying assumption corresponds to actual conditioné in a sfeam c;ndénsé};‘
With regard to the first assumption, investigators have reported that

rather than laminar sheets, the condensate collects in discrete regions

on the undersides of tubes, and drains as individual drops or streams,

[T

presumably also mixing in the process.g’:LO ﬁt has also been nptedl
that the drops and/or streams do not strike only tﬂe tops of‘lower tﬁ£es
but strike anywhere on the upper halff With r?gard to the second,asggmp—
tion, the condensation rate per tube,‘ra£herwthap beihg‘a constant, ié
itself dependent on hc' The magnitude of ?hguvariation Aegénd%ﬁ?g the‘

magnitude of the condensate film compared to the other resistances. This
latter effect is conveniently handled by converting Equation (15) into
a form which gives the performance of a single lower tube in terms of the

Nusselt equation prediction at that lower tube condensing rate, rather

than the rate of the top tube. This is done by the following steps.
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Starting with the expression for the mean value of the condensing

coefficient for a colum of n tubes:

=|

cn n—0.25, (15)

al

the mean of the (n-1) tubes above the nth tube is:

h

C£§'1> = (0-1)70-2%, (16)
Then, noting that from the definition of the mean, one can write:
Bep =0 B = (0=1) b ooy, (17)

By substituting Equation (15) and Equation (16) into Equation (17), one

obtains the desired relation:

=

cn 0.75

=n = (n-l)o'75

(18)

ol

with hN evaluated at the condensation rate of the nth tube rather than as
in Equation (15) from the top tube.

In a similar mannér, the mean condensate film coefficient for the
bottom five tubes of a 5m high column of tubes (where M is a positive
intéger) can be obtained as a function of the mean value of a five tube
high colum, all based on Equation (15). Thus, the mean coefficient for

a 5m tube high column is:
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for a 5(m-1) tube high colum it is:

h
e5md) - [5(m1)170+%, (20)
Py
and for a five tube high colum it is:
h
_C__§_= 5—0.25 (21)
Iy

Defining the mean coefficient of the bottom five tubes of a 5m high

colum as:

_ L 3
(h o) == h (22)
c5'bottom 5 e=5(m-1) + 1 cs
and noting that, from the definition of the mean:
_ _ gm
5m h = 5(m-1) h + h (23)
c5m c5(m-1) =5(m-1) + 1 cs

the bottom five tube mean coefficient, in terms of the top tube is:

(h o) 0.75

Pos/vottom _ (5m)% 7% - [5(n-1)] (o1)
hN >
and therefore, the desired ratio is:
(hc5)bottom - (5m .75 _ [5(m—l)]o‘75 (25)
— 0.75

th 5


https://5(m-l)]o.75
https://5(rn-l)]o.75
https://5(m-l)]-0.25
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The latter expression is used in comparing the Nusselt theory to the
experimental data obtained in the present work, in which a five-tube high
bundle was utilized.

Equations (15) and (18) have been compared in the literature with
experiments invblving single vertical columns of tubes and also triangular
spaced Staggeféd tube arrays. In several of the studies, recycled con-
densaﬁe rainéa?ohto the top of the array to simulate even deeper bubbles.
Agreement betwéen theory and experiment has generally not been good, with
the data nearly always yielding higher values than predicted. In
Figufe 4 are curves representing data from several suthors.2»10»12-15
It is noted that the experimental results differ from each other by sig-
nificant amounts as well as deviating from Nusselt theory. These disagree-
ments betweeﬁ investigators, although noted previously,lo have not been
the subject of further theoretical analysis. Instead, the experimental
results have been fitted in most cases by empirical equations which are
essentially modified forms of Equation (15) in which the exponent is
empiriéally determined:

h

cn -3

E—N——=n (26)

Values of s in the range 0.07 to 0.20 have been reported.

Equation (26) can be used to derive an expression for the mean
condensate film heat transfer coefficient for the bottom five tubes in a
deeper array which is analogous to Equation (25) but in general form:

hc5)bottom._ Sm™ (27)
Y - S:I_--S
c5

(
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EFFECT OF CONDENSATE RAIN ON THE MEAN CONDENSATE FILM HEAT TRANSFER
COEFFICIENT ACCORDING TO VARTIOUS AUTHORS
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This expression was used in correlating the experimental data}obtéﬁned‘

in the present work.

Derivation of the Side Drainage Model

In the literature, the conflicting experimental effects of conden}
sate rain are reported without any explanation of the differing resulfs
obtained with a single vertical colum of tubes and with arrays in whith
the tubes are oriented variously with respect to each other, that is,
in-line or staggered triangular pitch, with varying centerline disténces.
In each case, all that defined the tube bundle for correlation purposes
was the number of tubes in a vertical column. This procedure unneces-
sarily ignores tube-condensate interactions which can influence the mag—
nitude of the condensate drainage effect. As part of the present work,

a new phenomenological model has been developed which accounts for this
effect and which hopefully can provide a more accurate measure of the
condensate rain effects for a variety of tube bundle layouts.

In Figure 5 are illustrated schematically the two common orien-
tations of tubes in tube bundles. In each instance, tube numbers for
a representative column are shown to illustrate the counting scheme. The
side drainage model proposed here deals with the differences in ggndensate
drainage patterns as between these two orientations. |

Figure 6 illustrates an equilateral triangular staggered layout with
a spacing (S/do) of 1.33 (a common spacing for steam condensers). For
3/4 in. to 1 in. OD tubes, the gap between adjacent ﬁéfiibﬂtal‘tubés is
thus 1/4 in. - 1/3 in. Shown in such a gap is a droplet of condensate

of 1/8 in. diameter, a size that is typical of those falling from tubes.
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SIDE DRAINAGE MODEL



25
Also shown is the 1limit of trajectory (shown as the centerline trajec-
tory) within which a drop from tube one will not strike either of
tubes "8" (the side tubes). It is noted that in order for the Nusselt
theory to be applicable, all of the drops must avoid striking tubes "S."

Since the tubes in a condenser are continuously coated with a film
of condensate, any drop which falls outside of the limits shown and
strikes either of the tubes "S" can be drawn by surface tension wholly or
partially onto them. These drops will strike somewhere close to the tube
midpoint of the side, and once absorbed will join the rest of the conden-
sate on "S." Since all tubes in a condenser have the same geometric
arrangement, this event, referred to as "side drainage," can occur with
equal probability on any tube.

The frequency of side drainage will depend on the probability of a
trajectory lying outside of the limits shown. Qualitatively, this in
turn may depend on the interactions of the following:

1. Orientation. A triangular staggered pattern should lead to more
side drainage than in-line. TIsoceles triangles (acute angle up) should
lead to more side drainage than equilateral triangles.

2. Spacing. The smaller the S/do, the more frequent should be the
side drainage.

3. Momentum. The greater the horizontal component of momentum of
the drops leaving a tube, the greater the side drainage. Horizontal
momentum will be greater when discrete rivulets flow over the surface,
and will increase with increased condensate flow rate.

L. Steam Velocity. When steam flows horizontally across tubes at

sufficient velocity, the drop trajectory will reflect the added lateral
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momentum. When steam flows vertically, its direction change with each
tube may alsc impart lateral momentum to the drops.

5. Misaligned Tubes. A tube misaligned in a bundle may receive a

greater or lesser amouwnt of condensate depending on its orientation with
respect to the side tubes. Drainage from a misaligned tube may all fall
onto a side tube, leaving the tube beneath it free of drainage.

Some of the above factors could cause condensate to strike the side
of the tube immediately below when no side tubes are present. In that
case, the limitation on the trajectory would be determined by the verti-
cal spacing between the tubes, with a small spacing practically insuring
a drop striking near the top of the lower tube. Thus simply rotating an
equilateral triangular array from staggered to in-line should signifi-
cantly reduce side drainage. Since the net effect of side drainage on
condensation will be to reduce the effect of condensate rain, it should
lead to an increase in the condensate film heat transfer coefficient of
lower tubes. This can be guantitatively predicted using the following

theoretical analysis.

Analysis of Side Drainage

If all tubes in a bundle drain condensate via side drainage and if
the condensate strikes the sides of tubes at their midpoint, then the
top half of all tubes will receive no drainage -- that is, they will gll
behave as top tube top halves. Kernl notes that the top half of a single
horizontal condenser tube will theoretically condense at a rate 1.2 times
that of the entire tube based on the Nusselt assumptions. Thus the con-
densate formed on the top half of all tubes in a bundle with side drain-

age will be 1.2 x 0.5 or 0.6 that of a top tube. The condensate rate for
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the bottom half of each tube can be approximated from the following.
Again assuming only side drainage, individual drops that leave each tube
will strike either right or left side tubes. This, on the average, willi
lead to condensate striking the lower half of each tube (except the top
tube) from both sides at a flow rate equal to twice the condensate load
if all drainage had been normal (tube bottom to tube top). This can be
visualized by drawing the hypothetic track of a single drop, Figure T.
If all paths were of this type, each tube bottom would receive the
average drainage from two vertical columns instead of one. If it is
assumed that the effect of the added condensate on the bottom halves of
all tubes is correctly predicted by the Nusselt theory, then the mean

coefficient for the bottom halves will be:

) = (en)™" (28)
bottom

;FWI
=

or, since half the tube area is inveolved, the contribution to the mean
tube bundle coefficient is half that amount. Thus, the predicted sumvof

the contributions of top and bottom halves of tubes will be:

h

_en _ 0.50
e 0.60 + -———-(En).% (29)-

The prediction of condensate drainage given by Equation (29) repre-
sents a theoretical minimum effect, hypothetically possible in staggered
tube bundle arrays only when there is complete side drainage. Actual
staggered tube bundles will be expected to have a distribution of drop

trajectories such that some fraction of the condensate falls as side
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drainage and the rest by top drainage, the fraction being determined by
the factors listed previously. At the other extreme, bundles conéigt%ng
of single vertical columns or of in-line wide spaced arrays will accord-
ing to this model have a H;n as predicted by the Nusselt theory.
To analytically express bundle performance which lies between the
theoretical maximum and minimum conditions, the parameter Fd has been

defined as the fraction of the condensate everywhere in a bundle which

occurs as side drainage. Thus:

hcn = Fd (hcn)side * (l-Fd) (hcn)top (30)

Substituti i i h
ubstituting Equation (29) and Equation (15) for (hcn)side and (hcn)top

respectively, and simplifying, one obtains the parametric equation:

—— = 0. N (31)
by d ,0.25

This equation and its adjustable parameter Fd provides a correlating
method which can be used in place of the purely empirical Equation (26).

A pair of tests performed by Ferguson and Oakden12 provides expefi;
mental support for the predictions of the model. The tests were performed
using a single vertical colum of 3/L4 in. tubes and a small staggered
triangular array of tubes of the same dimensions. In each case there was
downflow of steam past the tubes at various velocities. The effect of
the number of tubes on the condensate film heat transfer coefficient is
shown in Figure 8 along with lines representing Equations (15) and (29),
equivalent to Fd equal to zero and to wnity, respectively. It is seen that

each set of data agreed fairly well with one of the limiting equations.
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Data sets by the other investigators included in Figure L4 were?ﬁ'
mostly for staggered arrays, with various tube spacing, diameteré’and*
operating conditions. The data generally lie in the region between the
values of Fd of 1 and O. From an examination of the experimental parame-
ters, no relationship could be found between Fd and any parameters.

Another study which indirectly gives support to another aspect of’
this model is that of Young.13 Experiments were carried out using tri-
angular staggered arrays which were narrow (three tubes wide) and high
(seven to nine tubes). Tests were reported for two tube bundles with
smooth tubes. One of the bundles gave a value of Fd of close to unity
and the other a value closer to zero. No explanation for this difference
was offered by the author,l6 but in analyzing the results, it was found
that for the bundle with Fd = 1, a replotting of the data in the form -
of hcn versus n produced a pattern whereby several tubes had higher values
of hCn than either the tube above or below. This is consistent with the
misaligned tube hypothesis of enhancement due to side drainage, whereby
a tube misses receiving its condensate load from upper tubes because it,
or the tube above it, is misaligned. This effect was missing for the
case of the bundle with Fd nearer to zero.

It is concluded from the analysis of the available data that the
model of side drainage provides a potentially valuable framework for
accounting for and predicting the effect of condensate drainage in sfag—
gered triangularly arrayed tube bundles. It is hoped that future experi-

ments will shed light on the factors which determine F The present

ar
experimental program was limited to only one tube size and spacing, so

that it could not be used for that purpose.
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Effect. of Steam Velocity

The Nusselt derivations for single tube and tube bundle condensate
film heat transfer coefficient both assume that the velocity of the steam
flowing past the tubes is negligible. However, in steam condensers, the’
velocity everywhere in the bundle and especially near the front face
tubes’ 1is appreciable,‘so that its effect needs to be determined, and if
significant, properly taken into account.

There are two mechanisms that have been proposed whereby steam vel-
ocity can influence the condensate film heat transfer coefficient. First,
the vapor shear on the condensate film and on the falling drops could
influence the mean flow rate or the flow direction of the condensate and
thus affect the thickness of the condensate film.12 Second, the vapor
shear could cause the surface of the condensate film to become turbulent

o The

and thus increase the effective thermal diffusivity of the film.
magnitude of the first effect will depend on the direction of the steam
flow -- downward flow increasing the condensate velocity while up flow
having the opposite effect (and at sufficiently high velocity, flooding
the condenser in a manner analogous to a packed colum ). Horizontal flow
would.tend to transport condensate laterally without directly affecting
the film thickness. The second effect, that of turbulence enhancement ,
incréases the rate of condensation in proportion to the increase in tur-
bﬁlence it causes and the fraction of the tube on which is promotes the
turbulence. It should be independent of the steam flow direction.

~ Several experimental studies of the effect of steam velocity in hori-

zontal tube bundles have been reported. In one study, Fuks18 used an

eleven-tube-high staggered bundle containing 72 tubes with an S/4 of
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1.475. He measured both the effect of condensate drainage and steam
velocity, the latter directed downward over the bundle. For the condi-
tions investigated (steam temperature in the range 85 to 212°F and mass
velocity between 220 and 2100 lb/hr—ftg), the condensate film heat trans-
fer coefficient for the top tube {(where the effect of condensate rain would
not be present), was found to vary directly with the velocity head (Gg/p)
to the 0.08 power. This is also equivalent, at constant steam temperature,
to a variation with the mass velocity of Go'l6.

A study by Berman and Tuma‘novl7 gave the effect of a downward flow of
steam past a tube located within a dummy bundle with S/dO of 1.475. The
authors covered a range of steam temperatures from T5°F to 175°F and steam
mass velocities from 60 to 1000 1b/hr—ft2. They found an increase in the

condensate film heat transfer coefficient with increased steam velocity,

correlating the results by the empirical equation:

3 . 11.8/VNuN
e

s

=1+ 9,5 x 10~ (32)

6™

where Res is the vapor Reynolds number defined using the tube outside
diameter and the superficial steam velocity, and I\Tu“T is a condensa-

tion Nusselt number, defined as:

(33)

The authors also presented their data as a power function relationship.
For the range of mass velocity covered they found that the condensate
0.15%0.05

film heat transfer coefficient varied directly with G , where the
s

exponent increased with increasing condensing rate.
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Rachkolg, using two ll-tube-high staggered arrays with different tube
spacings, studied the combined effects of bundle depth, tube spacing, con-
densing rate, steam velocity (downward) and steam temperature. He cor-
related the separable effect of steam velocity in power law form, finding
that the condensate film heat transfer coefficient varied directly with

Uol2d for the bundle with s/dO of 1.475 and with GO'22

@ for S/dO of 1.625,
All of the reported experiments dealt with the downflow of steam
through staggered arrays. They are in agreement that the condensate film

heat transfer coefficient varied directly with the steam velocity. As
noted by Berman,17 the use of a simple multiplicative term to express the
steam velocity effect is mechanistically wrong, since it does not extrapo-
late at zero velocity to the Nusselt equation, and thus can be regarded as
valid only within the range of velocities covered by the experimenters.

The difference between steam flow down versus horizontal across a
horizontal bumndle has not previously been studied. If the mechanism of
enhancement by steam velocity is by a thinning of the condensate film, it
is likely that a horizontal steam flow will have a smaller effect than

downflow. In the present experiment, the effect of horizontal flow was

studied.
Non-Condensable Gas Film Heat Transfer Coefficient

The effect of non-condensable gas on steam condensation is to
decrease the temperature of condensation from fhe saturation temperature
at the total pfessure in the condenser (for the case of pure steam) to
the saturation temperature at the partial pressure of the steam at the

cooled surface. There are two separable effects which occur, that due to
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the concentration of the gas in the bulk steam-gas mixture, and that due
to the buildup in its concentration in the vicinity of the tube wall
where the condensation is occurring.
The first effect is handled in detalled condenser performance cal-

culations by using a AT based on the steam saturation temperature for

Im
the bulk steam-gas mixture flowing by that region as calculated from the
local gas concentration. The second effect, the gas film temperature

drop, results from the gradient of steam partial pressure in the vicinity

of the tube. This gas film temperature drop is related to hg’ the non-

condensable gas film heat transfer coefficient by:
Qp/Ap = h A’I‘ (314)

The correlaticnof hg is not carried out using heat transfer parameters,
since the process occurring is one of mass transfer of the steam across
a partial pressure gradient to the cooled surface. There is no detectable
temperature drop (and thus no resistance) involved in the actual phase
change occurring at the surface. The conventional approach has been to ..
relate hg to a mass transfer coefficient. The simplest one, and the oné;

adopted in this work is defined by the equation:

-T )=xk (psb—psc)+ho(Tb—Tc) (35)

For small differences in partial pressure across the film, and

neglecting the sensible heat transfer which occurs coincidentally with
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the mass transfer of the vapor, one can write:
h =ik (37)

Although there is always a small amount of sensible heat transferred
during condensation in thé'presence of gas; for the usual case where the
steam enters the condenser saturated, tﬂe Sénsibie heat transferred is
a negligible fraction (about O.l‘pércent)’of the latent heat, and has

been neglected.

Colburn Analogy

One of the first and the most commonly used method for predicting
mass transfer coefficients for a wide varie@y qf flow geometries is the
J-factor analogy proposedkinitially 5y Cﬂiiﬁgq gnd Colburnzo based on
approaches by Nernst21 and Lewis.22 By én;ioéy“with the Colburn equation

for turbulent convective heat transfer:

- 22 ()% T (Re) (38)

they proposed that the mass transfer coefficient could be correlated by

an equation of the type:
= £EB—2(8¢)" = £ (Re) (39)

where both f(Re) and a are the same as for heat transfer in the same flow

¥

geometry.



37
For the case of cross flow on the outside bf tube bundles, the

Colburn heat transfer equation is:

h
—2 (pr)

C
P

2/3 0.4

=0.33 Re_ (40)

for the flow orientation in the present work (flow through a triangular

spaced array in the in-line direction.23 Thus the j;factor'equation

applicable to the present work based on the Colburn analogy is:
af

k p M
£ & I (Sc)2/3=0.33Re_0'b' (41)

G M
S

Stagnant Film Model

Chilton and Colburn, in presenting their j-factor equation of mass
transfer, noted that the use of Eé, the mean gas partial pressure, defined

by:

was justified as being a consequence of the molecular diffusion process
occurring in a thin stagnant film adjaceﬁt to the cooled surfacepx This
can be demonstrated by the following derivation for one-dimensional dif—
fusion of one fluid through a stagnant region containing a second fluid.

The system considered is shown in Figure 9. The diffusion equation,

written in terms of mole fractions and molar flow rates is:

d X
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For the case of a stagnant gas, Ng is equal to zero, and the equation

can be integrated with the boundary conditions:
X =X at z = 3§

s sc
to yield:

1 -X :
_ _pD sb )
Ns - Mbé in 1 - XSC §5

Replacing 1-X . by X and 1-X by ch, and assuming Dalton's Law:

sb gb , sc
D, = X p, (15)

results in:

which, after substituting the defining equation for Eé (Equation Lk0),

results in:

Y = e (e - P o)
Since from Dalton's Law:
pgc - pgb = Pop T Pye (48)
the resulting equation is:
No=—2— (p -p ) (h9)
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or, in terms of mass flow units,

pD'M

W=
$ pg Mb

. (pSb -p ) (50)

sc

Comparison with Equation (34) yields the expression for the mass

transfer coefficient:

(51)

This result can be applied to the case of mass transfer from a tur-
bulent.flow of a steam gas mixture parallel to a cooled surface by assum-
ing that within the turbulent region there is perfect mixing of the steam
and gas and it acts as an infinite source of steam. Assuming that the
same stagnant film thickness applying to forced convection sensible heat
transfer also applies to the case of forced convection mass transfer, and

noting that the film thickness for sensible heat transfer is given by:

k
8 = o (52)

the Colburn heat transfer j-factor can be written:

Jg T % G
P

in terms of &.
Substituting for 8§ the relation obtained from Equation (51), one

gets:
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Multiplying by (Le)l/3 where Le is the Lewis number, the ratio of the

thermal to the mass diffusivities:

one obtains the Colburn mass transfer j-factor:

K =

Sy = —ﬂgﬁﬁ—b (5¢)2/3 (55)
The Lewis number is introduced simply as a means of replacing thermal
diffusion parameters with mass diffusion parameters by a dimensionless
exchange. The dependence of sensible heat transfer on the Prandtl number
was arbitrarily assumed by Colburn to carry over as an identical depen-
dence of diffusive mass transfer on the Schmidt number.

This analysis verifies that in order to obtain the desired relation
between jH and jM’ Chilton and Colburn assumed that the governing mechan-
ism of mass transfer was molecular diffusion through a stagnant fluid,
and that the same thickness of film applied tc mass transfer as to heat
transfer. The validity of the mass transfer analogy rests, as with all
of the semi-theoretical turbulent flow correlations, on experimental

verifications.

Experimental Verification of the Colburn Analogy

The Colburn heat transfer-mass transfer analogy has been found valid
for a number of flow geometries,Eh including turbulent flow inside tubes,
flow past flat plates, and flow around spheres and cylinders. The mass
transfer processes used in all of these experiments involved either

evaporation,absorption, or sublimation, with very low mass transfer rates
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used in all cases. In a recent study ~ the analogy was found to ade-
quately correlate the data for condensation from a steam-gas mixture in
turbulent annular flow. Thus there appears to be good reason to consider

that the Colburn j-factor correlation would provide a suitable basis for

predicting hg for steam-gas condensation on the shell side of condensers.

Spalding Analogy

Witﬁin the overall conceptual framework of the mass transfer-heat
transfer analogy, it is possible to derive a set of j-factors based on
an alternate to the stagnant film model; namely, the Reynolds flux model.
Originally postﬁlated by Reynolds,26 it has more recently been elaborated

2T

by Spalding and discussed, with application to steam-gas condensation,
by Silver.28 The model is based on the concept as stated by Reynolds,
that the processes of heat transfer, mass transfer and momentum transfer
occurring near a phase interface are:

very much like a bombardment of the interface by fluid, plucked out
of the main stream and brought at least partially to equilibrium with
the interface. The effectiveness of the flow in promoting friction,
heat (and mass) transfer could be measured by giving a number to the
bombardment rate.2T
Spaiding called the bombardment rate the Reynolds flux, and derived a
general equation for describing both heat and mass transfer in terms of
the Reynolds flux, which with specific modifications would be applicable
to a number of industrial processes. In the derivation to follow, the
terminclogy will refer to steam-gas condensation.

Referring to Figure 10, the control volume represents a region close
to and at equilibrium with the condensate film. The (molar) flow rate of
bulk fluid (considered, as in the stagnant film model, to be flowing in

)

turbulent flow) which enters the volume is the Reynolds flux (gR
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with its composition that of the bulk flow. vInfthe case fof heat transfer,
this fluid equilibrates in temperature with the wall and then returns at
the same flow rate. The heat transferred is then related to the Reynolds

flux by:
g = ho/Cp o , (56)

With condensation the fluid leaves By two paths';'ﬁhe gquantity con-
densed (NS) flowing to the wall, while the fémaining (gR—Né) re-entering
the bulk stream.

A molar flow balance for steam around the control volume yields:

B Xgp = (gR - Ns) e+ N (51)
solving for Ns:
X, =X
sb sc
N o=eg T3 (58)
sc

and assuming Dalton's Law:

D+, = P
sb sc
ge
Converting to mass rather than molar flow rate, and-assuming that the
mean molecular weight of the Reynolds flux 'is:
Mo+ M
Mg = (60)
the mass flow equation is obtained:
g M
_ R's
Wy = P M (psb - psc) (61)



L5
which results in the mass transfer coefficient-Reynolds flux relation-

ship:

The basis of the analogy between mass and heat transfer is the
equality of the Reynolds fluxes, along with, as in the case of the stag-
nant film model, replacing the Prandtl number by the Schmidt number.
Equating the Reynolds flux for sensible heat transfer, from Equation (56)

to the Reynoclds flux for mass transfer:

M
(g.) =k (ME) (63)
8

€R’mass g “gce

transforms the sensible heat transfer j-factor equation for the case of
cross flow in the in-line direction across tube banks into the analogous
Spalding mass transfer j-factor equation:

k p
EEC () (sc)P/3 = 0.33 Re 0" (61)

mz‘mz

Equation (6L) differs from that based on the stagnant film model in
the use of pgC Mg in place of Eé Mb' Spalding in an attempt at further
generalizing the Reynolds flux model showed that by modifying the basic
assumption of a single control volume to that of an infinite number of
small control volumes, he could also obtain a result identical with the
stagnant film model. The Reynolds flux model thus appears to provide a

more general approach to the heat-mass transfer analogy than the stagnant
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film model. It also provides a better phenomenological model for the
specific case of flow across tube bundles. This is discussed in the next

section.

Cavity Flow Model

When a fluid flows normal to the tubes of a closely spaced tube
bundle (that is, for S/do<2.0) particularly whep the flow is in the in-
line direction, as shown in Figure 11, the flow battern cannot be con-
sidered analogous to flow parallel to a'shrfacé, or even to flow past a
single cylindef: “Specifically, a large fraqfion of the tube surfaces
bownd regions which are not along ﬁhe fldw bat?, as indicated by the
shaded portion'in the illustration. Thesé’regions are referred to as
pseudo-cavities, and the flow characteristics aisplayed by such a tube
bumdle are taken to reﬁresent an exaﬁpie of tﬁ£bulent convective flow
past cavities. -

A cavity ig described in‘this contexf"és a volume all of whose
boundaries are solid éurfaces except 6Ae,~whi;h:itself is an extension
of another solid surface parallel to which a fluid flows in turbulent
forced convection. The shape of the cavity is not considered important
provided that the included volume is the same order of magnitude as the
flow volume through which the fluid travels in passing the cavity. A
pseudo-cavity is one which is open at two parallel boundaries, and which
is symmetrical with respect to the plane at the center of the two open
boundaries. It can be taken as representing two cavities back to back,
with no net flow between them, with the same laws applying as with cavi-

ties.
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A hypothetical cavity is drawn in Figure 12, along with an indica-
tion of the bulk flow past it. It can be seen that the mechanism of heat
and mass transfer for the surface outside of the cavity will be con-
siderably different from that on internal surfaces. Whereas the former
could be described either by the stagnant film model or the Reynolds flux
model, the latter of necessity must be based on the Reynolds flux, since
the large cavity size precludes a high rate of diffusion flow, and since
significant flow into and out of the cavity will take place by eddies
originating in the bulk. By drawing the control volume boundary around
the cavity, one phenomenologically justifies the use of the Reynolds flux
derived j factor for the case of mass transfer due to flow past cavities.
Insofar as flow across tube bundles can be represented by the cavity
model, then the Reynolds flux model appears to be the more appropriate
one to use in correlating the steam condensation data. The present
experiments provided a suitable test for that determination.

The analogy between sensible heat transfer and mass transfer based
on the Spalding j factor assumes that the same Reynolds flux that brings
heat into the control volume (the cavity) also transports the mass (the
steam to be condensed, in the present case). If the mass transfer rate
is large compared to the Reynolds flux, very little flow will return out
the entrance to the cavity. In the limit, the return flow will be zero.
Under this hypothetical condition, there is no mechanism for transporting
out of the cavity the non-condensing gas portion of the incoming Reynolds
flux, and its concentration will rise within the cavity until the partial
pressure of steam falls so low that condensation ceases. This process

describes a possible mechanism for the familiar gas blanketing of
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condensers in which part or all of a condenser bundle will stop con-
densing due to a steady state accumulation of gas.

In the present experiments, the predicted Reynolds flux, as calcu-
lated from Equations (63) and (64), was in the range 5-20 lb/hr-f“t2 for
steam mass velocities between 100 and 1000 1b/hrff§2 gt a steam tempera-
ture of 230°F. For an overall heat transfer coefficient of

1000 Btu/hr—ft2—°F, and a AT. of 10°F, the condensing rate (in the

im
absence of non-condensing gas) would be 10 ;b/hr—ftz. Thus, the present

experiments clearly represent those where the mass transfer rate is large
compared to the Reynolds flux. It is noted that there have been no other

reported experiments testing the analogy at large mass transfer rates.



CHAPTER IIT

DESCRIPTION OF EXPERIMENT

Condensation Research Program

The present research had as its principle objective the operation of
an experimental steam condenser over a wide range of operating conditions
of interest to the multistage flash distillation process in order to pro-
vide verification of design correlations for predicting the two shell
side film heat transfer coefficients. The work consisted of the design,
construction, and operation of an instrumented condenser and associated
loops, and the acquisition of data in the following areas:

1. The effect of condensate rain, steam velocity and temperature
on the condensate film heat transfer coefficient.

2. The effect of non-condensable gas concentration, steam velocity,
temperature and condensing rate on the gas film heat transfer coefficient.

A secondary objective was to verify the performance of enhanced tubes
in increasing the convective film heat transfer coefficient above that
for smooth tubes. The tube type used had previously been tested only in
a single tube condenser. The method of enhancement (in the form of a
shallow indentation) did not affect condensation in single tube tests,
so that the use of the tube was not expected to interfere with the pri-

mary objective of the work.

Equipment Design Criteria

A horizontal multitube experimental steam condenser was designed
specifically for present work, and included the following tube bundle

features:

51
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1. Overall heat transfer coefficients were to be obtainable for
five horizontal 1l in. OD.by 8:ft -long condenser tubeé arrayed vertically
within a staggered triangularly spaced bundle.

2. The*five 'instrumented tubes were surrounded by 27 other identical
active tubes.

3. The-active tubes were surrounded (ﬁpstream and downstream) by
dummy tubes providing-entrance and exit.steam flow conditions for the
active array.

L. Condensate collection rates from beneath the active bundle and
from beneath the upstream and downstream dummy bundles were to be measured
separately.

5. The entire bundle was baffled and contained.in a pressure vessel,
The baffling distributed steam from the 'inlet pipe wmiformly across the
full width of the bundle minimizing bypassing of the steam around the
bundle. The pressure vessel was designed for operation over the steam
temperature range 130°F to 260°F.

6. A viewport and optical periscope were provided for examining
the shell side of -active tubes while in operation and thus determining
the mode ‘of ‘condensation (dropwise or filmwise) ‘and.the presence of
solids fouling.

T. ©Spray tubes were installed above the aétive bundle for recycling
condensate spray onto the top tubes of the éctive bundle.

External piping loops were constructed to provide the following:

1. Clean saturated steam at temperatures from 130°F to 260°F at

rates to 10,000 1b/hr.
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2. Recirculating cooling water to provide tube side water velocities
of 2 to 20 ft/sec at cooling water iﬁlet temperatures between condenser
steam temperature and ambient process water temperature.

3. Heated condensate at temperatures C - 5°F below steam temperature
at rates up to 20 gpm to supply the spray tubes.

4. A barometric direct contact vacuum condenser to condense steam
leaving the test condenser at rates to 10,000 1b/hr.

5. A gas addition system to inject controlled amounts of nitrogen
gas into the steam feed to the test condenser.

Most of the equipment, including the shell of the test condenser and
the clean steam generator, consisted of modified surplus pressure ves-—
sels, heat exchangers and open tanks. As a result the design and layout
of the components reflected the compromises necessary to use the surplus
equipment.

The layouts of the equipment and the detailed design of the com-
ponents were prepared prior to construction and are documented on a
series of drawings on file at Oak Ridge National Laboratory. A simplified
flowsheet is shown in Figure 13. What follows are short descriptions of
the principal components and systems along with theilr operating character-

istics and capabilities.
Condenser Design

Shell
The steam condenser shell is a 3 ft diameter, horizontal 8 ft long
Inconel cylindrical pressure vessel of approximately 1/2 in. wall thick-

ness with a circumferential flange near the (axial) midpoint. Cooling
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water enters the shell at one end through a single 4 in. Schedule L0 pipe
and leaves at the opposite end through five 1 in. Schedule 40 pipes and
a single 4 in. Schedule 40 pipe. Steam enters and leaves the shell at
right angles to the water tubes through two 8 in. Schedule 40 pipes
iécated opposite each other horizontally at aﬁout the midpoint of the
tube bundle., All cooling water and steam pipes connections use Flexmaster
couplings. Other shell-.penetrations include condensate drain lines,
temperature and pressuré ﬁaps, and a flanged 1 in. ID hole for viewing
. the condensing side of:several tubes during operation using an optical

.periscope.' Figure 14 is a photograph of the installed vessel.

Steam Distribution Baffles

Steam enters the shell through a 6 1/4 in. ID inlet sleeve, strikes
a baffle plate and is diverted into two streams flowing parallel to the
tubes and contained in distribution boxes. The distribution boxes them-
selves contain internal baffles and are perforated with holes in the
direction of the tube bundle in order to promote a uniform flow velocity
across the bundle and absdrb the inlet velocity head. Downstream of the
distribution box discharge holes is a flow straightener consisting of a
4 in. thick aluminum 1/4 in. honeycomb grid.

At the steam exit arejtwo flow distribution boxes and an exit sleeve

essentially the same as at the inlet.

Bundle Con fi guration

The test bundle, shown in a schematic cross section in Figure 15
consists of a square array of one hundred sixty-three 1 in. 0D by

0.035 wall 90-10 cupfonickel tubes spaced on a 1.33 equilateral
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triangular pitch. Steam flow is horizontal and in-line (parallel,to”

the triangle side) while condensate drainage is staggered.- .The 1ength
between tube sheets is 6.73 ft giving a heat transfer area per tube of
1.76 ft2 or a total active tube heat transfer area of h7.56=ft2., The
superficial flow area for steam at the faces of the bundle‘wastB.MS‘fte.
The flow area between tubes measured along centerlines between adjacent
tubes (As) was 2.2U £t°, Two full intermediste support baffles are pro-
vided which divide the shell into three equal parts. The 27;active;tUbes~
are located centrally in the bundle (Figure 15) in five staggered vertical )
colums. All columns except the central one terminate at both their
upstream and downstream ends in common water boxes and are.sealed with
rubber O-ring gaskets. The five central tubes pass through the down- ~
stream tube sheet with O-ring seals and then through the water box-and--
the pressure vessel using drilled out Swagelok fittings with Teflon seals
and Flexmaster couplings, respectively. These five tubes were used for
the measurement of heat transfer coefficients.

Directly above the active array and aligned with the same pitch and
orientation are three perforated 1 in. OD by 1/16 wall stainless‘stéel
spray tubes in a horizontal row headeréd together at one end.- The middie'
tube of the three penetrates the shell through a Flexmaster .seal, -The
portion of the middle tube within the bundle contained 1/8 in. holes on:
3 in. centers drilled in two staggered rows along lines 30°F from the
tube bottom in the direction of the central tube.

The remaining 133 tubes are dummy tubes, used for establishing.a:
flow pattern for the active tubes similar to that inside a deep.bundle.

The dummy tubes were fabricated of 1 in. OD thin wall stainless steel

tubing.
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Optical Periscope

An access space was left in the dummy tube bundle for installing a
periscope. The space resulted from omitting 3 in. long sections of 13 of
the dummy tubes on the downstream side of‘the active tube bundle. Small
tube sheets support the ends of the sectioned tubes on each side of the
access, The optical periscope could be lowered through the flange Vith,
its mirror system facing upstream to observe condensation on the'downétfeém
half of 5 of the active tubes for about 2 ft of their lengths witbma mini-
mum of disruption of the steam flow pattern. o

The optical periscope (Figure 16) consists of a 3 ft long 1 i;.
diemeter barrel containing periscope optics. A nitrogen sweep of the
periscope optics provided cooling,and a high temperature sealant for the
protective window was used. The periscope was inserted and removed only

during shutdowns.
Support System Design

Cooling Water

The cooling water system supplies heated recirculated process water
at flow rates sufficient to give water velocities within the tubes of up
to 10 ft/sec. The system consists of three Monel storage tanks connected
in parallel with a total capacity of 1000 gal, a centrifugal pump of 400
gallons per minute flow rate, a steam mixer pipe for initial preheat of
the recirculating water (using the building 50 psi steam supply) andAa
cold water supply and hot water overflow system at the storage tanks for
rejecting the heat picked up by the recirculating water. The system

piping contains three bypass loops and associated flow control valves.
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One loop contains a filter for removing rust and other particles from

the circulating water. The second loop contains a small heat exchanger
for removing pump heat during standby operation of the cooling water
system. The third loop is used to control independently the pressure and
flow rate of water in the main flow piping at the condenser. Most of

the piping in the cooling water .system, including the 4 in. water supply
lines to the condenser and the L in.-and 1 in. discharge lines from the
condenser are made.of mild steel.

The flow of water into the active tubes was regulated with hand-
operated valves. The cold water makeup valve was pneumatically operated
and was cohtrolled by a temperature controller which senses the inlet
water temperature to the test condenser.

Thermocouples are installed in wells located in the inlet and dis-
charge b in. lines and are inserted into each 1 in. tube through elbows
located at the discharge side. The thermocouple junctions are located
on the tube axes approximately 5 in..downstream from the ends of the
heated portions of the tubes to provide a mixing length of 5 L/D. At
this axial location, the tubes are within the downstream water box. Since
the temperature difference between the cooling water inside and outside
of the tube is small (approximately 1°F), within the water box, the heat

loss or gain in this section is negligible.

Steam and Spray Water

The steam and spray water system éontfdié the environment for the
shell side of fhe active tubes. This inéiudéévindependent control of the
steam pressﬁre, éteam mass flow rate ieé&iné{£he condenser, non-condensable
concentration entering the bundle, and rafe Bf inundation of the active

tubes by the spray tubes located immediatély above the active bundle.
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The steam supplied to the condenser is generated in the tubes of a
10 MW stainless steel U-tube heat exchanger. Building steam at up to
250 psi pressure on the shell side is used to boil the water which is
fed to the tubes with a high head centrifugal pump. The wet steam formed
in the tubes passes through a pneumatically operated throttling valve and
into a 2 ft diameter entrainment separator containing an impingement plate
and 8 in. of stainless steel Yorkmesh. Pressure upstream of the throt-
tling valve is kept at a sufficiently high level so that the valve is
maintained in approximately a half-open position. By locating the
throttling valve upstream of the entrainment separator, superheat is
eliminated by adjusting the feedwater flow rate and the steam pressure
so that wet steam is generated.

Nitrogen gas is metered into the steam inlet piping through 1/4 in.
tubing from a station consisting of six nitrogen cylinders connected to
a common pressure regulator and gas rotameter. The location of the
nitrogen addition point is Jjust downstream of the entrainment separator,
providing a distance of 10 pipe diameters plus the condenser inlet
baffling to obtain good mixing with the inlet stream.

Water drained from the entrainment separator is returned, along with
condensate from the test condenser, to a 360 gal Monel boiler feed
storage tank. Makeup water supplied to the tank from the building demin-
erglized water system 18 deaerated in a vacuum deaerator.

Uncondensed steam leaving the test condenser passes through an 8 in.
manually operated condenser vent valve into the barometric condenser.
This consists of a 3 ft diameter spray chamber mounted on a 40 ft high

by 12 in. diameter barometric leg draining into a 10 ft diameter open
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tank. The tank discharges through an overflow to the building waste.
Two parallel steam jet ejectors maintain a 28 in. vacuum in the spray
chamber. The chamber contains two rings of spray nozzles which spray a
metered flow rate of building tap water into the spray chember. The
mixed spray water and steam condensate drains through the barometric leg.
A stainless steel rupture disc is located in a L in. OD stainless steel
bypass line running from the inlet steam line to the discharge line
downstream of the condenser steam discharge valve. The disc was sized to
rupture at a pressure differential of 50 psi. Since the downstream side
of the disc was always at a vacuum, this permitted operation of the con-
denser to saturation temperatures of 250°F.

A 5 gpm pump taking its suction from the boiler feed storage tank
provides water for the spray water system. Since the temperature of the
water in the storage tank will be lower than the condensate temperature
due to the amount of cold demineralized water makeup added, a steam
jacketed single tube heat exchanger preheated the spray water entering
the test condenser to the desired temperature of 1 - 3 degrees below the

condenser steam temperature.
Tubing Description

The enhanced tubing (Figure 17) installed as active tubes in the
test condenser (rope tubes) were fabricated of 1 in. OD 90-10 cupronickel .
with 0.035 in. wall. The original smooth surface of the tubing has been
modified by indenting a pattern consisting of three equally spaced,
parallel, smooth contoured spirals approximately 1/2 in. apart. Tests

performed by Oak Ridge National Laboratory29 have shown that this tubing
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FIGURE 17

SPIRAL INDENTED (ROPE) TUBE
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type provides an - increased convective film coefficient of up to a factor
of two times smooth tubing while increasing the friction factor an equal
amount. No enhancement of the.condensing side was observed.
A sample of tubing from the same batch as used.in this condenser gave
a value of convective film constant Ci [ for Equation -(12)] of 0.04T in
tests conducted in a single tube test condenser uéing the Wilson plot

method of evaluating individual coefficients.
Instrumentation

The instruments used in the multitube condenser:were of three cate-
gories according to their function-in the system::

1. Instruments used in determining the overall heat transfer
coefficients of the five test-tubes.

2. Instruments used in determining the values of the experimental
conditions to which the five tubes are exposed.

3. Instruments used to monitor the loop operation.

The overall heat transfer coefficient for each test tube is cal-
culated from measurements of the individual tube coolant water flow rate
and outlet temperatures and the common inlet water and bundle steam tem-
peratures. The cooling water flow rates were measured by variable orifice
meters (rotameters) chosen to cover the flow rate. range of interest. Each
rotameter was calibrated at room temperature over its entire range prior
to installation. At least once during the‘experimental program, each
rotameter was removed from the loop and its calibration rechecked, with

no deviation from the original calibrations found.
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Temperatures of inlet and outlet cooling water, of steam eptering
and leaving the condenser shell and of steam at the downstream side of
the active tubes within the bundle were measured using 1/8 in. OD stain-
less steel sheathed chromel-alumel thermcouples installed directly into
the flowing streams through pressure fittings. The voltage of the thermo-
couples were read in random sequence using a Leeds and ‘Northrup ‘K-3
Universal potentiometer and were also monitored with a Beckman -expanded
scale voltmeter connected to a Brown Elektronik recording voltmeter.

A1l thermocouples were calibrated prior to installation at the ORNL Cali-
bration Laboratory over the full temperature range of interest (100-
300°F) along with their thermocouple connecting leads, multiple position
switch, and cold junction. To provide a periodic check on the’thermo~
couple accuracy, an 8 in. OD by 12 in. high solid copper cylinder:wrapped
with nichrome heaters and insulated, was used to cross calibrate-thermo;
couples as described in Appendix C.

In addition to the temperature and flow measurements needed for cal-
culating overall heat transfer coefficients, calibrated flow and tem-
perature sensing instruments were used to define the experimental 'co'hdi—“
tions in the neighborhood of the five instrumented tubes: ' They inéludedt
two gas rotameters of different ranges for metering Né into the steam
entering the test condenser, a rotameter and thermocouple to -measure the
flow rate and temperature of condensate fed into the' three spray?tubeé,:;
and an orifice plate with a differential pressure cell and thermocouples
to measure the flow rate and temperature rise of the cooling-water used

to condense the vented steam.
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Calibrated rotameters were also used to meter the condensate flow
draining from directly beneath the active bundle and from upstream and
downstream dummy bundles. This enabled an independent determina£ion 6}‘
the total condensate produced, and an estimate of the fraction og theu
condensate which disperses as it drains through the bundle. Itf;léo pro-
vided a better estimate than the spray tube flow rate of the effecti#éd

inundation resulting from operating the spray tubes, since some of the

spray water spattered onto the dummy bundles.
Fouling Prevention

It was desirable that there be no solids fouling of the condenser
tubing. In order to prevent fouling on the shell side, only stainleg;
steel and Inconel pipe and equipment were used (with the exception of
several brass valves). In addition demineralized deaerated water Qaé
used for makeup for the steam supply system and a nitrogen blanket‘was
maintained on the condenser shell during all shutdowns. Initiaily:no gre—
cautions were taken to prevent fouling of the tube inside and fhere ﬁas
no indication of loss of performance with time. However, aftef oﬁe long
shutdown, iron oxide which formed on the steel piping during tﬁé shugaoﬁn
deposited on the tube walls, causing a measurable loss in tube ﬁéf-“.
formance. This was corrected (after investigating several alternative
methods) by cleaning the circulating water system piping with 5 pefcéﬁ£ 
citric acid, passivating with a proprietary sodium polyphosphate (Naico

345) and maintaining a circulating concentration of about 200 ppm of a‘

proprietary chromate inhibitor (Nalco 270).
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System Operation

The condenser was normally operated only during the day timé?AﬂDuring
overnight shutdown, the cooling water supply to the test condense;léctive
tubes and to the vent condenser spray nozzles were left set at theif
normal settings and a nitrogen blanket was maintained on the shell side of
the condenser.

To heat the system, building steam was bled into the recirculéf&né‘
cooling water to the active tubes using the steam mixing pipe, andyfhe
temperature raised to about 30°F below the desired steam temperaturé.

The steam bleed was then discontinued, and steam was admitted to the'
shell side of the steam'generator, the feed pump started, and its fibw
adjusted (manually) to be greater than the expected steam demand for the
following runs. As the pressure of the shell side of the test condenser
rose, the condenser vent valve was opened and the jet ejector of the
vent condenser activated. The steam flow control valve was then set at
the desired shell side (steam) temperature. If the valve was not con-
trolling properly the pressure of the steam on the shell side of the
steam generator was readjusted as necessary to provide the pres;urgbdrop
across the control valve that was needed (at the flow rate of interést) fo
maintain the valve in a partly opened condition.

As the circulating water temperature increased and approached the
desired range, cold makeup water was admitted into the recirculéting‘
water system using a normally controlled valve. As the inlet water tem-.
perature reached its desired value, the makeup water flow was put;oﬁ, ;
automatic operation based on the inlet water to the test condenser. The
vent rate from the shell side of the condenser was readjusted as .needed

and the system given several hours to reach a steady condition.
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Runs normally consisted of taking one set of temperatures an@tflows
at a steady operating condition which generally took about'15 miﬁutes.
The initial temperature measurement was rechecked following reading of
the last data point and if the reading had changed by more than 0.3°F,
the data were discarded and another set obtained.

The normal procedure for a series of runs was to establish a‘steady
steam temperature, cooling water inlet temperature and’steam velocity for
the first run. Then one parameter was varied, that is, nitrogen flow
rate, steam velocity, spray water flow rate, or cooling water velocity
with about an hour allowed for equilibrium before data were taken. In this
way, about four or five runs were made in one day. The last run of “each

day generally duplicated the initial run conditions.-

Error Analysis

There are three separable types of errors in the exper;mgntal déta.
These were: -

1. Errors due to the inherent inaccuracy of the measuring_?nsﬁ;uf
ments, including the calibrated thermocouples. -

2. Errors due to the inability to maintain constant exp?rimeptal
conditions during the data taking period.

3. Errors in calibration of the measuring instruments.

The errors inherent.in the measuring instruments were estimateq as
follows. The flowmeters (rotameters and magnetic'flowmeter)jwere e;ti—')
mated to be accurate to within 1 percent of full scale. The orifigeg were
estimated to be accurate to within 2 per cent of full scale.l“In gener;}?
the flowmeters and orifice readings were in the range 50 to 100 per centr

of full scale, leading to errors of the order of 1 to 2 percent of the

indicated flow for the flowmeters and 2 to 4 percent for the orifice plate.
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The thermocouples were all initially calibrated. The inherent sta-
bility of the calibrated thermocouples (their ability to duplicate a
reading after frequent cycling of their temperatures) is not known, but
based on the results of the cross calibrations, their accuracy was
about *3 Mmicrovolts, equivalent to +0.15°F. The thermocouples were read
using a Leeds and Northrup Model K-3 potentiometer that can be read
accurately to 0.1 microvolts, an order of magnitude less error than from
the thermocouples and therefore not of significance.

During the time that a set of data were taken, the loop parameters
were held as steady as possible. However, fluctuations were observed in
loop temperatures, probably reflecting minor variations in flow through
the inlet and vent steam valves. Thermocouple voltage fluctuations, with
cycle times of the order of 5 to 10 sec. and magnitudes of the order of
5 microvolts (0.2°F) were normally present. In order to minimize the
effect of these fluctuations, a Beckman expanded scale voltmeter with a
sensitivity of 2 microvolts was used to monitor the bundle steam tempera-
ture while readings of cooling water temperatures were made. The latter
were read at those times when the steam temperature had cycled to a fixed
value. By this procedure, a consistent set of thermocouple data were
obtained in 10 min, without the loss of accuracy due to the loop fluc-
tuations.

Water flow rate fluctuations, with cycle times of less than one
sec. and magnitudes of up to 5 percent of full scale were observed in the
rotameters. The mean value of the flow could be read to within 1 percent
of full scale however, so that these fluctuations were not considered to

reduce the overall accuracy of the heat transfer data.
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At least once during the test program each of the rotameters was
removediffom the loop and recalibrated, with no shifts in calibration
cufves found. The thermocouples were cross calibrated at operating tem-
peratures:nine times during the test program using the copper cross
célibration block. A set of mesn second-order thermocouple corrections
(the difference between each thermocouple apparent temperature and the
mean of all of‘the calibrated thermocouples) was prepared (Appendix c)
and applied to all of the data before calculation of heat transfer coef-
ficients. "On several occasions, thermocouples were replaced or switched
duriﬁg the experimental program when anomalies in the data were suspected
of being due‘to calibration shifts. The new thermocouples in all cases
were calibrated spares.

"I The o;erall accuracy of the separate tube calculated heat transfer
coefficients reflects the sum of the accuracies of each measurement.
Since the accuracies of measurement varied from run to run (due to dif-
fe;ences"in flow and IMTD), the reported values of overall heat transfer
coefficient varied in accuracy. The range of accuracy of U was estimated
to be #15-30 percent with the lowest accuracy associated with data taken
at the lowest temperature differences. Coefficients obtained at temper-
ature differences above 10°F were accurate to at least *20 percent. The
error in the five tube mean, assuming that the errors were normally

distributed, would be about 1//5 times that of a single tube, or between

7 and 15 percent.

Solids ‘Fouling

Measurable solids fouling occurred during loop operations on several

occasions. ” It was detected indirectly as a time dependent decrease in
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overall heat transfer coefficient for all the active tubes below that
expected based on previous data at the same operating condition)s.’_ When
there was no such downtrend with time, no significant fouling was assumed
to be present on either tube outside or inside. % op

The fouling, when it occurred, was found in each instancg;to-be\aséo-
ciated with deposits, primarily of iron oxides, on the inside surfaces
of the tubes, as determined during shutdown by disassembling the outlet
fittings for one or more instrumented tubes and observing visually and
with a borescope.Cleaning and passivation was carried out as described
in Chapter III.

No fouling was observed throughout the entire experiment to have.,
built up on tube outside surfaces, as determined by visual observations
during loop operation using the optical periscope. The tubes consistently
maintained the characteristic pink color of the 90-10 cupronickel alloy
throughout the experiment.

A number of runs were carried out during the time that the loop was -
known to be fouled on the tube side. Most of these rums were for diag-
nostic purposes. However, several sets of gas addition runs were aiso;
made during this period, since they provided a check on the method of
correlation of the gas film heat transfer coefficient. Properly cér—‘
related, the effect of gas concentration on the gas film heat transfer
coefficient should be independent of the presence or absence of solids

fouling.

Bypassing of Steam Around Test Condenser

Following completion of the experimental program, an iﬁspectibﬁ of

the steam system revealed that the rupture disc originally located in the
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bypass line around the test condenser was no longer in place.’ Thg evi—
dence indicated that it had either been improperly installed or';hat it
had corroded during loop operation, and that during operation, it had
broken loose and been carried away by the bypass steam flow. The vacuum
backup plate used in conjunction with the rupture disc,wasistill.intact,
however, thus restricting the flow rate of steam through:the line to
that which passed through six small radial strips, and accounting for the
fact that the bypass flow was undetected during loop operation. The: by-
pass flow was estimated by two procedures - the steam flow:to the baro-
metric condenser was measured while the test condenser discharge:valve
was completely shut, and the expected flow rate was calculated for each
operating temperature by assuming choking (critical) flow through the
backup plate openings. The calculations are described in Appendix D.
Correction terms to account for the bypass flow were added to the data
reduction program. The magnitude of the correction fermtéas 5etweeﬁMone
and fifty percent of the measured steam flow to the barometric condenser.
If the error in estimating the bypass flow were of the order of 25Vper—
cent, this introduces an error of the order of less than 12 percenf;in the

measure mass velocity through the test condenser.

Data Reduction

[

The raw data were converted into overall heat transfér coefficients
for each of the five test tubes, for their average, énd aisoqfhe
following derived parameters:

1. Steam mass and molar velocity at the plane of the test tubes.

2. Nitrogen mole fraction at the plane of the test tubes.
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3. TInundation ratio.

4., Log mean temperature difference for the bundle.

5. Cooling water velocity.

6. Mass balance ratio around the test condenser.

The calculations were performed twice, once as a preliminary .check
shortly following each run using a computer program written in BASIC and
run on a time-sharing computer, and the second time after completion of
the entire series using the FORTRAN program CONTST. The latter program
(Appendix A) also contained additional data reduction subroutines used
in developing and testing correlations. The equations used in calculat-
ing the overall heat transfer coefficients and the system parameters are

described in the following sections.

Overall Heat Transfer Coefficient

The value of the overall heat transfer coefficient for each test

tube was calculated from the equation:

WC Tb = Ti
U=—L1n — - (65)
AT Tb - TO 2 o

e

with the heat capacity of the cooling water evaluated at its mean bulk ;
temperature. The same water inlet temperature and shell side steé@
temperature was used in calculating U for each tube. The mean value of
U for the five test tubes was calculated from the same equation using

averaged flow rates and tube discharge temperatures.
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Steam Mass and Molar Velocities

The steam mass velocity at the plane of the test tubes (G) was cal-
o

culated as the arithmetic average of the steam mass velocities at the
entrance and exit faces of the bundle, The steam mass velocity at the

exit face was obtained from the steam vent rate using the equation:
¢ = =7, : (66)

where the flow area AS was as shown in Figure 18. The steam vent rate was
obtained from the heat removal rate in the vent condeﬂser after subtract-

ing out the bypass flow:

w=bp0 i_w‘ (67)

The entering steam mass velocity was also calculateé from Equation
(66), where the steam mass rate was the sum of the vent ‘rate and the
tube bundle condensation rate. This latter was_calé;iated from the sum
of the heat removal rates of all of the active tubes. For the cases in
which nitrogen gas was continuously added, its mass flow rate was added
to that of the steam in calculating the mass velocities. The steam molar
velocity was calculated by converting the steam and nitrdgen mass vel-

ocities into molar quantities and adding.

Non-Condensable Gas Fraction

The non-condensable gas mole fraction at the plane of the test tubes
(Fm) was the ratio of the nitrogen molar addition rate to the total molar

flow rate (steam plus nitrogen) at the plane of the test tubes.
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FIGURE 18

STEAM FLOW AREAS USED IN CALCULATING STEAM MASS VELOCITY
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Inundation Ratio

When condensate was recycled over the active tubes, the measure of
the effective condensate rain was the inundation ratio, defined as the
ratio of the rate of collection of water from the center trough to the
actual condensation rate in the bundle. Siﬂéé the dummy tube bundles
upstream and downstream of the active bundle drained into separate troughs
(side troughs), the inundation ratio would.be expected to have a value of
slightly less than unity when no spray water was used, because of lateral
dispersion of condensate out of the active bundle.

The three spray tubes, when used, sprayed recycled condensate at 45°
angles against the two active tubes that comprised the top row of the
active bundle, From these tubes the water rained onto lower tubes follow-
ing a random pattern which because of the néfrow bundle, allowed some of
the recycled water to alsp flow into the dummy tube bundles upstream or
downstream of the active bundle in a manner similar to that for the con-
densate formed on the tubes.

From the definition of the inundation ratio, only the condensate
passing through the bundle and collected in phe trough beneath the bundle
was counted. Although this may have underestimated the amownt draining
through the upper active tubes, it was considered a better estimate than
the measured amount of recycled condensate sprayed onto the top tubes
because it provided a means of elimiﬁating the effect of steam velocity
on the inundation ratio, since only condensate rain which was not carried

away by the steam flow was measured as inundation ratio.
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Log Mean Temperature Difference

The log mean temperature difference was obtained from:

TO - Ti

M T o T SR
N —————

Tb - TO

Cooling Water Velocity and Wilson Plot Parameters

The cooling water velocity was calculated for each test tube based
on the tube maximum inside diameter. It was varied in order to establish
the conveective film coefficient of the five instrumented tubes using a

modified Wilson Plot method. For this purpose,the Wilson plot parameter:

p_ =0.1L
-0.8 Pr -1/3 (—E)

Re
L L uL

was also calculated, where the fluid properties were taken to be that

for pure water at the mean temperature in the tube.

Mass Balance Ratio

A mass balance ratio around the test condenser was calculated for each
run. This compared the rate of input and production of condensate in the
active bundle (due to condensation on the active tubes and to spra&iﬁg of

recycled condensate) to the rate of removal (the sum of the rates of flow

of condensate from the center trough and side troughs).



CHAPTER IV
EXPERIMENTAL RESULTS
A total of L489 ‘rtuns were carried out with the condenser operating in

the range of parameters given in Table‘I. Of these runs, only 340 were

'TABLE:I--

RANGE OF - PARAMETERS

NN

Controlled Variable - Range
Steam Temperature . 160-230°F
Steam Mass Velocity 150-2000 1b/hr-ft°
Non-Condensable Volume Percent 0-8%
ILMTD . .o 6=30°F
Inundation Ratio 1-6

Cooling Water Velocity 1-10 ft/sec

i

considered useful-from-the standpoint of condensation heat transfer. The
remaining included-equipment and instrumentation shakedown runs, runs
where there were appreciable solids:. fouling deposits on the inside wall
of the tubes, and -runs that contained obvious errors in data recording.
No particular schedule was-followed in examining the effects of the
variables. Initial tests were at 230°F in order to avoid problems with
inleakage of air-while determining whether the data were sufficiently
precise that correlations would be obtained. The subsequent scheduling
of tests were carried out on a-week-to-week basis, reflecting the results
of the previous:week. This was possible because all of the preliminary

data reduction was carried out-the same.day as the data were collected.

9
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The schedule of runs included frequent repeats taken in order to establish
and repeat baseline conditions. These were used particularly to monitor
loop performance before and after gas runs, and also to insure that no
fouling had occurred and that the instruments were operating correctly.

The experimental results were converted to values of the overall
heat transfer coefficients for the five separately instrumented tubes,
their mean value, and values of the experimental parameters described
in Chapter IIT, by means of the computer program CONTST listed in
Appendix A. A sample output sheet is given in Figure 19. A tabulation of
parameters of intereét to the calculation of correlating variables, as ex-

tracted from the output sheets, is included in Appendix B as Table B-I.
Mass Balance Ratio

An examination of the mass balance ratios provides a measure of both
the accuracy and the precision of the bundle heat transfer coefficients,
and by implication of the five tube mean overall heat transfer coef-
ficients. The mass balance ratios for each run listed in Appendix B have
been analyzed to determine the presence of bias and to compare the scat-
ter with that expected from the instrument accuracy. To do this, the
runs were divided into groups of ten, and group mean values of the mass
balance ratio calculated. In calculating the means, runs with gas
additicns or with recycled condensate were omitted, since the former
generally gave lower mass balance ratios, and the latter introduced an
additional source of error because of the recycle water rotameter. The
gas runs apparently had lower ratios because there was insufficient time
during each run for the condensate storage tank beneath each trough to

reach equilibrium.
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ORNL—-DWG 72—-12594
RUN SUMMARY SHEET

RUN NO. 244

FLOWS TEWPERATURES

BOTCER FEED 4,725 GPM  BUNDLE TN~ 777 149,092 DEG F
ENTRPATN SEPAR 2,600 GPM  TUBE ONE OUT = 152,019 DEG F_
SPRAY WATER 9.0 GPM TUBE TWO OUT 151,912 DEG F
CENTER TROUGH 0.800 GPM TUBE THREE OUT 152,139 DG F
STOF TROUGH 0.079 GPM TUBE FOUR NUT 151.911 DEG F
TUBF CNE 11,780 GPM TUBE FIVE OUT 151,721 DEG F_
TURF Twd T1.644 GPM BUNDLE OUT 152,022 DEG F
TUBE THREE 11,657 GPM STEAM IN 159,555 DEG F_
TUBE FOUR 11.690 GPM STEAM OUT 159,526 DEG F
TUBE FIVE 11,720 GPM CONDENSER STEAM 159.522 DEG F
BUNDLF 260.000 GPM SPRAY WATER 1.000 DEG F
BARD CONDENSER 16,150 GPM BARN CONDENSER IN  68.000 DEG F
NTTROGEN GAS 0.0 CFM BARD CONDENSER JUT 80,000 DEG F

BUNDLE PARAMETERS

BUNDLE LMTD 8.885 DEG F
STEAM TEMP 159,522 DEG F
STEAM MASS VEL 171.391 L3 PER HR-SQ FT
STFAM MOLAR VEL 9,522 MOL PER HR-SQ FT
STEAM VELOCITY HEAD 0.0055 LBF PER SQ FT
NTTROGEN MOL FRAC 0.0
BUNDLE WATER VEL 54582 FT PER SEC ~
INUNDATION RATIO D.841
MASS BALANCE __1.081 IN DOVER OUT
UVERALL U TATA REDUCTION -
T BYU/HR=SQFT=DEG F 77 "FIVE TUBE AVERAGES ' o
BONDLE —  — — 108%, OVERALL U =~ "77 1050. T
TUBE ONF 1089, LMTD _ 8,93
TUBE TwW) 1030, INSIDE HTC 2723,
TUBE THREE 1130, QUTSIDE HTC 2265, .
TUBE FOUR 1034, CN 5 1.167
TUBE FIVE 956,
FIGURE 19

SAMPLE OUTPUT SHEET
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The results have been plotted in Figure 20. An experimental bias of

+5-10 percent is seen to be present. Superimposed on the bias is a random

scatter of an additional *5 per cent. There appears to be no trends.

Analysis of Experimental Bias

The bias in the mass balance ratio most probably resulted from one or
both of the following sources: a calibration shift associated with the
inlet cooling water thermocouple not compensated by the cross calibration
term, or an error in calibration or in reading the center drain trough
flowmeter. The magnitude of the error in thermocouple calibration needed
to account for the bias is +0.15 to +0.25°F. An error in the flowmeter
calibration of 1 percent of full scale would also have accounted for the
bias. In each instance, the magnitude of the error was at or near the
limit of accuracy of the measurement.

It is noted that the thermocouple cross-calibration described in
Appendix C, carried out to account for the possibility of thermocouple
drift, contained a mean correction term for the inlet water thermocouple
of +0.15°F, but that the later calibrations indicated higher values than
the mean by an additional +0.12°F. Thus, this thermocouple had a history
of drift over a range of temperature equal in magnitude to that of the
observed bias.

The flowmeter calibration curve was examined and there was no basis
for expecting a bias. It has been concluded that the most likely cause
of the experimental bias was a drift in the calibration of the inlet
cooling water thermocouple. Because of the uncertainty involved in the
above analysis, the experimental results were not changed to reflect a

recorrection of the thermocouple readings.
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ORNL—DWG 72-12450

15

GROUP NUMBER

FIGURE 20

AVERAGE MASS BALANCE RATIOS FOR TEN-RUN GROUPS

35
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Sample Data

In order to provide a graphical overview of thewé§pefimén%;1%dé£;,
typical data sets have been plotted in Figures 21 and 22" as overall héat
transfer coefficient vs tube number for several sets of operatlng param—
eters. It can be seen that the effects of the parameters appear. fo fgllow

consistent patterns and that the relationship between tube number. and

performance is consistent from run to run.
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FIGURE 21

EFFECT OF CONCENTRATION OF NON-CONDENSABLE GAS ON THE OVERALL
HEAT TRANSFER COEFFICIENT OF SEPARATE TUBES
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CHAPTER V
CALCULATION OF SHELL SIDE FILM HEAT TRANSFER COEFFICIENTS

In this chapter, the methodology used for calqulatiﬁg experimental
values of the shell side heat transfer coefficients from the measured
overall coefficients is described. In the calculations, the five-tube
mean values, (U

5

since all five instrumented tubes were exposed to the same shell side

), rather than separate tube values, (Un) were used,

parameters of gas concentration, steam temperature and mass velocity,
cooling water inlet temperature and velocity, and spray water flow rate,
and the use of'ﬁ5 reduced the experimental error.

The following sequence of assumptions and calculations were used to
obtain individual film heat transfer coefficients:

1. The solids fouling resistance was assumed to be zero.

2. The tube wall heat transfer resistance was calculated from
Equation (11).

3. The Wilson plot runs were used to derive the correlating
equation for the convective film heat transfer coefficient based on
Equation (12).

4k, The condensate film heat transfer coefficient, and its norma-
lized form, the Nusselt Correction Factor, were calculated for runs with
no gas additions.

5. The gas film heat transfer coefficient was calculated for runs
with gas addition.

The above calculations were carried out as part of the computer pro-
gram CONTST and JFACT listed in Appendix A. In the following sections, the

calculations involved in steps 2 through 5 are described.
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Tube Wall Resistance

The wall resistance for all active tubes in the test condenser was
calculated from Equation (11). Using a wall thickness of 0.035 in. and
a thermal conductivity of 310 Btu/hr—ftz—oF/in.23results in a wall resist-

ance of 0.000117 °F/Btu/hr—ft2.

Correlating Equation for the Convective Film Coefficient

The modified Wilson plot method was used tq qbtain'the correlating
equation for predicting h,. In using the Wilsoh plot, the functional
relationship between hi and V must be chosen a priori, and the remaining
heat transfer resistances (other than that due to the convective film)
must be held constant while the velocity is varied.‘ In the present work,
Equation (12) was selected as the functional form of the correlation,
with the constant Ci determined empirically. The condensaﬁe film resist—
ance was held essentially constant by using a 1ower tube (usually the
third from the top) for the measurements, and maintaining the water
velocity in the remaining tubes constant during the measurement period.

The Wilson plot30 is a graphical solutioﬁ to a médified form of
Equation (6). By substituting Equation (12) into Equation (6) anid lump-
ing all resistances other than the convective film into a siﬁgle residual

term (ZR), the equation:

d u
B o SO0 o, SIS TR (68)

g | o
]
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is obtained. From this equetion, it is seen that a plot of 1/U against
the term:

-0.1k

e ﬂ“.;.':':« iz_ B
S o A

will be a sﬁraiéﬁf?liﬁe}ﬁith a siope of do/cik’ and an intercept equal to

the sum of the residuai=resistaﬁces. The value of Ci for each Wilson plot

it ‘__. .
R,

run is then obtalned from the slope.

r»w 2053

The calculatlon of the Wllson plot parameters and the least squares

e e

ifee
fit of the slopes were%carrled out as a subroutine of the computer program

.kw

CONTST. A Wllson ﬁlot for a typlcal data set, shown in Figure 23, with

the good fit to a strqight\llneJtaken as proof of the accuracy of the

functionalqfelationsﬁib'chosen.ﬁ_Table ITI contains a summary of the values

ah

of C. obtained froﬁ the Wllson plot runs. The mean value was found to be

g
,“‘ =

0.0k2, or about l 9 tlmes that obtalned for smooth tubes. This agrees

a single tube condenser thus conflrmlng that the performance of the rope

Tan
-

tube in a multltgpe condenser 1s ‘as predicted.

The cofreléﬁiﬁg'eguetion fofghi, for use in calculating the shell

side coeffi%ienﬁsjwwés’takenfto‘ﬁé;
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TABLE IT

SUMMARY OF WILSON PLOT RUN RESULTS

Run No. Tube Ci
38 3 0.0bL7
39 3 0.0419
Lo 3 0.0LokL
41 3 0.0L430
i) 3 0.0k432
L3 3 0.0535
Ll 3 0.0kLk
L5 3 0.0kh22
L6 3 0.0LLk
48 3 0.0393
L9 3 0.0LkOT
50 3 0.0L00
51 3 0.04k1
56 1 0.0392
57 5 0.0392
59 2 0.0397
60 1 0.0400
61 1 0.0368
61 3 0.0370

301 2 0.0Lk20
301 3 0.0L16
302 3 0.0L32
302 b 0.0k09
302 5 0.0kokL

Mean: 0.0L417
Standard Deviation = 0.0033

C; = 0.0417 + 0.007
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Calculation of the Experimental Condensate Film Heat Transfer Coefficients

For each run with no gas addition, the experimentél five tube mean

condensate film coefficient (h

c5

) was calculated from the.equation:

where hi was evaluated at the conditions of the run, and U_ was the ex-

>

perimental five tube mean overall coefficient. The values of E; were

p)

normalized for correlation purposes by dividing them by the predicted
values based on Equation (15) calculated for the run conditions. The

resulting ratio was designated as the Nusselt Correction Factor (CN5):

(hc5)exp.

(5,s)

CNS =

Nusselt

The usefulness of this dimensionless condensate film heat transfer coef-
ficient stems from the fact noted in Chapter II that Equation (13) has
been shown by previous investigators to predict correctly the effects

of condensing rate and steam temperature (the latter through its effect
on fluid properties). Thus comparisons of experimental values of CN5 do
not necessarily have to be made at the same temperature or condensing
rate, whereas comparisons of KE would.

>

Experimental values of He and CN5 calculated as part of the computer

>
program CONTST are tabulated in Appendix B, Table B-I.
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Calculation of the Gas Film Heat Transfer Coefficients

For the case of runs where nitrogen gas was added to the steam, the
application of Equation (70) to the overall coefficient results in a corm-
bined film coefficient which included the effect of both the gas fi}m and

the condensate film. Referring to this as an effective coefficient,

(heS)’ it can be shown by reference to Equation (6) to be composed of:

1
R (72)
h h h
e> g e
Solving for hg yields:
T
b = —82 | (73)
h
o 22
hc5

The effective coefficient was normalized in the same manner as the con-

densing coefficient:

th)Nusselt

By substituting the experimental values of E; and E; obtained from

> >

Equations (71) and (74) into the denominator of Equation (73), an expres-

sion for hg is obtained in terms of experimentally measured quantities:

e

h = (75)

Bes
ors
g 1 g
NS
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The values of CN5 used in the equation were obtained from runs without

gas additions made immediately preceding and/or following the gas runs.

This procedure served to increase the precision of calculation of h .
Values of hg for the gas runs were calculated from the program JFACT

listed in Appendix A and have been tabulated in Appendix B, Table B-IT.



CHAPTER VI
CORRELATIONS

In this chapter, the relationships between the experimental values:
of the two shell side coefficients (hg and E;S) obtained as described in
Chapter V,and the relevant shell side parameters, as determined in
Chapter IV, are compared with the correlating equations described in
Chapter II. Each of the shell side heat transfer coefficients are dis-

cussed separately.
Condensate Film Heat Transfer Coefficient

The effects of three parameters on the condensate film coefficient,.
the condensate rain, the steam velocity, and the steam temperature were
determined. The approach followed in each case was to plot the experi-

mental values of KE or CN5 separately as function of a single parameter,

>
and compare the resulting graph with predictions based on results of
previous investigators.

As noted in Chapter V, there was a general lack of closure of the
mass balance around the test condenser, such that most mass balance ratios
were in the range 1.0 to 1.15., The direction of this bias in theﬁmaéé
balance, if due to thermocouple error, would have resulted in hiéher
values of U. and thus of E; . If the bias were due instead to errors iﬁ

> >

measurement of the condensate drain flow rates, the wvalues of U_ and E;

5 >

would have been unaffected. Thus a direct comparison of the present

95
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results with the Nusselt equation predictions is not possible since any
departure from agreement could have been the result of the bias. Since
the effect of temperature level, condensate rain flow rate, and steam
velocity are superimposed on the bias if it is present, the study of their

relative effects would not be greatly affected.

Effect of Condensate Rain

The effect of condensate rain was obtained from data taken during
the runs in which recycled condensate was sprayed onto the top of the
active bundle. A plot of these results is given in Figure 24 as inunda-
tion ratio (IR) versus CN5. As noted in Chapter IV, the defining equation
for IR includes only water collected beneath the active bundle, and thus
underestimates the condensate rain on the upper tubes.

The results are compared with the Nusselt prediction for condensate
rain effects, Equation (25), and also the curve obtained from Equation
(29). A plot of the former is seen to lie substantially below the data
points,éconfirming that the Nusselt theoretical equation for the effect
of condensate rain is too conservative, in agreement with the results of
previous investigators. It should be noted that the approximations intro-
duced in the definition of IR .is to underestimate the amount of condensate
rained onto upper tubes. A correction for this would shift the data to
the right in Figure 2L, thus making the Nusselt prediction even more con-
servative.

The present data can be correlated either by an empirical eguation
of the form of Equation (26), or of the form of Equation (30). By trial

and error, the line shown in Figure2h4 , which is intended to represent
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the best fit to the experimental data while conforming to the correlating

equations, was found to be expressed by:

=

cn n—O.lO ' (76)

ol

and also [by substituting F, = 0.8 into Equation (30)] by:

d

=
(2]
=
1]
(@}
=
o
+

(77)

>
(@}
N
i

The scatter in the data around the correlating line of about *15 per-
cent agrees well with the projected accuracy given in Chapter IT. It is
noted that the accuracy of CN5 will be lower than that of ﬁé since from

Equation (68) there is a subtraction step involved in the conversion

from 5'.

p)

Effect of Steam Mass Velocity

In order to determine the effect of the steam méss velocity, graphs

CS)eXp. PlOtted,agalnst the mass velocity

at the plane of the test tubes. Each graph contains data at only one

were prepared in Figure 25 of (B

condensing temperature, and over a restricted range of AT Superim-

Im®

posed on the data are lines drawn to represent an equation of the form:

= . 016

which is the functional relation used by Fuksl8 and Berman17 for vertical
downflow of steam through horizontal tube condensers. There thus appears

to be (gualitatively) a similar effect for horizontal as for downward
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cross flow. Because of the scatter, determining a correlating equation

for the present data does not appear warranted.

Condensate Carry Over Measurements and Correléﬁian

In reviewing the data for the above funs af?the highest velocities,
it was observed that there was a significant décrease in the collection
rate of condensate from the trough beneath the;active bundle and a corres-
ponding increase in the side trough rate. It was concluded that this was
due to a directed lateral transport of condensate out of the active
bundle in the direction of the steam flow beyoﬁd that normally resulting
from random dispersion. Since such a loss of condensate could account for
part or all of the steam velocity effect, this phenoﬁenon was more care-
fully studied in several subsequent experiments covering a wide range of
steam velocities for each of the three steam temperatures. These experi-
ments were carried out and reported31 by students of the School of Chemi-
cal Engineering Practice of the Massachusetts Institute of Technology
with the present author as consultant. The data taken during these rums
included separate collection of condensate under the downstream side trough
as well as the active bundle trough, both taken with increased accuracy
resulting from calibrating the volumes of the collection tanks under each
trough and measuring their fill times. The ratio of the observed col-

lection rates,

. _ downstream trough rate
carry over fraction = TS oD o (719)

2
was plotted against the steam velocity head, (G /p), in Figure 26.
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The steam velocity head, rather than the mass velocity (@) was found
to bring all of the data for the three temperétures onto:.the same line,
thus suggesting that it might provide a better correlating variable for
accounting for veloclity effects on ECS as well. - In view. of the small
magnitude of the effect, however, this does not appear necessary.

The upper theoretical limit to the carry over fraction at high steam
velocities was calculated by assuming that all of the condensate drains
onto tubes diagonally below in the downstream direction. From geometrical
consideration, the condensate from 21 of the 27 active tubes can escape
the active bundle trough in this manner. The maximum predicted carry
over ratio then is 0.77, which is seen to be in qualitative agreement
with the projected asymptote for the dataishown in Figure.26 of about
0.65 - 0.70.

If the foregoing analysis were to be applicable to the effect of
high velocity steam on ECS’ all of the tubes in the vertical colum would
behave approximately as top tubes as the velocity of steam is increased.
Thus the maximum increase in 5;5 would, for the case of the present ex-
periment, be the inverse of that predicted from Equation (76) for n equal
to five, or 1.17x. This is seen to be a reasonable upper limit to EES’
as shown in Figure 25.

The scatter of the data in Figure 25 is about #30 percent or
less. This scatter is consistent with the projected errors in the measure-
ment of 65 described in Chapter IT.

Tt has been concluded that the effect of steam velocity observed in

the present work can be accounted for by the transport of condensate away

from the active bundle portion of the test condenser.
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Effect of Condensing Temperature

The effect of condensing temperature on'Tl_c5 was obtained indirectly
by comparison of the data plotted in Figure 25. It is seen that there
is an increase in'?z_c5 with increasing temperature of about 10 ?ercent
between 160 and 190°F and about 5 percent between 190 and 230°F. The
observed increases are of the same magnitude as the scatter at each tem-
perature. These increases have been compared to those predicted by the:
Nusselt equations. TFor the case of constant film AT, the condensate
£ilm coefficient is a function of the temperature dependent group inciuded
in Equation (13a):

1/

RO i S 3 (o)

-~y

Alternatively, for constant condensing rate, the relevant group from

Equation (13b) is:

Nu.. = {|——— (81)

Table IIT compares the experimental ratios of EES for the different
temperatures with those predicted by the Nusselt equation for.the cases

of constant film AT and constant condensing rate.
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TABLE III

EFFECT OF TEMPERATURE ON THE CONDENSATE FIIM HEAT TRANSFER COEFFICIENT

Nusselt “ = » . Nusselt
Experimental (ATC=Constant) (Condensing Rate Constant)

Eés {(190°F)
= il 1.06 1.08

o]
b (160°F)
E;S (220°F)
- V1,05 1.05 1.08

(o]
hes (190°F)

Since the data were taken at constant ATlm, which is neither con-

stant ATC nor constant condensing rate, the comparison should be made
with a value between the ratios for these conditions. The agreement in
either case is good considering the scatter, so that it can be con-
cluded that in the temperature range 160 to 230°F, the temperature depen-
dence of the condensate film heat transfer coefficient is adequately

expressed by the Nusselt equation.
Non-Condensable Gas Film Heat Transfer Coefficient

The parameters which affect the gas film coefficient (hg) and which
were varied in the present experiments included the condensing rate, the
bulk stream gas mole fraction and the steam-gas ﬁixtﬁre temperature and
mass velocity at the condenser tubes. The correlation approach used was
to test the interrelation between these parameters and the gas film
coefficient given by the Colburn mass transfer - heat transfer analogy

for the same geometry, and by the modified form of the j factor derived
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by Spalding. For this purpose, the experimental values of hg weréycom—
bined with the appropriate other parameters to obtain sets of Colburn

mass transfer j factors, Spalding mass transfer j factors, and Reyﬁolds
numbers, using the computer program JFACT listed in Appendix A. The steps

involved in the program are described below.

Mass Transfer j-Factor Calculation

The Colburn mass transfer j factor is defined as:
k 5 M‘b
2
- E B 2 (50)?/3 )
s ;
where, from Equation (37):

Ty = Bog) $E20

_gec " &po (L2)

and the required molecular weights are:

M= 18 (1 - Fm) + 28 F (83)

and
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The Schmidt number for the steam-nitrogen mixtures was assumed constén?
and equal to 0.61 over the entire temperature range of interestfbésgé bn
steam~air data.32 4 s
From the defining equation for the gas film coefficient (Equation 10),
the temperature at the condensate film boundary with the gas film is:

By

T =T - 22— (85)

The corresponding partial pressures of the steam at that ?empe?ature
(psc) and at the bulk steam temperature (psb) are obtained from éﬁyirical
correlating equations assuming saturation conditions. |

The gas partial pressure in the bulk stream is:

D = m Doy (86)
gb — pr .
l—Fm

and the gas partial pressure at the condensate film is:

pgc = psb + pgb - psc Don (87)

Substitutin and into Bquation (L42) gives p .
g Pgy Pgc q g P,

The Spalding mass transfer j factor:

k p M 2/3 18 o% &
- 8 8¢ M__& (se) (88)
S v : §

is obtained in the same manner with the exception that pgc substitutes

for'— 5
pg
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Reynolds Number Calculation

The shell side Reynolds number was calculated from:

Re = — (89)

where the viscosity was assumed to be that of the steam at the condenser

temperature.

Comparison of j~Factor Plots

Plots of the Colburn and the Spalding mass transfer j factors versus
the shell side Reynolds number are given in Figures 27 and 28. Shown also
is the predicted line based on the Colburn analogy (Equation 41).

Two pertinent observations can be made regarding the two curves:

1. The Spalding mass transfer j-factor plot shows about one-half the
dispersion of data as the Colburn plot.

2. The Colburn mass transfer j-factor plot lies close to the heat
transfer j-factor line.

The agreement between the Colburn j factor and the predicted sensible
heat transfer line appears to substantiate the validity of that form of
correlation. However, the merits of having a correlation with a lower
dispersion of the data is in the final analysis more compelling. An
analysis of the lower dispersion in the Spalding j~factor plot is shown
in Figure 29, in which several sets of data are plotted both as Spalding
and as Colburn j factors. These data sets were each taken during one day,
with the final run being a repeat of the initial, both being runs with no

gas addition. It is seen that the Spalding j factor leads to a more
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closely grouped set in each case, although in one case there is still a
monctonic relation between the gas concentration and the jJ factor for
constant mass velocity, steam temperature and condensing rafe.

There is an apparent explanation of the Spalding mass transfer
j-factor data lying about a factor of two above the analogous heat trans-
fer line. It is noted that the mass transfer rates used in the present
experiment (in the absence of gas) were in the range T-20 lb/hr—ftg, which
is the same order of magnitude as the Reynolds fluxes generated at the
Reynolds numbers used in the experiments. As calculated from Equation (56),
they would be in the range 5-15 1b/hr-ft2 for Reynolds numbers in the
range 300-2000. 1In Spalding's derivation of the j factor, he assumed
that the incoming Reynolds flux was independent of the mass transfer
rate., If in fact, the incoming Reynolds flux were increased in proportion
to the mass transfer rate, then this would alsc shift the analogous heat
transfer j-factor line upward. The magnitude of the expected shift could
be enough to account for the difference between the Spalding j~factor
data and the indicated heat transfer line, which can be considered as a
zero mass transfer line. This explanation also can account for the
steeper slope of the mass transfer data, particularly at the higher
Reynolds number. In that region, the mass transfer rate is a smaller
fraction of the Reynoclds flux, so that the data should more closely
approach the heat transfer line.

The overall dispersion of data shown in the Spalding j-factor plot

is seen to be about * 30 percent. Noting that the expected error in he5

and in h are each about 20 percent, and that to obtain the J factor,

c5

the difference between their inverses are involved, the dispersion in the
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Spalding j~factor plot is seen to be well within that expected from
the random errors in measurements of temperature and flow. In viéﬁ of the
analysis of cavity flow described in Chapter III, in which the Reynolds
flux model appeared more appropriate for condensation in tube bundles,

it has been concluded that the Spalding j-factor plot is both exveri-

mentally and mechanistically more sound than the Colburn j-factor plot.



CHAPTER VII
CONCLUSIONS AND RECOMMENDATIONS

In this chapter conclusions are developed from the compariséné of»
the test condenser heat transfer results with the correlating equationé7
for the condensate film and the gas film heat transfer coefficienfé,‘anﬁ
recommendations made for predicting heat transfer performance for bohdéh—

sers of this type based on the conclusions.
Condensate Film Hest Transfer Coefficient

Correlations obtained for the condensate film heat transfer coef-
ficient in this work have been based on the single tube Nusselt equation.
The validity of this basis was only indirectly checked because of an
apparent bias in the experimental data, and because the correlgtipns;were
examined based on the five tube mean heat transfer results only. )Extrapo-
lation of the condensate rain correlating plot to the single tube case
and extrapolation of the steam velocity plots to high velocities ?o&hl
indicated apparent agreement with the single tube prediction equatiényéf
Nusselt within the scatter of the data. The effect of temperatuge’on the
five tube condensate film heat transfer coefficients in the range 160%

230°F was also found to be consistent with the Nusselt single\tube‘predic-

tion.

Condensate Rain Effect

The effect of condensate rain was found, as expected froﬁ,pfe%ioﬁs
investigations, to be considerably less than predicted by Nusselt theory.

A model which accounts for the reduced effect based on the probability

113
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of drainage occurring from tube bottoms to tube sides (side drainage)

was derived, and a method of correlating the test results based on a
single parameter derived from that model were presented. Compa??sén of
this model with literature data indicated qualitative agreement.  However,
no quantitative correlation was possible.

It is concluded that observed deviation of the condensate rain effect
from the Nusselt equation is due to the flow pattern of condensate throﬁéﬂ
the tube bundle, such that the Nusselt theoretical equation applies only
to the special case where drainage occurs from tube bottom to tube top.
Although an equation for predicting the effect of spacing parameters was
derived, it has not been tested in the present work by comparison with

different tube bundles.

Steam Velccity Effect

The increase of the condensate film heat transfer coefficient with
increasing horizontal steam cross flow in the present condenser was
accompanied by the removal from the active tube bundle of part of-the
draining condensate. Since the removal of condensate from upper tgbes
reduces the average bundle condensate drainage, it was concluded.tﬁéf
this process was also responsible for the increase in the measured con-.
densate film heat transfer coefficient. There was no evidence that the
increase was due to increased turbulent mixing of the condensate film by
the flowing steam. Thus, the present test results lead to the-conclusion
that for horizontal flow of steam past horizontal condenser tubes at:the:
velocities used, there will be no increase in the condensate film heat
transfer coefficient for the usual tube bundles; that is, bundles whose

width 1s greater than a few tubes.
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Recommended Design Equations

As a result of the above, the following equations are recommended
for predicting the condensate film heat transfer coefficient (hcn) of

the nth tube from the top in a horizontal tube bundle with a horizontal

flow of steam:

b, - by {0.6 F + (1-0.58F,) ['?02_7?;_(1 _’wn)o.75} (90)

where
o .
3 /
kem pp B8 AL v <
= 0.725 | ——3 37 (13a)
hN He do ATC B T T
and
F. = tube bundle spacing parameter.

d

For a tube bundle with a triangular stagéeréd“lé&out‘with S/di of

1.33 and do of one inch, F. will have a value of 0.8. For a single

d
colum of tubes or for bundles with a wide spacing between adjacent

columns (S/do greater than two), Fd will have:a value of zero (equivalent

to the Nusselt equation).
Non-Condensable Gas Film Heat Transfer Coefficient

Two forms of the mass transfer j factor were uéed to correlate the

experimental gas film heat transfer coefficients with the steam Reynolds
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number, and to compare the results with the sensible heat transfer
j-factor curve for the same bwndle geometry predicted from publishéd
correlating equations.

The Colburn mass transfer j factor resulted in the data scattering
within a relatively wide band close to the predicted sensible heat trans-
fer j. factor line. The corresponding Spalding j factor data lay along a
line a factor of two above the predicted heat transfer line, but the
scatter was about one-half that of the Colburn j-factor plot. Based on
examination of individual data sets, and consideration of the model for:
representing the process of condensation from a steam gas mixture in tube
bundles (the cavity model), it was concluded that the Spalding j factor is
preferable for both correlation and prediction purpcses.

The difference between the Spalding j-factor line and the sensible
heat j-factor line probably reflects the effect of the large mass trans-
fer rate on the Reynolds flux entering the pseudo-cavities between tubes

in the condenser bundle.

Recommended Design Equations

Based on the data obtained in the present experiment, values of the

gas film heat transfer coefficient can be obtained from:

B " Fsc
h, = Ak, T (37)
b
where:
j .G M -2/3
_ “ms S
kg =5 (M—) Sc (91)
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and the Spalding mass transfer j’factor,.jMS, can be obtained as a
function of Reynolds number from™ Figure 29 for the case of a triangular
staggered tube bundle with S/dofof 1.33 and‘do of one inch. For other
tube bundle spacings and geometries and for high mass transfer rates in
the absence of experimental verification, the following approximate

felation between jMS and jH can be assumed:
Sus = 2 Iy - (92)

where jH is the Colburn heat transfer j factor, obtainable for many tube
bundle geometries in Reference 33, and jMS is the Spalding mass transfer j

factor.
Recommendations for Additional Work

The objective of developing correlations for predicting individual
tube heat transfer coefficients for the steam condensers used in distil-
lation desalination plants has been achieved essentially only for the
tube bundle geometry used in the present experiments. Thus a major
future effort should be directed toward extending the predictions to
different bundle geometries. Particular areas of interest are correla-
tions between bundle dimensidns and the bundle spacing parameter Fd, and
the relation between the Spalding mass transfer j factor and the heat
transfer j factor for different tube bundle spacings. The influence of
different tubes, both smooth and enhanced on the gas film heat transfer

coefficient should also be determined, as well as the effect of vertical

versus horizontal tubes.
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A second area of more fundamental interest which could provide
insight into the relation between heat and mass transfer in tube bundles
is the study of both sensible heat transfer and mass transfer in simple

cavity flow.
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APPENDIX A

COMPUTER PROGRAMS

LEVEL 20.1 (AJUG T1) 0S/360 FIRTRAN H - .
COMPILER DPTIONS - NAME= MAIN,OPT=02,LINECNT=50,SIZF=0000K,
. SOURCE,FBCDICyNOLIST4NODECK,LIAD,MAP, NnEDIT.IDyXRFF
c CONVERSION OF BASIC PRCGRAM FOR ANALYS]S OF MULTITUBE VJNDENSER CATA
C*#% TO FORTRAN
C*#* FESSB2 CALIBRATIONS FOR TEMP ORIPPED SROM BLOCK DATA AND REAP N
C#¢  WITH EACH SERIES OF DATA
ISN 0002 IMPLICIT REAL*8{A-H,0-1)
IS\ 0003 INTEGER _IND(5)/6+9¢12¢8:,7/
ISN 0004 COMMDN/SUB/CONTMP ,D s TEMP(16) ¢ T4FL UsV PR, AA, O, T1, 2, IFLGy 1B, [ 44
_ISN 0005 COMMOM/CAL/XMV(Q,I&),8(13,50),A(1’) FLOH(IB)'TY(9 16}, TM(16),
1TYY(9) ,PRS(5),CON(5)ySLP(5)ROTPyIF, 1WsJyNITUE
ISN 0006 CDMHOV/SQRI/H!LA(SO,S),HlLO(RO'S).SLDPE(S).YZFRG(S) VARY(Slo o
1VARYB(5),VARS(5), VARYJ(5),NOP(5)
1SN 0007 . COMMON/RLTEL/VENT ,CONDRT,STMRT,VELENT,VELLVG,SPRY, UNCDMDiﬁFDRT,
LSIDRYT,SMSVEL,,BLMTD,WIN,WOUT,UBNDVBRND UTUB(S5) ,VT'JB(5),SPRTIO, IQUN,
2MO, IDA,IYR,RMKS {1 0)
ISN 0008 COMMON/HILH/AIN.ADUT.AXSECvDI'DH,anPHoSPGPI'SPHTI'HTH CNDW
ISN 0009 COMMON/WILML/REN(50,5) 1PRN(S50,S5} TIN(S0,5) ,TIS(50,5) » _ ___ __.
1YTC(50,5), UBR{5045) oFLW{504%) ,CTI(S) +1CN(5)
1SN 0010 _____COMMON/COND1/ GASFL,TDEL,DLMT(S),UBAR(E) , HNS
ISN 0011 COMMON/JUTP/ GCORR,SPVOL s VHEAD s SMDVEL s BALM, HI(5) 4HO(5)
ISN 0012 DIMENSION CORR(16) }
ISN 0013 NAMELIST/CALIBS/XMV,TY,CORR LT
ISN 0014 1 FORMAT(8FLO,.5) ¥8o 59" .
ISN 0015 2 FORMAT(1615) 7o' 38,
_....1S8N 0016 3 FORMAT(4]5,20X,)10A4) . —_
ISN 0017 4 FORMAT(9F8.4)
. ISN 0018 S FORMAT(1H1) —
ISN 0019 CALL ERRSET(217,0,-1,0) -
. Cx« READ IN TEMP CALIBRATION VALUES FOR THE SERIES oF RUNS
ISN 0020 READ{Sy4) ((XMV(T,J)s1I=1,9)},J=1,16)
— o READ(S26 ) _(ATYALsd) o 121290 ed=l0adb) .
ISN 0022 READ(5,1) (CORR(I),I=1,16)
. ISN 0023 WRITE(6,5) -
1SN 0024 WRITE(6,CALIBS)
Cxx
Cx+ READ DATE, RUNND, REMARKS
__ISN 0025 100 READ{(5:3,END=99) MO,JDA,IYR,IPUN,RMKS e
Cxx READ INDEX CARD
C*x IF 1S FLOW CALIBPATION CODE
Cxx IW = 1 FOR WILSON PLOT CALCULATINN .
Cx# IM = 1 .FOR REVISED WILSON PLDT CALCULATICN KBRS
Cxx IP = 1 FOR BENSON-LEHNER PLOT NF REGULAR WILSON pLOT
- .. ..C¥x _ IWMP =1 FOR RENSON-LEHNER PLOT 0OF REVISED WILSCN PLOT DATA =
CHkaxs .
ISN 0026 READ{5,2) ISu
1SN 0027 IF(ISA.EQ.L) RFAD(5,2) IF,TwW,IM,IP,1WMP e
ISN 0029 READ(5,1) ROTP,CNDW,DsWALL,TPLE I aas §0° U
Cx« aag A
e _L®x READ FLOWMETER READINGS  _ S
C**
1SN 0020 READ(S5:1) (A(1),1=1,13) L
Cxs
C**  READ TEMPERATURES IN My, AND CORRECTIINS
Cxx
-.—1sN Qo3 READ(5,1) {TM(1Ls 1 .= 1.16) S ——
ISN 0032 WTH = WALL / 2.
ISN 0033 oI =D/ 12.

CONTST
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ISN 0034 DD = NI + 2, * WTH

ISN 0035 . DW= (ND - DI) /_DLOG(OD /. Dl) seem g8 oo ° o emfa e

1SN 0035 AIN = 21.1406 * DI

ISN 00137 AQUT = 21.1404 * 0D

ISN 0028 AXSFC = .7854 * DI * DI

ISN 0039 RW = WTH * 0D / (CNDW * W)

ISN 0040 00 18 1 = 1,5

sy 0061 _ CNUI) = 0.0 il

1SN 0042 CTI(1) = 0.0

ISN 0Q43 18 NOP(I} = O _

1SN 0044 IFLG = O

ISN 0045 IwM = 0 oo

ISN 0045 CALL CALIB

SN 0047 DO 12 1=1,16 I

“ISN 0048 712 TEMP(1) = *TEMP(1) + CORR(I)

Cx%
C CALCULATE VENT RATE
) Cxx -
ISN 0C49 GASFL = FLOW(11) / 359.0
ISN 0050 CALL PSTA(TEMP(9),PP)
ISN 0051 CALL VAPH(TEMP(2),PP,ENT)

ISN 0052 ENTH = ENT - H(O0.,TEMP(15)) L

ISN 0053 GCORR = 140.0

1SN 0054 IF(TEMP(13).LE.220.0) GCDRR = £5.0 L

ISN 0056 IF(TEMP({13).LE.1T0.0) GCNRR = 32,0

ISN 0058 _____NENT = 20,78 * HTCP{0O.,TEMP({1%}) / ENTH * (TEMP(15) - TEMP(15h))
1 * FLOW(13) + GASFL * 28.
G 1 * FLOW(13) + GASFL * 28. - GCORR / 26,75 e U
Cas
C CALCULATE CONDENSING RATE [
C*%

ISN 0059 ___CONDRT = {0.85850-02 * SPGR(TEMP(T)))*(SLIW(10) * SPG{TEMP(7)) *
1TEMP(T) + FLOWI(6) * TEMP(2) + FLNW(I) * TEUP(3) + FLOA(12) *
2TEMP(4) + FLOW(8) * TEMP({5) + FLOW(T) * TEMP(&) - TEMP(1)} =
3{FLOWI6) + FLOW(T) + FLOW(3) + FLOW(O) + FLOW(10) * SPGR{TFUP({T))
4 + FLOW(12))) [

C MEAN STEAM RATE

ISsN Q060 SYMRY = YENT + CONDRY [/ 2, ——
C*%%x MEAN MASS VELOCITY ENTERING

ISN 00¢1 SMSYEL = STMRT * 26,75 o
Cxxes  INUNDATION SPRAY RATE

1SN 00£2 SPRT = SPGRUTEMP(10}) * FLOMW(S} * R.33 o
Cxxs% NONCONDENSABLE MOL FRACTICN

_ISN 00&3 . UNCOND = GASFL / (GASEL + VENT/18, + CONDRI/Z36.) .
Cxxkx CENTER DRAIN RATE

1SN . 0064 CEDRY = SPGR{TEMP(13]) * FLOW(2) * 8,33 [
o INUNDATION RATIO

1SN 0065 SPRTIC = CEDRT / CONDRT _
Coxxk« SIDE ORAIN RATE : .

_ISN 0066 . ___ SIDRT = SPGR(TEMP(13)) * FLOW(4) ¢ B.,32 _ . __ _
Ce*x«x CONDENSING STFAM TEMPERATURE

ISN 00&7 CONTMP = TEMP(13) -
C*%

1SN Q068 TDEL = DABS(TEMP{(8) - TEMP(29)) .
C PRINT NUT OF FLOWS AND TEMPERATURES

1SN Q069 . R HRITE(52200) IRUN _

1SN 0070 HR]TE(&.ZOl)A(l),FLOH(l)'A(Z)Q'LON(7)1A(3)':LDH(3)vA(4)c=LnH(¢)9

LA(S) s FLINIS) s ALO) s FLOWIA) ¢ ALT)yFLOW(T) yA(R) 4ELOW(B) yA{9) +“LOW(I),

CONTST
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2A(10), FLOW(10) ALY ), FLOW[IY),A012),FLIW(12),A(13),FLOW(12)

1SN_0071 HRITE(b'ZOZ)TMLL)!YEMPLL),Tﬂig[LIFMP(Z) TM(2),TEMP(3),T¥(4),
TITEMPU41 4 TM(S 1y TEMP{5) , TMI6)}, TEMPIE) ,TMIT) yTEMP(T) , TM(8)
2TEMP{8) ,TM{9) ,TEMP(9) , TM(10),TEMP{10), TM(11),TEUP(Y1), )
3TMC120, TEMP(12) , TMU13) yTEMP(13) , TM(14] JTEMP (141,
4TM(15), TEMP(15),TM{16) ,TEMP(16),TPLE,TCEL
Cexee BUNDLE LOG MEAN DELTA T
ISN._0072 _ BLYTO = (TEMP(T) ~ TEMP{1)) / DLOG({CONTMP - TEMP{(1)) /
L({CONTMP = TEMP(T)))
geees WIN IS LBS PER MIN IN, WOUT IS LBS PER MIN OUT -
ISN 0073 WOUT = 8.33 * SPGR(TEMP(B)) * SLOW(L) + VENT + CEDRT + SIDRT
1 - GASFL * 28, L o
ISN 0074 WIN = 8.33 * (SPGRITEMP(11))* FLOW(2) + SPGR(TEMP(14))¢ ELOWIS))
e oo L#*x FIND FACTORS FOR BUNDLE = = _ _
1SN 0075 T1 = TEME(1)
ISN 0076 I = CONTHMP ) i
Ce** Tl 1S COND INLET AND T IS COND OUTLET
ISN 0077 T = TEMP(T)
ISN 0078 FL = FLOW(10)
SN 0079 I8 =0 _ -
1SN 0080 CALL UCAL
ISN 0081 UBND = U -
ISV 0082 VBND = V
C**x FIND FACTDRS FOR EACH TURE )
ISN 0083 18 =1
ISN 0084 D0 10 1 = 1,5 _ . o .
1SV 0085 J = IND(T)
ISN 0086 T = TEMP(I+]) )
ISN 0087 FL = SLOW(J)
ISN 0088 CALL UCAL .
1SN 0089 UTUBI(T) = U
ISN_0090 YTUB(I) = V e
ISN 0091 IF(CNDW.EQ.0.0) GO TO 10
i , C#+  FLOODING FACTOR CALL
ISN 0093 CALL FLFACT(I)
ISN 0094 10 CONTINUE : - .
C**  CALL NON-CONDENSABLE SUBROUTINE (WILL AUTOMATICALLY BYPASS THIS
- Cex  CALCULATION IF THERE IS NO GAS FED TD SYSTEM
1SN 0095 TF(FLOW(11).GT.0.) CALL NCOND(IND)
1SN 0097 IF(IN.£Q.0} GO TO 30 e
ISN 0099 IFLG = 1
o Cest  READ DATA FOR WILSIN PLOT .
ISN 0100 20 READ(5,2) NOTUB,NPTS,M
1SN 0101 NAPINDTUB) = NPTS —
ISN 0102 I1 = NITUB + 1
1SN 0103 J = IND(NOTUB) _
ISN 0104 DO 15 1 = 1,NPTS
Caxs READ IN STEAM IN,STEAM OUT,TEMP IN,TEMP QUT,FLOM -
ISN 0105 READIS,1) TM{8),TMIO), TM(1),TM(TI),A(3)
SN o01¢6 . CALL CALIB e ——
ISN 0107 Z = (TEMP(8) + TEMP(SI) / 2.
ISy o108 T1 = TEMP{1) o
ISM 0109 T = TEMP(II)
ISN 0110 FL = FLOW(J) o
ISN 0111 CALL UCAL
JISN 0112 . ... ... _WILA(I,NOTUB) = AA _ . ___._ . e e
1SV 0113 WILD(I,NOTUB) = O
ISN 0114 REN{I,NOTUB) = R

CONTST
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ISN 0115 PRN(I,NOTUB) = P
ISy otte _  _ _TICS{I,NOTUB) =21 = SIS e
ISN 0117 TIN(I,NOTUR) = T1
ISN 0118 TYO(I,NOTUB) =T
ISN 0119 FLW(T,NOTUB) = FL
ISN 0120 UBR(1,NOTUB) = U  _
ISy 0121 15 CONTINUE g
— — Cxx CALL_SQR _FOR REGRESSION 0F WILSIN PLIT DATA
1SN 0122 CALL SQR{NOTUByNPTS)
ISN 0123 IF(IP.EQ.0) GO TO 40
k% PLOTT PREPARES B-L DATA
ISN 0125 CALL PLOTT (NOTUR,NPTS,IRUN}
1SN 0126 40 IF(M.EQ.1) GO T2 20
— C 30 CALL RITRUIW) -
ISN 0128 30 CONTINUE
ISN 0129 CALL OUTPUT
ISN 0120 IF{IM,EQ.0.0R.IW.EQ.0) GO TO 100
18N . 0132 IWM = 1
ISN 0133 DO 50 L = 1,45
ISN 0134 1F(NOP(L}.EQ.0) GO TO 50
ISN 0136 NPTS = NOP(L)
Cae WILMOD CALCULATFS REVISED WILSON PLIT DATA
ISN 0137 CALL WILMOD{NPTS,L)
ISN 0138 IF(IWMPLEQ.1) CALL PLOTT(L NPTS, IRUN)
ISN 0140 50 CONTINUE
ISN 0141 9 FORMAT{1H~,T12,2HCN,T30,2HCT)
ISN 0142 11 FORMAT(L1HO,T9,F7.5 4T27,F7.5 )
1S\ 0143 7 FORIMAT(1H1 ,T15,25HMODIFIED WILSON PLIT DATA)
ISN 0144 8 FORMAT(1HO)
c WRITE(GLsT)
ol WRITE(6,8)
S _CALL RITE(IMY .
c WRITE(649)
= WRITE(6411V(CNIT) 4CTI(T),1=1,5)
ISN 0145 GO TO 100
1SN 0146 200 FORMAT(1H1:T15,30HTEMPERATURES AND FLIWS RUN,14)
ISN 0147 201 FORMAT{1HO,T123,4HRDGS/ ’
11HO, THELOW _ 13F9.2,F10.2,T30,15HGPM ENTR _SEPAR/
21H J7HELOW 24F9.2,F10.2,T30,2HGPM/ '
3}H 4 THFLOW  3,59.2,F10.2,T20,18HGPM  CENTER TROUGH/
41H J7HFLOW 4,F9.,2,F10.2,7320416HGPY SIDE YROUGH/
SIH ¢ 7HFLOW 5¢F9.2,F10.2,T30,16HGPM SPRAY WATER/
61H ¢ THFLOW 6,F9.2,F10.2,T30,1YHGPM TUBE 1/
I 71H 2 THFILOW T4F3.2,F10.2,T30,11HGPM  TUBE-S5/
B1H ,THFLOW 8,F9.2,F10.2,T720,11HGPM TUBE 4/
91H +THFLOW 9+F9.2+F10.2,T30,11HGPM TUBE 2/
11H o 7HAFLOW 104F9.2,F10.2,T30,11HGPM BUNDLF/
21H ¢THFLIW 114F9.2,F10.2,T30,13HCFM NITROGEN/
IIH JTHFLOW 12,F9.2,F10.2,T30,11HGPM TUBE. 3/
e 41H S THELOW 133F9.2,F10.2,730,) 6HGPM _WASTE WATER)
1SN Q148 232 FORMAT(1HO,T13,2HMV,T22,5HDEG =/

T1HO s THTEMP  13F9,4,510,2,T33,)2HCONDENSFR IN/
21H S THTEMP  2,F9,4,F10.2,T33,6HTUBF 1/
31H 2 THTEMP 34F9.4:F1042,T33,6HTUBE 2/
41H JTHTEMP  4,F9.4,F10.2,T33,6HTUBE 2/
e .51H_yTHTEMP 5,29,4,F10,2,T32,6HTUBE &4/
61H s THTEMP  6,F9.4,F10.2,T733,6HTURE 5/
TIH S THTEMP  T7,F3,4,F10,2.T33,10HBUNILE OUT/

CONTST
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81H oy THTEMP B8,F9,4,F10.2,T733,13HCIOND STEAM IN/
91H THTEMP 9,F9.4,F10.2,733,14HCIOND STEAM OUT/

11H ,THTEMP 10,F9.2,F10.2,733,10HSPRAY ROTA/
~ 21H ,THTEMP 11,F9.2,F10.2,733,12HWATER TO HEX/
21H +THTEMP 12,F9,2,F10.2,T33,11HBOILER EXIT/
31H »THTEMP 13,F9.4,F10.2,733,13HTEST COND INT/__
41H sTHTEMP 14,F9.2,F10.2,733,)14HSPRAY WATER IN/
SIH _yTHTEMP 15,F9.2,F10.2,733,14HWASTE COND OUT/

61H THTEMP 16,F9.2,F10.2,733,13HWASTE COND IN/
TIH ¢ TATH-PILE F9.4,FL0.4,T33,12HBNDL DELTA-T)
ISN 0149 99 RETURN
ISN 0150 END

CONTST
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JFACT

10
i1
12
13
15
16
17
18
25
26
30
32
33
34
35
36
37
38
39
40
50
60
70
80
90
100
110
115
120
130
140
145
150
160
165
168
170
180
190
191
192
193
194
196
197
198
199
210
220

s

S PRINT'NQ.'>"STEAM TEMP","SPALDING JF":"CGLBU_RN JF*","REYNOLDS NO@.'

READ C»N2 : :

REM WHERE N1 IS THE NUMRER OF DATA SETS AND

REM WHERE C IS THE N@-GAS FIVE TUBE AVERAGE CN
REM DEFINE THE LATENT HEAT AS A FUNCTION OF TEMPERATERE
DEF FNHC(T)=970*((212-T)*.00064+1) &,
PRINT

PRINT

PRINT" CNS WITHBUT GAS 1S"C
PRINT

FGR NI1=1 T@ N2

READ N>T»DsGsFsClsH» U

REM WHERE N=RUN NUMRER

REM T=STEAM TEMP

REM D=L0G MEAN OVERALL TEMP DIFF

REM G=STEAM MASS VELOCITY

REM F=VOLUME FRACTION NITROGEN

REM C1=FIVE TUBE AVERAGE CN WITH GAS

REM H=FIVE TUBE AVERAGE CONDENSING CO@EFFICIENT
REM U=FIVE TUBE AVERAGE OVERALL COEFFICIENT

LET A1=23.346313

LET A2=4.14113E-2

LET A32751548 4E-9
LET A4=1.3794481E-2

LET AS=6.56444E-11
LET Aé=3206+1604

LET A7=2.3025851

LET T1=(T+459)/1.8

LET AB=647.27-T1

LET Ps=EXP(C(AT*AB/T1)*((A1+AB*(A2+AB 2% (A3+AB*AS5) ) )/ (1+AA%AB)))
LET P1=A6/P

LET P2=P1*F/(1-F)

LET H1=H/C(1-C1/0)

LET D2=(UxD)/H1

LET T2=(T7-D2+459)/1.8

LET A8=(647.27~T2)

LET P3=EXPC(AT*AB/T2)*((A1+AB*x(A2+ABt 2% (A3+AB*AS5) ) )/ (1+A4%xA8)))
LET P3=A6/P3

LET P4=P1+P2-P3

LET P5=(Pa-P2)/LOAG(P4/P2)

REM F1=V@L FRACT N2 AT CONDX SURFACE
REM F2=AVE FRACT N2 IN FILM

REM M1= MEAN MOL WT AT CONDX SURFACE
REM M2=MEAN MOL WT IN FILM

LET F1=P4/(P1+P2)

LET F2=(F+F1)/2

LET M1=29%F1+18%(1-F1)

LET M2=29%F2+18%(1-F2)

LET K=H1*D2/C((P4~P2)*FNH(T))

LET J1=K*P4ax.72*%M1/(G*18)

JFACT
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JFACT CONTINUED

225
230
232
233
234
23S
236
237
240
250
251
260
262

LET J2=K*PS5%.72%M2/(G*18)
LET J2=J1%P5/P4
IF T>180 THEN 235
LET R=3.189%G

GO Ta 250

IF T>200 THEN 240
LET R=2.995%G

G TO 250

LET R=2.778%*G
PRINT N>T»J1sJ2,R
PRINTH1

NEXT N1}

Gg T@ 10

JFACT



APPENDIX B
TABULATION OF RUN PARAMETERS AND EXPERIMENTAL RESULTS

The results of processing the experimental data using the computer
program, CONTST, consist of a set of output sheets similar to that shown in
Figure 19. A complete set is available as Reference 34 and can be obtained
from the Information Division, Oak Ridge Naticnal Laboratory, P. O. Box X,
Ozk Ridge, Tennessee 37830. A partial tabulation of the run parameters
and experimental results obtained from Reference 34 is included in
Table B-I.

The results of further processing of the data for runs with nitrogen

additions to the steam using the computer program, JFACT, have been

included in Table B-II,

131



SUMMARY OF RUN PARAMETERS AND EXPERIMENTAL RESULTS

TABLE B-I

Mass

Run No. Tb G I.R. Balance ATlm Us th CN5
op 1b /hr-£t2 Ratio °F Btu/hr-ft2-°F  Btu/hr-frt°-°F
39 231 780 0 0.93 1.00 9.6 1321 2959 1.359
40 232 U5 0 2.47 1.02 11.5 1139 2186 1.094
L1 230 451 0 2.35 1.03 11.5 1112 2100 1.056
L2 232 1160 0 2.90 1.01 7.9 11k2 2192 0.996
L3 232 2028 0 1.51 0.85 6.8 132k 2982 1.256
inh 231 1970 0 1.35 1.22 12.8 114k 2209 1.134
5 231 247 0 3.01 1.07 8.8 11L7 2217 1.035
L9 230 498 0 0.95 1.01 22.1 1065 1967 1.17L
50 232 505 0 0.93 1.0k 19.6 11Lk 2246 1.281
51 227 20k 0 0.97 0.92 Lo 1424 3524 1.326
55 229 259 0 0.84 1.08 6.8 1343 3100 1.301
56 229 773 0 0.83 1.09 7.4 1311 2899 1.253
57 229 115k 0 = - 7.6 1332 30L1 1.316
59 228 1607 0 0.65 1.17 7.7 1332 3025 1.314
60 229 879 0 2.41 1.02 7.1 119k 2379 1.0L48
61 229 300 0 2.19 0.61 7.4 1206 24y 1.081
63 230 346 0 1.98 1.0L 8.7 1152 224k 1.0L45
6L 230 350 0 1.86. 1.04 8.9 1163 2309 1.075
65 229 336 0 1.52 1.06 8.6 1113 2105, 0.98L,
66 229 338 0 0.8% 1.07 8.0 1312 2940 1.293
67 229 321 0 0.87 1.0h 8.4 1220 2498 1.138
68 229 307 0 1.92 0.99 T.7 1114 208k 0.952
69 229 31k 0 1.78 0.96 8.2 1115 2088 0.970.
70 229 315 0 2.07 1.00. 8.5 1139 2183 1.01k
T1 230 32k 0 0.97 0.96. 8.4 1269 2705 1.221
86 229 50k 0 0.90 1.02 7.8 1298 2830 1.2L46
87 229 281 0 0.90 1.02 7.5 1286 2786 1.218

cet



TABLE B-I1 (continued)

Mass = =
Run No. Tb G Fm I.R. Balance ATlm Us th CN5
op 1b /hr-ft2 Ratio oF Btu/hr-ft°~°F  Btu/hr-ft°-°F
88 228 237 0.001 1.40 0.64 7.2 727 10L7 0.503
89 229 253 0.002 0.83 1.08 7.5 1126 2118 0.959
90 229 2L9 0.003 0.87 1.03 7.7 1048 1869 0.863
91 229 2L2 0.008 0.88 1.00 7.8 926 151k 0.717
92 229 281 0 0.90 1.02 7.3 1278 2768 1.203
93 229 782 0 0.85 1.08 7.5 1301 2864 1.2L6
9L 229 759 0 0.83 1.09 7.8 1273 2733 1.209
95 229 6L 0.001 0.83 1.10 7.5 1385 3322 1.413
96 229 759 0.001 0.88 1.0L 7.5 1325 2969 1.288
97 229 755 0.003 0.85 1.07 7.8 1197 2410 1.082
98 229 761 0 0.89 1.0k 8.0 1280 2754 1.225
99 229 793 0 0.83 1.1C 8.1 1311 2903 1.285
100 229 231 0 0.8k 1.08 7.6 1311 2902 1.263
101 229 22L 0.001 0.99 0.93 7.3 125k 2636 1.154
102 229 220 0.004 0.87 1.0k 7.6 1207 24L3 1.091
103 229 218 0.007 0.86 1.05 7.6 1167 2291 1.028
10k 229 212 0.011 0.85 1.05 7.3 1128 21hg 0.963
105 220 212 0.015 0.81 1.10 7.6 1115 2088 0.950
106 229 219 0 0.91 1.00 6.9 1302 2860 1.220
107 229 223 0 0.83 1.09 7.5 1333 2989 1.296
108 229 20k 0 2.68 0.90 7.0 1202 2415 1.056
109 229 211 0.05 2.19 1.03 7.8 10Ls 1801 0.863
110 228 202 0.052 0.85 1.0k 6.3 1150 2204 0.951
111 229 209 0 0.83 1.09 6.9 1362 3146 1.322
112 229 918 0 0.82 1.11 7.7 1325 2965 1.295
113 229 0L 0.. . 2.19 1.00 7.3 1228 250L 1.102
11h 229 901 0.002 2.33 0.97 7.6 1143 2173 0.985 .
115 229 919 ©..0.002 0.83 1,10 : 7.6 1345 30L8 1.321
116 229 91k 0 0.81 ©1.11 7.5 1368 3160 1.357

EET



TABLE B-I (continued)

Mass = =

Run No. Tb G Fm I.R. Balance Tlm Us th CN5
op 1b/hr-£t2 Ratio oF Btu/hr-ft2-°F  Btu/hr-ft°-°F
117 229 8Ly 0 - 0.80 1.13 7.3 1313 ' 2912 1.257
118 229 851 0 1.81 1.00 7.3 1182 2338 1.039
119 229 856 0 1.73 1.09 - 7.4 122k 2525 T.11h
120 229 84T 0 2.71 1.01 7.3 1184 2337 1.037
121 229 834 0 L.86 1.04 7.7 1109 2058 0.9L2
122 229 828 0 5.25 1.03 7.3 1157 2230 0.996
123 229 861 0 0.82 1.10 7.5 1281 2743 1.203
12h 229 346 0 0.87 1.06 8.0 1286 2761 1.228
125 229 317 0.011 0.85 1.05 6.9 1206 2L1h 1.05k4
126 228 308 0.016 0.89 1.00 6.3 1184 2329 0.999
127 228 299 0.02L 0.84 1.0k 6.5 1091 1993 0.877
128 229 335 0 0.83 1.09 7.6 126k 2658 1.172
130 229 355 0 0.73 1.23 7.0 1406 3251 1.37h
131 229 333 0.010 0.98 0.93 7.3 1230 2457 1.086
132 229 335 0.015 0.90 1.00 7.5 1153 2173 0.985
133 228 315 0.034 0.86 1.02 7.1 1011 1725 0.790
134 228 319 0.043 0.77 1.13 7.9 9L9 1554 0.739
135 230 337 0 0.81 1.11 7.3 1358 3000 1.292
137 229 150 0.017 1.33 0.68 7.6 1034 1845 0.848
138 229 151 0.022 0.80 1.09 7.9 1002 17h9 0.818
139 229 12 0.033 0.77 1.10 7.5 939 1563 0.730
140 228 129 0.051 0.85 1.01 6.5 857 1351 0.617
141 229 169 0 0.82 1.09 7.3 1318 3001 1.284
143 227 200 0.013 0.97 0.94 7.5 1088 2036 0.925
1hk 227 192 0.021 0.88 1.01 7.7 1035 1854 0.858
1Ls 227 177 0.037 1,07 0.8k 7.1 916 1507 0.697
146 226 157 0.082 = = 6.0 754 1112 0.508
1Lt 227 200 0 0.92 0.984 6.4 1330 3072 1.272
148 229 170 0 0.82 1.10 7.7 1234 2599 1.151

HET



TABLE B-I (continued)

Mass == -
Run No. Tb G Fm I.R. Balance ATlm Us th CNS
oF 1b /hr-ft2 Ratio o Btu/hr-ft2=CF _ Btu/hr-ft2-°F
1L9 229 163 0.001 0.85 1.06 7.8 1125 2157 0.982
150 229 169 0.002 0.80 1.13 8.1 1160 2291 1.0L45
151 229 168 0.003 0.81 1.11 7.9 1175 2352 1.063
152 229 166 0.003 0.79 1.1h 7.6 1199 2LL2 1.085
153 229 164 0 0.88 1.0L 7.2 1258 2699 1.170
154 229 672 0 0.84 1.08 7.1 127k 2771 1.191
155 229 656 0.007 0.80 1.11 7.3 1158 2282 1.012
156 229 652 0.010 0.86 1.04 6.8 1262 2719 1.161
157 229 669 0.021 0.8%4 1.06 6.9 1200 2L48 1.063
158 229 664 0 0.92 0.98 7.0 1226 2562 1.109
166 229 681 0 0.88 1.03 7.2 1220 2530 1.107
167 229 686 0.005 0.88 1.03 7.0 1238 2608 1.129
168 229 651 0.023 0.75 1.176 7.0 1211 2hg96 1.085
171 229 354 0 0.85 1.0L 5.1 1386 3380 1.299
172 229 335 0 0.7k 1.21 7.3 1319 3505 1.286
173 229 317 0 0.78 1.15 6.6 1329 3048 1.272
17k 229 318 0 0.77 1.17 6.6 1338 3096 1.288
175 229 318 0 0.77 1.17 6.7 1315 2976 1.250
178 230 353 0 0.71 1.27 8.3 1232 2590 1.167
179 230 357 0 0.69 1.31 8.3 1280 2801 1.251
180 230 386 0 0.85 1.11 11.2 1245 2662 1.291
2ho 160 170 0 0.88 1.04 8.7 1071 2361 1.201
2h3 160 177 0 - - 9.2 1049 2258 1.170
2kh 160 171 0 0.8L 1.08 8.9 1050 2265 1167
25 159 168 0 0.84 1.08 9.0 1072 2384 1.222
2k6 159 157 0.003  0:95 0.96 9.0 ‘972 19h2 1.02L4
2L7 159 160 0.006 0.92 0.99 9.k 929 7T 0.958
248 159 157 0.010 0.96 0.95 9.7 ~898 1672 0.916
249 159 162 0.01k 0.90 1.01 10.2 812 1584 0.885

GET



TABLE B-I {continued)

Mass = =
Run No. Tb G Fm I.R. Balance AT]Jn Us th CNS
oF 1b/hr-ft2 Ratio °F Btu/hr-t2-°F  Btu/hr-ft2-°F

250 159 1T7h 0 0.82 1.11 8.7 1121 2637 1.324
251 160 118 0 0.84 1.08 9.k 1020 2129 1.118
252 160 101 0.002 1.00 0.90 9.6 883 1611 0.881
253 160 109 0.004 0.91 1.00 9.9 888 1630 0.899
254 160 116 0.008 0.85 1.07 10.5 856 1526 0.859
255 159 98 0,018 1.01 0.89 9.6 793 1335 0.746
256 160 9l 0.023 0.97 0.93 9.9 ThT 121k 0.691
257 160 122 0 0.82 1.11 9.3 105k 2287 1.188
258 160 256 0 0.85 1.07 8.9 1096 2485 1.26
259 160 256 0.002 0.84 1.08 8.7 1135 2692 1.343
260 160 256 0.003 0.84 1.08 9.0 1072 2366 1.213
261 160 245 0.006 0.87 1.0L 9.2 1021 2132 1,115
262 160 250 0.009 0.95 0.97 8.9 1075 2384 1.217
263 160 2ll 0 0.87 1.05 9.0 1110 2554 1.293
264 160 169 0 0.86 1.06 8.9 1120 2612 1.318
265 160 171 0 0.8%4 1.08 9.1 1107 25h9 1.296
266 159 170 0 0.85 1.08 8.6 1176 29kT 1,448
267 160 183 0 0.82 1.11 8.7 1149 2779 -+1.380
268 1159 181 0 0.85 1.07 8.5 1189 3027 1,476
269 161 166 0 0.90 1.01 8.7 1091 2456 1.2k0
270 160 165 0 0.91 1.00 8.5 1129 2657 1.320
272 161 168 0 0.93 0.98 8.4 1132 2664 1.318
273 161 167 0 0.91 1.00 8.8 1066 2326 1.185
274 161 221 0 0.92 1.00 8.5 1128 2639 1.309
275 161 219 0 0.89 1.02 8.2 1120 2596 1.283
276 161 178 0 0.89 1.02 8.2 1129 2649 1.30L
277 161 175 0 0.90 1.00 8.2 1118 2590 1.280
278 160 195 0 0.89 1.0k 9.4 1093 2471 1.272
279 160 255 0.010 1.0 0.92 9.0 102k 2148 1.118

9ET



TABLE B-I (continued)

Mass = =
Run No. Tb G Fm I.R. Balance AIIlZl_m Us hc5 CN5S
oF 1b /hr-£t2 Ratio oF Btu/hr-ft2-°F  Btu/hr-ft°-°F
280 159 2h9 0.017 1.05 0.87 8.9 992 2015 1.05L4
282 160 256 0 0.97 0.95 8.7 1132 2677 1.337
283 159 248 0.010 = 1.07 0.86 8.1 1096 2486 1.236
284 160 297 0 1.0L 0.91 13.9 1033 2218 1.279
285 159 287 0.009 1.0k 0.91 12.9 1025 2187 1.243
286 160 312 0 0.95 0 13.7 1086 2485 1.408
287 161 267 0 0.90 1.02 9.3 1100 2501 1.280
288 161 383 0 0.88 1.05 9.5 1083 2416 1.2L48
289 160 604 0 0.78 1.15 8.8 1169 2892 1.L33
290 161 676 0 0.75 1.11 9.4 1121 2613 1.33%
292 162 726 0 = = 7.9 11k2 2706 1.315
294 160 827 0 0.667 1.09 9.0 1195 3055 1.508
295 160 788 0.009 0.728 1.01 9.2 1117 2595 1.320
296 160 797 0.012 0.687 1.09 9.3 1120 2615 1.331
297 160 843 0.015 0.698 1.07 9.3 1103 2522 1.291
298 161 825 0 0.70 1.06 9.3 1107 2542 1.300
299 160 1035 0 0.5L7 1.0k 8.6 1203 3110 1.515
300 189 238 0 0.85 1.08 8.6 1195 2709 1.284
303 191 258 0 0.70 1.13 8.5 1220 2825 1.327
304 189 519 0 1.00 0.92 8.4 1195 2713 1.278
305 190 800 0 0.80 0.97 8.1 1259 3053 1.ko1
306 189 81k 0 0.78 1.10 8.0 1284 3201 1.453
307 189 1029 0 0.72 1.07 7.9 1269 3111 1.416
308 190 1392 0 0.55 0.87 7.9 1294 3251 1.468
309 190 1394 0. 0.5k 0.89 7.7 1296 3258 1.h6kL
311 190 1657 0 0.k 0.76 7.8 1311 3358 1.506
312 190 201k 0 -0.36 0.69 T.7 1317 3396 1.515
313 190 2010 0 0.37 0.70 7.7 1304 3315 1.48L
31k 190 127k 0 0.60 1.1k 8.1 1228 2860 1.325
315 - 160 1837 0 0.77 1.09 9.4 1090 2456 1.265

LET



TABLE B-I (continued)

Mass - o
Run No. r'[]b G m I.R. Balance ATlm Us th CN5
oF 1b /hr-ft2 Ratio op Btu/hr-ft°~°F  Btu/hr-rt2-°F
316 160 1780 0 0.82 1.03 8.9 9Tk 2277 1.1k8
317 160 1032 0 0.54 1.02 8.8 1220 3216 1.565
318 160 1048 0 0.53 0.97 8.7 1211 3162 1.5%0
319 160 1383 0 0.48 0.83 8.4 1220 3219 1.552
3P1 160 541 0 0.82 1.11 9.2 1137 2709 1.367
322 160 542 0 0.81 1.12 9.1 117h 2927 1.460
323 160 U571 0 0.79 1.16 9.0 124 3400 1.651
32 160 436 0 0.83 1.10 9.1 1168 2886 1.4
325 160 170 0 0.85 1.07 9.5 1103 2521 1.296
326 161 167 0 0.89 1.0k4 9.5 1099 2492 1.286
327 190 210 0 0.8hL 1.09 8.0 1285 3201 1.h55
328 190 198 0 0.87 1.05 8.3 1208 2761 1.293
329 190 216 0 0.87 1.05 8.2 1241 2939 1.361
330 229 325 0 0.85 1.08 8.6 1335 3093 1.375
331 230 328 0 0.95 0.99 8.5 1333 3075 1.362
333 189 Lho8 0 0.83 1.13 18.1 1125 2438 1.415
33L 189 o7 0 0.83 1.12 17.6 1138 2499 1.436
335 190 Lo 0 0.85 1.10 18.4 1110 2365 1.384
336 190 453 0.005 0.92 1.02 18.8 1015 197h 1.189
337 190 459 0.008 0.90 1.0k 19.7 972 1822 1.121
338 190 LL8 0.01k 0.89 1.0%4 20.2 928 1678 1.055
339 189 ‘Lh59 0.02k 0.87 1.07 20.8 903 1599 1.015
3h0 190 490 0 0.82 1.1k 18.9 1118 2406 1.413
3L 189 438 0 0.87 1.07 10.2 1216 2832 1.394
3L2 189 -h37 0:005 0.90 1.0k 10.1 1190 2697 1.335
343 189 23 0.009 0.9k 0.99 10. 4 1122 2377 1.204
34l 189 h25 0.015 0.96 0.97 10.7 1069 2154 1.115
345 188 390 0.038 1.20 0.79 10.8 934 1670 0.89kL
346 189 k21 0 0.86 1.09 10.1 1238 2955 1.4k43

get



TABLE B-I (continued)

Mass = =
Run No. Tb G Fm I1.R. Balance Tlm Us hc5 CNS
op 1b/hr-ft2 Ratio op Btu/hr-ft2-°F  Btu/hr-fte_°F

3h7 190 180 0 0.86 1.08 9.6 1270 3126 1.491
348 190 152 0.012 1.15 0.81 10.1 954 1726 0.903
349 190 155 0.018 0.95 0.97 11.1 917 1613 0.871
350 189 141 0.030 1.00 0.92 11.7 813 1319 0.738
351 188 137 0.045 1.07 0.86 12.1 731 1119 0.6L2
352 190 177 0 0.89 1.05 9.9 1231 2904 1.412
353 190 177 0 0.90 1.03 9.3 1219 2828 1.360
354 190 156 0.002 0.9k 0.99 9.3 1120 2353 1.159
355 190 161 0.003 0.91 1.02 9.5 1122 2361 1.170
356 189 156 0.007 0.93 1.00 9.7 1075 2166 1.091
357 189 159 0.013 0.95 0.97 9.8 1030 199k 1.018
359 191 173 0 0.89 1.07 17.6 1936 1688 1.018
360 190 120 0.002 1.26 0.75 17.8 706 1067 0.677
361 189 149 0.00L 0.92 1.03 19.0 7T 1234 0.786
362 188 143 0.007 0.92 1.03 19.2 729 112L 0.726
363 188 116 0.018 1.09 0.86 20.3 601 8.8 0.570
364 191 181 0 0.95 1.00 18.9 916 1629 1.00k
365 190 61k 0 0.83 1.10 9.0 1138 2430 1.183
366 190 61h 0.00k 0.86 1.06 9.1 1080 2180 1.080
367 190 600 0.006 0.83 1.10 9.2 1065 2120 1.058
368 190 598 0.011 0.87 1.05 9.2 1028 1981 0.995
369 190 600 0.025 0.94 0.97 9.2 9L2 1686 0.865
370 190 635 0 0.80 1.1k 9.6 1087 2208 1.10k
371 190 699 0 1.1 0:87 16.5 969 1798 1.060
372 191 675 0.003 0:81 1.16 17:h “873 149L 0.910
373 190 681 0.005 9.81 1.16 17.5 887 1536 0.935
37k 190 679 0.009 0.85 1.11 17.L 864 1469 0.898
375 190 680 0.022 0.89 1.05 17.0 817 1340 0.823
376 191 1ho 0 0:83 1.11 15.2 791 1267 0.759
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TABIE B-I (continued)

Mass = o
Run No. Tb G Fm I.R. Balance ATlm US hc5 5 CN5
op  1b/hr-ft2 Ratio op Btu/hr-ft2-°F  Btu/hr-ft“-°F
377 190 122 0.002 0.96 0.96 15.5 673 989 0.609
378 190 122 0.00L 0.90 1.02 15.8 670 983 0.609
379 190 11k 0.009 0.93 0.99 16.4 592 825 0.523
380 189 119 0.018 0.83 1.09 16.6 582 805 0.51h
381 191 14k 0 0.79 1.17 15.6 807 1307 0.785
382 189 236 0 0.81 1.13 8.5 124l 2973 1.389
383 189 227 0 9.89 1.03 8.2 1206 2760 1.292
38l 189 253 0 3.33 1.06 9.9 1058 2100 1.069
385 190 262 0 0.89 1.03 0.85 12Lh 2972 1.386
386 190 220 0 3.48 1.1 9.0 1118 23h2 1.146
387 190 229 0 3.52 1.08 9.1 1131 2ho1 1.174
388 190 228 0 5.34 1.75 10.0 9Ly 169k 0.886
390 190 27 0 2.4 1.11 16.4 988 1866 1.084
391 190 196 0 2.48 1.11 16.6 970 1802 1.063
392 190 191 0 3.5° 1.09 17.9 863 171 0.906
393 190 256 0 1.05 0.91 1k4.9 1119 2385 1.322
39L 189 161 0 0.90 1.05 16.2 978 1831 1.073
395 189 133 0.002 1.05 0.90 16.0 862 1467 0.880
396 188 136 0.00L 1.01 0.93 16.7 832 1386 0.8k46
397 187 134 0.008 1.03 0.92 16.9 798 1296 0. 800
398 186 123 0.017 1.11 0.85 17.7 Te2 1109 0.70L
399 189 155 0 0.93 1.02 15.9 988 1868 1.087
400 190 810 0 0.77 1.15 8.2 1303 3318 1.510
ko1 190 793 0.003 0.79 1.11 8.3 1268 3104 1.430
402 190 779 0.005 0.79 1.13 8.3 1296 3273 1.49hL
403 190 779 0.008 0.79 1.1] 8.2 1298 3290 1.496
Lok 189 9Lo 0.13 0.88 0.98 7.8 1196 2710 1.256
Lo5 190 788 0 0.83 1.07 8.2 1209 3356 1.524
LoT 191 921 0.002 0.77 1.09 16.7 1130 2438 1.38L

ont



TABIE B-I (continued)

Mass = =
Run No. Tb G 1:‘m I.R. Balance ATlm Us 5 hc5 CN5
oF 1b/hr-ft2 : Ratio oF Btu/hr-ft°-°F  Btu/hr-ft2-°F
L0o8 190 920 0.00k 0.78 1.07 16.6 1127 2h25 1.377
409 190 906 0.007 0.77 1.09 16.6 1095 2286 1.309
410 190 1086 0.005 0.82 1.05 16.6 10L5 2080 1.207
411 191 918 0 0.77 1.08 16.7 1122 2holh 1.367
ke 191 345 0 0.93 1.01 12.L 1156 2533 1.327
L1k 190 342 0.002 0.92 1.03 12.2 1151 2509 1.313
L5 190 347 0.003 0.87 1.08 12.5 1126 2396 1.269
416 190 341 0.006 0.86 1.09 12.6 1113 2341 1.2L46
hat 190 355 0 0.84 1.12 12.3 1184 2672 1.389
418 229 645 0 0.78 1.19 8.6 1415 3502 1.552
419 229 619 0 0.83 1.12 8.6 1400 3470 1.518
420 229 616 0 0.83 1.12 8.4 142k 3617 1.501
L2 220 61h 0 0.84 1.10 8.3 1429 3656 1.573
Loo 229 616 0 0.83 1.12 8.5 102 3h83 1.519
423 229 1080 0 0.83 - 1.05 8.2 1Lsk 3813 1.621
Lok 229 1082 0 0.82 1.07 8.2 1476 397k 1.680
hos 229 1089 0 0.78 1.13 8.2 1473 3951 1.673
426 229 1082 0 0.82 1.07 8.2 1479 3996 1.689
Lo 229 1080 0 0.83 1.06 8.2 1445 3758 1.604
428 229 1131 0 L.23 1.08 8.4 1093 20L2 0.952
29 230 1138 0 2.69 1.05 8.6 1184 21386 1.097
430 229 1162 0 9.78 1.12 8.7 1367 3273 1.4ko
431 230 1182 0 4.63 1.09 8.2 1124 2153 0.992
432 230 499 0 2.83 1.07 9.1 1193 o423 1.127
433 230 6us 0 2.60 1.09 17.3 1021 1828 1.036
L3k 230 659 0 1.86 1.08 17.8" 110k 2111 1.184
435 230 678 0 0.85 1.08 17.1 1209 2528 1.370
436 230 368 0 - 0.85 1.1h 26.4 1060 1986 1.2k0
437 230 369 0 0.85 1.1k 26.7 1055 1969 1.23k4
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TABLE B-I (continued)

Mass = =
Run No. Tb G Fm I.R. Balance AII‘]_m Us th CN5
°F  1b/hr-ft° Ratio °F  Btu/hr-ft2-°F Btu/hr-ft°-°F
438 231 371 0 0.86 1.13 26.8 1065 2005 1.25k
439 231 362 0 0.86 1.13 26.8 1053 1962 1.230
4ho 229 521 0 2.81 = 8.5 1133 2190 1.016
Ll 229 538 0 1.65 - 9.3 1243 26L5 1.224
Lho 229 s5h1 0 0.65 1.02 8.3 1361 3234 1.413
Lk 3 229 1508 0 0.64 1.17 8.6 1398 3462 1.51k
Ll 230 1276 0 0.71 1.19 7.0 1522 4293 1.721
Lh5 229 809 0 0.78 1.17 7.0 1507 L8k 1.689
LL6 249 500 0 1.02 0.93 8.1 1516 4007 1.660
Lu7 2h9 256 0 - - 7.2 1543 hig2 1.675
448 2k9 277 0 0.81 1.1k 7.7 1453 3586 1.492.
4Lo 349 277 0 0.80 1.1k 7.7 1473 371k 1.536
450 349 278 0 0.80 1.15 7.5 150k 3913 1.599
451 2h9 27T 0 0.81 1.1k 7.6 1499 3885 1.592
452 230 268 0 0.73 1.24 7.9 1339 3107 1.349
u53 229 256 0.001 0.75 1.21 7.7 1347 31k9 1.357
L5k 229 246 0.002 0.76 1.19 7.9 1297 289k 1.271
55 229 2h1 0.004 0.77 1.18 28.0 1275 2788 1.234
us56 229 022 0.012 0.79 1.1k 8.2 1175 2351 1.070
L57 230 258 0 0.75 1.21 7.9 13k1 3118 1.353
458 230 153 0 0.79 1.15 8.0 1326 3033 1.325
459 230 147 0.002 0.82 1.11 8.2 1230 2578 1.158
460 230 148 0.00L 0.79 1.16 8.2 1219 2529 1.1
L6l 230 148 0.007 0.79 1.15 8.4 1185 2389 1.001
Lé2 229 138 0.019 0.81 1.12 8.6 1094 20L8 0.959
463 230 152 0 0.80 1.14 7.8 1381 3332 1.429
Lek 230 T2 0 0.76 1.20 7.9 1328 3046 1.327
465 230 52 0.005 0.9 1.00 8.0 1133 2188 0.999
L66 229 57 0.009 0.82 1.11 8.k 1129 2177 1.008

ent



TABLE B-I (continued)

Mass == =
Run No. Tb G Fm I.R. Balance ATlm Us th CN5
°F 1b/hr-ft2 Ratio °F Btu/hr-ft2-°F Btu/hr-ft2-°F

LT 228 52 0.020 0.85 1.07 8.4 1052 1909 0.897
L69 230 70 0 0.81 1.13 7.8 1356 3197 1.377
470 229 21 0 0.78 1.17 6.8 139k 3416 1.h12
472 230 27 0 0.75 1.2 6.5 1k35 3663 1.479
h73 230 30 0 0.72 1.25 6.9 1401 3450 1.428
Lh 229 21 0 0.78 1.15 6.6 1k03 3hTh 1.420
W75 228 3 0.065 0.9%4 0.96 6.5 1180 2370 1.02

L7 229 20 0 0.79 1.1k 6.9 1296 2886 1.227
478 229 34k 0 0.87 1.09 15.5 1158 2315 1.241
479 229 338 0.001 0.89 1.06 15.6 1133 2218 1.198
480 229 336 0.002 0.88 1.07 15.8 1119 2168 1.177
481 229 346 0.003 0.81 1.16 16.3 1083 2037 1.123
482 229 331 0.008 0.89 1.06 16.6 1036 1879 1.050
483 229 3h1 0 0.83 1.13 1k.9 1188 2435 1.28L4
484 229 2h2 0 0.83 1.15 16.1 1079 2025 1.11k
485 228 227 0.001 0.90 1.05 15.9 1032 1866 1.03k
486 228 242 0.002 0.80 1.17 16.9 1087 2055 1.1kk
487 228 227 0.005 0.86 1.08 17.1 972 1681 0.960
488 228 217 0.012 0.91 1.03 17.6 880 1k2s5 0.835
489 229 240 0 0.86 1.10 16.3 1084 20k2 1.126

ent
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TABLE B-II

SUMMARY OF RESULTS FOR NON-CONDENSABLE GAS RUNS

h

M

Jus

Re

Run No. CN5 CN5 - . v
(no gas) (gas) Btu/hr-ft2-CF o
89 1.211 0.959 10,178 0.012 0.029 703
90 1.211 0.803 6,50k 0.011 0.028 692
91 1.211 0.717 -3,T711 0.01k 0.028 672
101 1.2k42 1.154 37,203 0.018 0.037 622
102 1.2h2 1.091 20,094 0.028 0.0k46 611
103 1.2k2 1.028 13,296 0.030-  0.048 606
104 1.2k42 0.963 9,Thh 0.034 0.050 589
105 1.2k2 0.950 8,881 0.0Lo 0.057 589
125 1.200 1.054 19,841 0.0373 0.0482 881
126 1.200 0.999 13,90k 0.0383 0.0L483 855
127 1.200 0.877 7,40k 0.0333 0.433 831
131 1.292 1.086 15,410 0.0280 0.0395 925
132 1.292 0.985 9,145 0.0257 0.0368 930
133 1.292 0.790 4,439 0.028T 0.0385 875
13k 1.292 0.739 3,630 0.0300 0.0k02 886
137 1.284 0.8k48 5,433 0.0Lk31 0.0663 LT
138 1.284 0.818 4,819 0.0k4Th 0.0706 419
139 1.284 0.730 3,622 0.0538 0.0755 394
140 1.284 0.617 2,601 0.0617 0.0804 358
150 1.160 1.0L45 23,109 0.0277 0.0550 453
151 1.160 1.063 28,127 0.0371 0.0616 469
152 1.160 1.085 37,769 0.0LL6 0.0681 L6
155 1.150 1.012 19,017 0.0125 0.018 1822
2hT 1.273 0.958 7,181 0.0228 0.0484 510
2L8 1.273 0.916 5,962 0.0275 0.0528 501
2Lg 1.273 0.885 5,197 0.0302 0.0550 517
252 1.273 0.881 5,231 0.0191 0.0602 3L8
253 1.273 0.899 5,548 0.0239 0.0618 370
254 1.273 0.859 k,692 0.0301 0.0802 312
255 1.273 0.7h46 3,224 0.0k436 0.0808 300
256 1.273 0.691 2,655 0.0347 0.0625 389
260 1.277 1.213 47,209 0.0282 0.0kko 816
261 1.277 1.115 16,806 0.0239 0.0Lk05 781
279 1.272 1.118 17,7h2 0.0329 0.0L78 813
280 1.272 1.05k 11,757 0.0366 0.054 T9U
336 1.398 1.189 13,20k 0.0161 0.0367 1357
337 1.398 1.121 9,196 0.0169 0.0373 1375
338 1.398 1.050 6,741 0.0196 0.0398 1342
339 1.398 1.015 5,836 0.0239 0.0L31 1375
342 1.418 1.335 46,076 0.0270 0.038k 1309
343 1.418 1.20k 15,750 0.0203 0.0322 1267
34k 1.418 1.115 10,080 0.0212 0.0328 1272
345 1.418 0.894 4,519 0.0252 0.0365 1168
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TABLE B-II (continued)

Run No. CNS N5 h J J - Re
(no gas)  (gas) Btu/hré—;f‘tz—oF ' B ' ’
gig i.i;g 3.203 4,565 0.0312 0.0611 L55
ford 1.h52 o' 7% h,031 0.0309 0.0675 Leh
B T ol 5006 -
- . s L0473 0.0773 410
225 i.ggg i.is9 15,921 0.0238 0.0564 LT
= 1'360 1.070 16,900 0.0288 0.0599 _ 482
24 Lo L 9% 10,951 0.0366 0.0669 W67
e 1.011 0.21 7,929 0.0kL26 0.0707 L76
260 1.011 o. gg 3,230 0.0216 0.0825 359
S 1.011 0.726 5,545 0.0277 0.0802 L6
e 1'011 0.7 3,987 0.0308 0.0822 L8
= 1'1hh l.ggo 1,94k 0.0k02 0.0956 347
e 1.1hh 1.0 g 71,427 0.021k 0.0278 1839
ola 1'1hh o' 5 42,173 0.0196 0.0260 1839
30 1.1hh O.%gs 18,545 0.0171 0.0236 1797
3% 1'060 o' 05 7,543 0.0163 0.0224 1791
s Lo 0.332 13,025 0.00945  0.020k 2039
ST 1'060 o'BZ 9,612 0.0108 0.0212 203k
e o6 o.603 AR e o o
3782 0.769 0.609 ) a7 o ot .
N . , 724 0.0257 0.0711 36
;gga 8.;23 8.522 2,579 0.0290 0.0733 3&?
3% 1'080 O.g% 2, k27 0.0369 0.0769 356
3% 1'080 o'8h2 7,922 0.0262 0.0819 398
20 1.080 o'8oo 6,397 0.0305 0.0837 LoT7
o 1'080 0. 800 4,999 0.0366 0.0873 Lo1
o 1'367 1.70 3,185 0.0455 0.0970 368
"t 1'363 l.g 9 53,878 0.0210 0.0292 2713
e 1.363 1.2%3 68,395 0.0260 0.0439 . 102k
W2 1'363 1'2h2 3L, 7h2 0.0206 0.0403 1039
= 1.351 1.2 27,271 0.0293 0.0471 1021
i 1.351 1'27i 48,872 0.289 0.0bk7h = 683
v 1.351 1'030 32,193 0.0352 0.0536 669
459 1.395 1:128 ié’fgﬁ 8'8222 8'828i ilT
460 1.395 1.1h1 13.889 ' oee o
»: . , 0.0349 0.0662 411
h6g i.gg; 3.091 10,963 0.0k19 0.0726 h11
v 1.352 O.959 6,552 0.0609 0.0909 383
e 1.352 l.gg% 8,380 0.0826 0.166 1hk
LeT 1:352 0.897 g’é?é 8.igg 0'185 i
; . R . 0.22 1Ll
hgg i.ggg 1.198 43,736 0.0184 0.0hhT 939
. 1.177 32,188 0.0219 0.0475 933




TABLE B~II (continued)
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Run No. 5 CNs EDs 5, SE I Img A8
(no gas) (gas) Btu/hr-t2-CF

L81 1.262 1.123° 18494 ¢ 0.0203 0.0k460 QLT

482 1.262 1.050 11,185 0.0264 0.0511 920

485 1.120 1.034 2,301 - 0.0196 0.0553 672

L8T 1.120 0.960 11,767 0.0320 0.0697 603

488 1.120 0.835 5,600 - 0.0305 0.0622 667

®50lids fouling present on tube inside surface.



APPENDIX C
THERMOCOUPLE CROSS-CALIBRATION CORRECTIONS

In order to check periodically the calibration of the thermocouples
and provide a more accurate measurement of the temperatures used.in cal-
culating heat transfer coefficients, isothermal cross—calibration tests
were carried out. At first these consisted of running the circulating
water system with no heat input other than that provided by the circulat-
ing pump, and with no steam admitted to the condenser. - Water temperatures
were calculated for each tube outlet and the combined water iqlet, using
the individual thermocouple calibrations. However, because of the uncer-
tainties in this method, and the fact that it could not provide a check
of the steam temperatures, a special copper calibration block was designed
and built as shown in Figure C-I. To calibrate the thermocouples, they
were removed from their locations in the loop, and insérted‘;t random in
the drilled holes in the block. The block was brought to a steady state
and the thermocouples read using their individual calibrations. A total
of five to ten readings were obtained for each thermocouple during a
calibration.

Cross calibrations consisted of averaging the measured individuél fem—
peratures and calculating the AT for each thermocouple required.to bring
its temperature to the group average. A total of nine such cross—caliﬁra—
tions was carried out using the copper block over a three month period,
with the results shown in Table C-I. As noted, not all of the thermo-

couples were checked each time.
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TABLE C-I

CROSS CALIBRATION RESULTS

Correction Terms (°F)

~0.08(~0.06{~0.0k4(-0.06

Date 7/29 |7/30 [7/31 19/10 {9/11 [9/16 [11/1Lk[12/13]12/16
Temperature (212 [200 (205 [160 [160 {107 [205 |219 |206 |Meen

TC Loop
No. Location

6 |(Water Inlet [+0.08([-0.01 v ‘ : . +0.0k

7|Tube 1 Out |-0.20}-0.19(-0.18 -0.19

8|{Tube 2 Out |[-0.13/-0.04{-0.13|-0.19|-0.11}-0:17]~0.17!=0.14]|-0.13}-0.1hL
9|Tube 3 Out [+0.03[+0.0L|+0.04{+0.06|+0.06 +0.09|+0.07|+0.09 |+0.05
10|{Tube 4 Out |-0.11{-0.12(-0.05(+0.03{+0.02| O o s : -0.0k4
11|Tube 5 Out {+0.10|+0.17[+0.0L|+0.03[+0.11] 0O +0.09{~0.06 +0.06
12|Bundle Out [+0.23|+0.16(+0.14|-0.02{+0.02{+0.05 ~ |+0.07!+0.09|+0.09
23|Steam In +0.02|+0.05 +0.0L4
24} Steam Out +0.09|+0.1k] = oo o | - +0.12
50| Water Inlet(1) +0,11|+0.07[-0.04[+0.10|+0.26|+0.33|+0.22[+0.15
57(Tube 1 Out (1) -0.06{-0.15{-0:17|-0.17}=0.23|~0.21{~0.16
58| Tube U4 Out(l?

(1) Thermocouples Nos. 50, 57 and 58 replaced Nos. 6, T and 10
respectively, following run 2k2.

The set of deviations obtained for each thermocouple for the nine cali-
brations were averaged and these mean values used in the computer program
for correcting the temperatures measured in the condenser heat transfer

tests. These are also given in Table C-TI.



APPENDIX D
CALCULATION OF FLOW THROUGH THE CONDENSER BYPASS LINE

A flow of steam through the bypass line around the condenser runs
resulted from failure sometime during the experi;ental program of the
rupture disc (but not of its vacuum support plate). Aﬁ estimate of the
expected flow rates through the bypass lihg for each of the three oper-
ating temperatures was made by assuming critical kéhqking) fléw through the
passages in the support plate. These passages consisted of segments of
six radial slots in the 0.01 in. plate with a combined %}ow area, as
calculated from the dimensions shown in Fiéure D~I, of 0;208 in.2

The critical mass flow rate for isentropic equilibrium expansion of
saturated steam at 230°F is 1122 lb/hr—in’.2 bésed on data in the ASME
Steam Tables, which is equivalent té\a,mass flow‘rqté of 232 1b/hr through
the backup plate at 230°F. For 190°F andri60;F,ipﬁékbypass flow rate
was 10T and 55 1b/hr, respectively. =

The result at 230°F agrees faifli well with the measured vent rate,
which was found to be 315 1b/hr at that temperature with the condenser
discharge valve completely closed off. P?iof to the discovery of the
bypass flow, it had been thought that thiswappargnt vent rate répresented
leakage through the discharge valve.

The difference between the theoretical and the measured values
reflect errors in the measurement 5f the vent rate itself, the error
associated with assuming equilibrium choking flow, and the fact that the

condenser discharge valve may have in fact had a leak. The latter assump-

tion was subsequently found not to be valid. Tests after installation of
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a new rupture disc showed no'vent steam flow with the discharge valve
closed. The most likely reason for the difference is that a thin orifice
does not have{equilibrium flow. Although the magnitude of the expected
deviation resulting from the noneduilibfium condition was not estimated,
it is likely that it was in the direction of underestimating the flow
through the orifice.

It was concluded that the best correction to use to account for the
bypass flow is that based on the éXpefimental measurement at 230°F. The
corrections for 190°F and 160°F were taken to be in the same ratio as the
theoretical prediction. The cofféctions, as shown in Table D-I, were
subtracted from values of the vent rate for all runs following the

bypass leak.

TABLE D-T

MASS FLOW CORRECTION TERMS

Steam Temperature Flow Correction
oF 1b/hr
230 315
190 145
160 75

The time of occurrence of the leak is not known. Initially apply-
ing the correction to all of the data resulted in some rums prior to
Run 157 giving low and occasionally negative values of the mass velocity.
Following run 246, this condition did not occur. It was concluded that

the correction should not apply prior to run 246,
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