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LAMINAR CONDENSATION INSIDE HORIZONTAL AND INCLINED TUBES

by
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ABSTRACT

The fluid mechanics and heat transfer phenomena occurring during
condensation inside single-pass, horizontal and slightly inclined
condenser tubes were investigated analytically and experimentally.

Two independent analyses were developed for the condensate ferming
on the wall. One was the development of the boundary layer equations for
a class of curved surfaces for which similarity solutions exist. These
equations could be solved for a circuler tube only approximately. The
second method was the derivation of approximate solutions from the
momentum-energy relations. Both methods yielded similar results indi-
cating that for ordinary refrigerants under normsl operating conditions
the complete solution does not differ significantly from the simplest
approximation which is identical to the one developed by Nusselt. Yor
liquid metals, however, both of these methods indicate a significant
reduction of heat transfer rates as compared to the simplified solution.
There is a discrepancy between the results of the two methods as to the
actual magnitudes; however, the boundary conditions for the second
method are more reasonable, and consequently, its results can be
considered more relisble,

The momentum equation was developed for the bottom condensate flow
and certain depth criteria were established. It was shown that =z
relatively slight downward inclination will significantly increase the
heat transfer rates. Beyond a certein slope, however, heat transfer
will be reduced again due to the changing flow pattern of the wall

" condensate. A simple optimization procedure was developed for deter-

mining the slope for the highest heat transfer rate.

A fluid mechanics analogy setup was used with water for the horizontal
position, and a condensation apparatus was built for the investigation of
both fluid mechenics and heat transfer in horizontal and inclined tubes,
using Refrigerant-ll3. These results check the snalyses well within the
experimental errors.

Thesis Supervisor: Warren . Rohsenow
Title: Professor of Mechanical Engineering
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CHAPTER X

INTRODUCTION

Definition of the Problem

The basic mechanism of condensation inside a horizontal tube _ié
the same as that occurring on the outside of 2 tube; but the .gecme'trical
restrictions imposed upon the former make the problem censiderably more
complex. The easiest way to snalyze the process is to follow the "life
history" of the medium as it passes through the tube. Thus, the fellow-
ing phencmena can be found as distinct but in'l;.errela"ced phases of the
overall pi;ture:
l. The flew of vaper in the tube
2« The mass and heat transfer at the vapor-cendensate
interface
3. The flow of cendénsate cn the side walls of the tube
Le The heat transfer through this condensate layer -
5« The axial flew of the liquid on the bottom of the tube
discharging a2t the outled
- 6o ‘the ﬁea‘t transfer through this layer
7o The interéct:}ons between these varicus phenomena.
Ezch of the above items can be studied separately at first, bub
it is obvicus that the problem has to be solved ultimately by inter-
relating 211 of ‘bhein.
A gualitative exemination of the above vhencmena immediately

ensation on the

fef}

reveals thot the most profcund difference between con

cutside and on the inside of 2 tube results from the simple gecmetrical



restriction forced upon the letter case. This is that 211 the vavor
tc be condensed has to enter at the inlet, while 211 the liguid
condensed in the tube and any vapor to be condensed suhsequently has
to leave through the outlet. In other wcrds,'the total mass flow has
to pass through the relztively confined volume created by the tube
itself, This condition crestes relatively strong interactions between
the various phenomena described above which usually de not exist when
the vapor coendenses on the cutside of a2 tube.
I1though in most cases 1t is more advantazgecus to condense on

the outside ¢f the tube, there are certain spplications where conden-
saticn on the inside is inherently recuired. Two cubstanding examples
of this latter condition are the zir ccoled condensers, used primarily
in zir conditicning and refrigeration, and the radiation cooled con-
densers, empleyed primarily in vehicles for outer space. These two
arplicetions, however, have a very basic difference between them,
namely the influence of gravity. For an corbiting space vehicle the
terms horizontal and vertlcal have no real significance and graoviiy,

unless it is artificlally created, plays neo vart at alls. In the case
of the "earth-bound" condensers, graviiy exerts an all Important
influence on the phencmena occurring. In the fellewing chapters this
latﬁgr problem will be investigoted almest echL31wel first vecause
of its commercial importance and second because of 1ts grezter
complexitys

The methed <f investigation will follew essentially the cutline

1y that 1s, the "life hiztory" cf the medium will be

1 - L
or the nurpese of znalysis

IJ'

t will be
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assumed .tha:b film-wise condensation cccurs, which is the usual case.

In order to define the problem more precisely, the flow will be
inveStiga’hed primarily for the case of a single péss condenser tube.
Thus the end conditions will be that only vapor enters and only
condensate leaves the tube. As it will be seen later such a narrowing
of the scope is necessary in order to eliminate some variables from a
very complex processe

Superheated vapor intreduces some preblems of physical chemistry
not yet fully understood. Canéequently this investigation will be

restricted to the case of the pure saturated vapor.
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Historical Background

The classical work of Nusselt (37? forms the basis of most
subsequent analyses of film condensation. A number of investigators
elaborated on this theory and used it for comparisem to experimental
results. An excellent and exhaustive review of references is given by
McAdams (34) who alse summarizes the experimental resultse. The measured
values of the heat transfer coefficients run from about 36% below to 70%
above the predicted values for condensation of pure saturated vapors on
the outside of single horizontal tubes.

Until recently the analytical investigations were based essentially
en an improvement of the original Nusselt theory. Peck and Reddie (38)
included an acceleration term, bub their formulation of the eguation
was incorrect. Bromley, et al (8) investigated the effect of temperature
variation zround the tube, then Bremley (7) and later Echsenow (40)
examined the preoblem of subcooling of the condenszte and suggested
correction facters. These results indicated that for the usual
cperating conditions all these effects are negligible for pure saturated
vapors. Recently Sparrow and Gregg (46,47) presented solutions of
boundeory-layer type equations developed for the condensatz layer.
Their results indicate that although for the usual fluwids, with

randtl Numbers, there is no significant change from

v
[¢]
t—
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4
4
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the Nusselt solution; the heat dransfer rates are significantly lowered

(Sl
for licvid metals with very low Prandtl numberse.

. “

he condensation inside horizontal tubes was made by

2]
=
o
.0
},.h
(9]
0
Yy
ck

Chaddecit (10) who used the Nusselt analysis teogether with an empirical

o

relation for the depth of the bottom condensate.

* Humbers in parcntheses refer to numbers in the Bibliography.
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Experimentel investigations of condensation inside horizontal s OT
nearly horizontal, tubes were relatively few until recently. Jakob,
et al (26) and Jakob (24, 25) condensed steam and found good agreement
with the Nusselt theory even though the effect of the axially flowing
bottem condensate was ignored. Trapp (50, 51) found heat transfer
coefficients for ammonia and alcohol vapors which were generally lower
than the theory predicted. Chaddock's (10) and Dixont's {15) experi-
ments indicated that the variation of the depth of thé bottom condensate
is small in tubes up to a length-diameter ratie of about 30.

A number of ekperi.:-nents were done with relatively high.vapor
velcclties existing in the tubes. Under such circumstances the vaper
shear has greater importance and the results show marked deviation from
the Nusselt theory. Tepe and Mueller (49) condensing benzene and
methonol inside a tube inclined at 15° from horizontal found ceeffi-
cients 1.5 times higher than the Nusseit results. Akers, et al (2, 3)
correlated a great number of local heat transfer data as a function of
a density-corrected local Reynolds Number, and his peoints fall for the
most pard above. the Nusselt values, particularly at high flow rates.
Hakimit!s (18) results with Refrigerant 12 agreed well with skers!?
correlation and were about 30% above theoretical values. Nome ,of these
results, however, cover the situation that was to be investigated in
this work; namely, where the condensate layer on the bottem is deep
influence the heat transfer rates, and the vaper

shear is relatively lew for most part of a relatively long condenser

Misra and Bonilla (36) did condensation experiments with liquid

metals. Their resulis were markedly below the theoretical values



v

prediched by any of the analyses and the scatter was very large. This
was due primarily to the lack of'conﬁrol of the vaper shear conditions
at the interface. Consequently thls data is geed only for qualitative
cemparisons

Recent investigations h=2ve thrown scme light on the phenomeneon
observed quite a long time ago, among others by Jakeb (24), that when
superheated vapor is condensed the liquid interface temperatureiis
lower than that corresponding te thermodynemic equilibriume. Schrage (45)
@id basic analyses on this problem, and Balekjian end Xatz (5) used
some of his results to correlate their data. This field is still quite
unexpleored and mere investigations will be needed. Until then, hcat
tronsfer correlations with superheated vapor have to be treated very
carefully. |

The problem of condensation on an inclined tube was Investigated
by Hassan and Jakob (19), who found analytically that for a leng tube
the heat transfer rate varies as the one-fourth power of the cosine of

the inclinationa.
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CHAPTER II

THE VAPOR PHASE

In the usual case where the specific volume of the vepor is
considerably greater than that of the liquid,'the medium enters at a
relatively high velocity. As more and more is condensed along the
tube, the vepor slows down. In the case of single-pass condenser
tubes .the vapor velocity becomes essentially zere at the outlet end.
It is clear that both entrance and exit conditions have to be considered
for the complete definition of the problem. The ﬁost profound aspects
of such a process as condensation inside a tube are that there is no
fully developed flow, it ié constantly changing spatially; and that the
flow cannot get far enough from end effects to escape their influencees
As a matter of fact end effects exert all important control on the
entire process.

Since in a horizontal tube condensate collects at the bottom, the
cross~-section of the vapor flow is asymmetric. There is not rmch
information available on such flows. &nalyses are practically non-
existent and experimenfal data are rather scarce. The most complete
and detailed werk is that of Gazley (16) whose experiments were dene
on two-phase mixtures without change of phase. Yor lack of better
information it may be assumed that the friction factors found in this
reference can be applied to the constantly varying vapor flow in a
condenser tube. In‘the horizontal tube the flow pattern is further
caemplicated by the fact thaf, with the exception of the very lowest of
flow rates, thére are zlways surface waves generated on the bottom

condensate. Tn the confined space available these waves have very
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pronounced effect on the vapor flow. In particular, they increase the
energy loss from the flow and, éorrespondiﬁgly, cause a greater pressure
drop. The asymmetric configuration and the surface waves generated on
the bottom condensate indicate that the equivalentA friction losses are
not uniformly distributed around the circumference of the flow.

Compared to the wavy surface of the bottom condensate, the liquid on

the walls is smooth 1f the condensation is film-wise, as is the usual

case. Consequently, the friction losses at the wall are probably

~ lower than at the bottom of the tube. If the tube is inclined, most

of these surface waves disappear and the friction losses become more
uniform around the periphery.  ror the purpose of calculations the
ccnceét of frictibn factor .«r;ll be used with the numerical values ’cakén
primarily from Gazley's (16) datz.

As was mentioned .earlier, there is a rather importaont difference
between the condensation of a saturated vapor and that of a suﬁerheated
vzpor. In the former case the surface of the condensate in contact
with the vapor may be considered to be very nearly in thermodynamic
equilibrium with the vapor; that is, the temperature of this surface
may be teken as the saturation temperature, the same as that of the
vapore Thus, essentially no heat tra:nsfer occurs in the vapor. ‘
However, there is a slow outward movement towards the condensing
surfac;es. Under such clrcumstances it is reasonable to consider the
vapor as uniform in temperature and in pressure at a.hy cross-section;
and, if the pressure drop 1s smell along the tube, temperatures may be -

aken as uniforn everywhere in the vapor phase.

I thé vapor éntering the tube is suverheated, then the entire

condensation process becomes much more complicated. Some of the most
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important effects arising from this condition haie been observed and
discussed by several investigators (55 24y 45)+ The first and most
obvious difference is that the vapor has to be cooled before it can
condense. Consequently, a temperature gradient exists in the éore of
the tube which depends not onlj on the amount of superheat; but also on
the magnitude of the subcooling of the condensate. The peculiarities
of this dependence have been observed and discussed by Jakob.(5), who
found that, as the subcooling increased, the temperaturé of the core of
the vapor became higher at the outlet end insteed of lower. He
explained this observation by pointing out that at higher subcooling,
the vapor-liquid interface is at a lower temperaturé; and, consequently,
any vapor molecule hitting the surface will have a much greater tendency
to condense inétead of returning to the core. At lower‘subcooling |
greater number of molecules can approach the inte:face, then return to
the vapor core at a lower temperature level and casuse an overall re-
duction of the vapor temperature. Another important effect of superheat
occurs at and near the interface. Thermodynamic equilibrium does not |
exlst anymore, and the condensate surface temperatﬁre is different from
that of saturation. As it was mentioned above, the condensate is sub-
cooled, and the surface temperature is also IOwered. To the author's
knowledge the correlation of Balekjian and Katz (5), based on some of
Schrage's work (45), is the best available on this phenomenon.

Daﬁa in this investigation were all taken with saturated vapor,

therefore, the effect of superheat did not appear.
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CHAPTER III
CONDENSATION ON THE TUBE WALLS

he Moment\m—Energ Fauation

A solution to the problem of condensation on an inclined surface
may be obtained by writing the momentum and energy equations for the
condensate flow. By using the concept of similarity, these equations

may be reduced to a single ordinary differential equation with only

' *
one dependent and one independent variable .

Consider the flow of condensate along the surface in the
positive x direction as shown in Figure 3.l. At some position x the
condensate film thickness is V- The momentum equation In the x

direction can be written as follows.

d
=)%9 ( Pe=po) sin ¢ (3.1)

where X distance along plate, ft.
y distance perpendicular to plate into the fluid, ft.
f 1iquid mass density, slugs/ft>
f vapor mass density, slugs/fc‘t.3
"W velocity in x direction, ft/sec
/ul liquid viscosity, lbf-sec/ft?
g gravitational acceleration, ft/sec?

¢ surface inclination to horizantal

# This approach is due to Mre. Michael M. Chen.
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The energy equation becomes,
g oo %
Jt d
-kes;lw--;‘; A/),_u dy-;&- Cpt (é,-t) e dy (3.2)
o °

where K¢ thermal conductivity of liquid, Btu/sec-ft-°F
t temperature, OF
ts temperature at the liquid~vaper interface, Ty oF
A lztent heat of vaporization, Btu/slug
Cpe specific heat of liquid, Btu/slug-°F
To non-dimensicnalize the above equations, define the following

quantities as special properties of the velecity and temperature

rofilesas
P %

{
U =v w dy

-

Atz t,-t,

where t’w is wall temperature

o

1]
I
J
(X2
L 3

ﬁll
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Cs ﬁ‘+(" t) oyt = /.fwé* dy*
ér ’ (]
. é.é:‘}
D= oyl

Substituting these relations inteo the mumentum'equation'(B.l) and
:z.gnoring the contribution of the vapor ohase, since /)v < << /Jl for

ordinary applications, yiel ds .

c!x/"““y B+ ""g =%9(re- Pv)5'n¢ (3.3)

Similarly the energy eguation (2.2) becomes,

At _ d + R at puay. € (2.4)
| ke Ys b dxhp‘u“y" dx PLETebeds
Define, £ = w7, the volumetric licuid flow rate per wnld
C}el&f
A L]

length of tube, and ¥ =

Thus equation (3.4) becomes,

_alz
=£3p fa+cﬂ

)
[
b
i..l
w

3hown in the appendix hot this can be done rrovided

Lt
e e << 1
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If there is a similarity solution to these equations, then the
functions of the velocity and temperature profiles, A, B, C, D, are
independent of x. If, in addition, the temperature remains consvant
elong the wall, the eouar.lons may be reduced to a single ordinary
differentizl equation in the following manner.

From equation (3.5),

p}A (/-{-C.Y) G!F
){i : kgﬂﬁa dx

y kedt O (3.6)
s = Pr:
e (1 + CJS’}EE’.
2
‘iYE__ keALD Ax?
dx A (1+C3) {g’f_}a 3.7
dxj

Multiplying eguation (3.3) by ys/ Mg u A and using equations

(3.6) and (3.7) together with the definition of f yields,

2 _»
% Lo e s B8]y ZUPL) Yo sd
Apeu, a’ olx A ptg iy

1 3 -
oA fa,s By “’x‘] o= 2P p) ¥ ctnd
Aug 7z ™ " dx A pe Ua s
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A g, A(1+€3)

kttD | g(P=po)sing -
fer((+€3) A1 {(cl"r') | (3.8)

Define a dimensionless flow rate and ﬂlscance as follows,

- {
D3’g(pe-po)k st & |7k
A’ X(+cg)P

Fsf

where € is a characteristic length.

Xi’-ﬁ' : F'séf-
e’ X

Thus ecuation (3.8) becomes,

sin¢ - BDkeAt ‘ 3+.;Ef;.‘.i or (3.10)

FIFP  Rued(lsc | (F)*

a

l—- 5l.né ___6

= 2 L (3-1-03.)
E(F')P (F')2

The right hand sice of -the equation represents the effect of

o

4 S, | gl AN KN - > s 33 ER ) R Do
momentum. he results of Nusseld's analysis incicate that this effect

. -
3s smeil,
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Thus the Tvight hend side of the eguation may be ceansidersd as a small
perturbaticn term, and the complete eguaticn may be solved by successive
arorexineticns.
The heat transfer ccefficient masy be computed by censidering the

heat trensfe

pe}\(l"{‘cg). d"fr
AL dx

"

- L
DBpelpe-p) kA (14C3) | F

The local Nusselt number is

—

2
.

Ny =l DYne(pe - )2 (14 €5 E |

=y

ke R&Lq»kgzlu -ﬁ

gpe (fe =) €2
Jllgkbzﬁé j

1]
)
)
)
o5
N
t
p ey
[

F' (

(3.11)

3.12)
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fpnlication of the Momentum-Fnergy Fouation to 2 Round Horizonial Tube

First Approximation

\

For condensation on a horizontal tube define 1 = T, the radius
of the condensing surface, in the equations. If the condensate film
thickness is very much smaller than r, the previously derived

equations mey be applied. From equation (3.1Ca)
FF'P-sing=-¢€ [ZF(F’)3 + FRR'F"| L (3.14)

The boundary condition is, F = 0 at f = 0 at the top of the tube.

Express F in nolymomial form.

F=F «+F € +F~’a6&+... (3.15)

where € was defined in equation (3.10a).

¥ may be found by letting € approach zero.

E(EY-sing=0 | 3.16)

Therefore,
ER 3
_ [4)% l . 1 g
= |— sin d¢
A 3] ! ¢ df (3.17)
° J
é - é
o o . b | K. .
The function sin39 ¢j is tabuwlated in Apvendix VI.
[+
Substituting into equetion (3.13) vields the first anproximetion
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é
fsiml/z’é a!é

> ] (3.12)

¢

If the Nusselt number is tc be based on the total area of the

8

tube znd not only on the pert where condensation actually cccurs, the

above equaticn has teo be multiplied by /W .

I -4
3 - {E N

N‘j___i)’? plsc)l | geelre-p )l
A ) =i ' /ugkgéé ‘3
3
[sin'5 4 d4
3 , (3.19)
’ZZ‘

As a first epproxdimation, Nusselt!s parabolic velccity and

linear temperature distributions mey be used. ZYhat is,

& = 3}[*-—-,2;-}/'} (3,20)
£ = yt (3.21)

Then 4 = 3, B = 6/5, C = 3/8, and D = 1. The mean Nusselt number
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Since Y is usually very small, the equatien may be expressed in

a more convenlent form as followse.

r s 13

! _ PRyl )
E:&SG@B gf’é(ﬂe 'ﬂ"j{}‘(t/*@b)r 5,-,15394 dd (3.23)
HMeKed J j

¥or small values of $, the numerical results of the above
equa’tion are identical to those obtained by the Nusselt analysis.
The erfect of § and the Prandtl number may be found by successively
evaluating the higher order terms in eguation (3.15) and by refining

the velocity and temperature profilecs.
P

Secend Appreximation

To find F;, substitute the first two terns of equation (3.15)

into the left hand side of equation (3.14).

(E + €F )(F +é -.Smf,éa—é[;?F(F’) +E*E'E" " (3.24)

If the terms containing éz and € are neglected, the equation

reduces to)
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3E(RVE +(BVF = - 266 « £5'R"] (2.25)

Equation (3.25) cen be sclved explicitly for ¥, as follows,

Substituting the values of Fo’ Eé, and F; from eqguation

(3.17) and simplifying yields,

4 [¢ !
1 =3 . o : !
B3=- B o4 [antg - bectgfunty o5 |2

1 L4
[~ @
Defining, &
Y /
i’ﬁm% b
Iz >

1 LK 9K NN K =
and substiiuting gives,
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)
Define,
¢
I.E§ {zsl.’n'/jé coS ;5 dé (3.28)
y _ _
Values for this functicn were obtained graphically.
Equation (3.27) becomes
' "3
F{s_;zFO‘_F-oé-Ia (3-29)
With this solution the second approximation of the Nusselt
number is '
i 4
o < (4}4 p(/+ €3 | | 9PUpe-PINT |
u‘ B 3 k H /‘Jgk(«ét
¢ 3
' g 4
fSln/aé dé I
I aC _d 1€ ;-3{4- ¢f’ (3.20)
é 12 fsfn/3¢ i
° :
or
/ -
3 3 5
_ 4)% p(1+c3)| | PPe(P-rPAAB |
Nu,= 17;(3 A _i Mok At
' 7
g T s L (3.72)
Byl |]-€E[2+ _ 3.31
u‘.ﬁmq‘ 751 (a lzsq;:‘n%édqb'
Lo ' ° . ‘
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To find improved velocity and temperature profiles, the momentum

and energy equations may be solved for a fluid element between y and y

The momentum equation is,

%

y .,
2y + w2 24 _ 204
y/)cu. y+uﬂ[p¢ady+/ueay +e35s |

72 jé[/)eu dy = (%s-y)G(Pe-pn) s1in ¢ (3.32)

. By an order of magnitude estimate of the vapor momentum equation,

which is developed in Appendix I, it can be concluded that
»%

e *“'sdj[/’eaa’y w0 <a
HMe fe
Consequently, these two terms effectivély cancel each other,
z2lthough individually they are not negligible. Using this relation
the momentum equation becomes in non dimensional form,

! +

X

d% L2 uf'x,ﬁz*aafy*-& U, u.*;gipe U, Vs bé*éfy* +
[~]

y"‘

+py 8 g *)fs(’- ) glpe-p.) sind

Multiplying by ys/ Me 1, 2nd assuning again that the velocity
~nd ternercture profiles are independent of x leads to the folliowin

Gerivation (similarly to ecuation 3.8),
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Substituting the deflm.t:.on of B on the right hand side y1elc.s

_R(l yt) - & é{[a-l- ,)z][ y*+

% y*

+ f ut’ a’y"]-ﬁ- ut [ w‘dy*} (3.22)

(] -4

4s before, if € is small, the equation mzy be solved by succes— -

sive evaludtion of the terms in the series expansion for u¥ and A.

-

wh= wl e euten.

H b Hg +€H| F.oee
Let

24 A (1-y¥)
oy*

with the boundary ccndit:.cr,i

ﬁx"dy*_ =/

o
therefore,

Uy = 3(y‘l.--é,_.y*a> ,

with & =3, B =6/5,D =1

y*'s- 3.24)
-24- y+° (3.35)
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Substituting inte (3.33) gives the second approximation of the

velocity profile,

01‘4, =8 (I"‘ y,‘_) _= {g 21¢Co$¢ ‘!y -

[-—- + a-,cos{s"] [’5 3L cosg COSCé }y
g‘ BI,;o.sé‘éy }

Mw

Integrating,

enty-b {122 ]

¢
| . T, cos & ] +
{ 4 - 40 .,% - (3.36)
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Apcly the boundary conditionse
{ !
fun{y* -.—/(u,"’+ €uts..) dyt
o Qo
{ !
ug dy* = éful+dy+ =
o [
Since the first term is equal to unity,
T
-
[u{"’d’y = 0
’F?-— [___ _,cosé} [ IC@Sé]
il
T1, Leesd T, [ 1 E'_Eff_?.:j .0
H 40 23 280
g = 439 [ 5T cosd - (3.27)
T 7
+_| 499 5'1', cosé (1059 o L cosd 2
“ = [ua 7 ]y = 7 |7
- - = )
T 95 LCO_SQS . _!§+:J;,CQ.5<5-? 7
"[ ¢ 8 } Y’ | 4 & 4
§ T cosd T 4
- {a = |7
5 6 2
Yyt Yoyt - Yyt ey Yy (3-28)
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The energy ecuaticn decomes,
b4 [}/;
< d 2
-—in aady-«-——:Cbe 962.3;/1'
3>, ‘{ﬁj/r/c Cfi] /o
o

~
[+

y %
] d 1 3_20
+;§§ CPet ﬁe a@’y +g;fq,er/)£a a{y (Joz/)
-]
Y

or in non~dimensicnal form

! {
ké{:a'&'g. G!A 174 ua’ .+_...(§ u, ual—
"V Syt T x LPela¥s 4 20 & Py 4a Yo y
o y+ 3
| 'ﬁcb(:ﬂté*.;.i‘} w s [utdyt-
T wifytays (U7 4Y
/
= 5"‘,/":’ U Yo C}e (Ai‘ t e ) u*dy"
s /,
y* ;
=pe(M+Guat)f - LGtk £t utdyt 5, Gt £ [yt
-] y+
b.o +
T 4
o unbss)l oyt
ay* kyat P2 |
| /
_ Xl Cf'”/fu*dy‘" .10
k
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Substituting the value of ¥y, from equation (3.6),

4
+
a-& DI+3 - D% t*/u”'d’y*;- fﬁ*ﬂ"y*}
oyt 1+C% 1+C8 ,

o y*}
KA t" a.’ [ Eutdy? .V
I+C§[ +(+ Y [“ )’] (3.41)
OI')
* {
+
oyt e /+cs]_
Let

atle st
C=C+ 3¢, +...
D =D+ 5D, +...
it .o
éyﬂ' w
with boundary condition ta =0 at y*=0emd to =1at y'=1

t+=)/+, D'I (°=

Substituting into (3.42) results,

ot ott 143D

;;"'“a;* 1+*5:{i+5[ )@(y_ ok
-ﬁ(y*~zy*>dy*}}
yi"

I+XD, [.—-—-——

1+-..b{ 2y *® ]}

C:jw
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fter integrating and collecting terms

k4 s
AL 1;30[(/ 3r)y r(sy - loy*“)] (3.43)

<+
To satisfy the boundary condition at the interface, t sz ! )

[+ 3D, [ _ 1
1 g sl ]

I+fég

! |
O TetizEn -3 (5-44)

/ S5 [0 4% 1 48
f+' y-i-__ - (___ Y+ -~ +
3 1+23\8 Y0

345
16(1+23) (3.45)

This result is identical ‘o the one obtained by Rohsenow (40).

/
C=I—fu+t+afy+

Substituting from equations (3.6), (3.28), (3.45), and neglecting

Next find

. . s "D .
higher order terns containing €3 gives,



) %
or
C=1/- 3 . _fi _ 19 , Y
L3 24 1920 L+§3

(3.463
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30.
5 w g2
C=1[- + 3 Sri0
3[1- ____3__} J- —=2 L 1+823
o(l+2e) o(1+2%)
+ €(0.227 +0.0346 I, cos ) (3.47)

Using the series expansion form of the constants and substituting
equations (3.27) and (3.44) gives the additional quantities to be used

in equations (3.20) and (3.31).

A=34+¢ @.45 +_5_5_‘i-':-‘?1) (3.48)
7
3 (3.49)
o) 4 —
o 10 + .}:- ®
2 kedt 23

€ (3.50)

T EA(+C3) B(PrII+CS)

In the derivation of the basic equation it was assumed that
A, B, C, and D are independent of @. From the above equations it is
obvious then, that the second approximetion is wvalid only where the
terms containing €1, cos 7 are small compared to the others.

The results indicate that a small Prandtl number decreases the
Nusselt number; while a2 large Przndtl number tends to increase it
slightly. The effect of the Prandtl number &s given by this analysis
ie shown in Yigure 3.32. Here the ratio of the Nusselt number obtained

from these equations to the number calculated from the original

Nusselt anelysis (which ic essentially the first approximation



.

described above) is plotted as a function of the temperature difference
and the Prandtl number. The angle term containing I, was ignored in
thése calculations since its value is negligible up to an angle of

about 150°. Yor ordinary fluids € is usually very small and further

approximations are unnecessary. The last approximation already shows

' that similarity does mot exist for a circular tube except at @ = O.

The change of the velocity profile is very small up to an angle of
aboﬁt 150°. Based on these observations, Chen (11) concluded that
reasonablj good approximaticn may be obtained by assuming that the
velocity profile remains similar to the one occurring at ¢ = 0. This

means that ¥F"/(¥#1)2 = 0, and equation 3.10a becomes,
3 * .
(1 +€)FF') = sin¢ (3.51)
with ¥(0) = 0, the solution becomes

| é 3
2 Al 7. 17
Fe () (e 57| [uin®e 4o

(-]

(3.52)

The wvelocity profilgs row are simila:r-a;nd can be solved by either
the perturbation method or by successive‘substitutions in eguation 3.33.
The resultc of this solution are zlsc shown in Figure 3.3 together with
the fesults of Sparrow and Gregg (47) which will be discussed in the

next sectione.
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The Boundary Layer Equations

The problem of film condensation on a surface curved in two
dimensicns may be aporoached from the exact Navier-Stokes equations,
1f it is assumed that the thickness of the condensate layer is much
smeller than the radius of curvature at any point, then the equatiohs
describing the condensate flow at that point.will be the same as that
for a flat plate inclined at the same angle to the horizontal. Thus

the Navier-Stokes equations may be written in the following form:

%, 24,2 9(pr=p)sing /3P+,,(i°_¢. 3“) (3.51)

tO— = = v ax:. ayz

aE oy re reo

b, 20 2 St 1o (0 3 )

ag u.ax oay F( o ﬁeay dx* + ya ( )
u, 2”0  (3.53)
29X oY .

The x direction is aleong the plate in the downward directiong;
the y direction is perpendiculerly into the fluwid; and @ is the down—
ward inclination of the plate to the horizontal as shown in #figure 3.l.
This notation is. jdentical with the one used in the momentum-energy
methed. |

The boundary conditicns have to be established. st the well no

- slipping occurs, comnsequently:

2% =0 u = v = 0 (3.84)
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At the vepor interface the conditions are not simple as it was pointed
out before. In order to obtain a similarity transformation, it may be

assumed &5 an approximation that

aty =y ., —g—%=o (3.55)
This assumption leads to higher heat transfer rates than those
predicted by the energy-momentum method.

The order of magnitude considerations applied in the derivation
of the erdinary boundary layer equations can alse be used in this
case. As a result, the Navier-Stokes equations reduce to the

folloving form,

.‘.934.(.4?_‘.‘ +vé‘—“-= g(/,‘—/)")s'.m" +vé§i (3.5€)
o5 ox oy Lt oy?
du o0 _ . (3.52)

3x © 2y
These equations describe the flow without eny hezt transfer
effects. To include these, the energy eqﬁa‘bion is needed in addition.
The derivation of all these equatlions mey be found in the references

(43)e Yor steady state conditions, the complete set of eguations

describing the flow and the heat transfer become,

du du _ 9(pPpe)sing | u

—— < I3
uax + oy /o1 ayz (3.57)
u,.0 (3.52

'a'iay
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ot ot t (2
LSt (ua—)-(- +°§)}') .kg-g-‘?. o (3.38)

The boundary conditions are:

£ _ (3.59)

aty =0 u = v = 0Qand t = n
aty=y 28 - 5 aat =t | (3.60)
s oy s _ *

These are actuaily the standard boundai-y layer equations ﬁth
the additional assumptions that the buoyancy ferces within the liquid
and the viscous dissipation energy are negligible.

-~ The preblem now arises, how to solve thesé equations in particular
cases. One obvious way is the numerical method applied directly to the
above partizl ﬁfferenﬁﬂ equations. An alternative approach is to
reduce the partial differential equations to ordimary differential
equations by the use of properly selected stream functions. This
latter method is described in the following text. Denoting differen-
tiation by a letter subscript, the stream function, ¥, is defined in

the usual manner that will auntomatically satisfy the continuity

equation.
u = ‘f’y (3.61)
v = -‘f; : .(3.62)

The remzining twe equations become:

| -p,)sind
¥ _'ﬁy - Ky = _g(/)e ;;) +¥ By (3.63)

q,y tx - vx ty = oCityy | | (3.64)
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The corresponding boundary conditions are:

= = = = : S
aty=0 . ‘Fy‘ 0, ‘i’x 0, % L - (3.65)
ety =7 W =0, 6=t (366)
Let

G(x) = a(fe -po)sind

(3.67)
e (

- Then the question is, for what types of functions of G(x) will the

above relations reduce to ordinary differential equations. If this

reduction can be accomplished, there is a transformation of the form:

V= aJm).j(x).§ly) ,were  7=7(%,Y) (3.68)

which will indeed yield this resulit. Substituting relations (3.€7)

and (3.€8) into (3.63) gives,
2 apon® tf.a_ _ 2y
a*{J [11'@)° -ii'g3"] + 77" (559" + i"(a7 s -
e B /] A2 -l
-d 99 Mx-4d 9 "er]“" J3J [J 99 ?x”iy JJ 7 ] +
+(.T') [JJ a a’ty% }”.‘? “3:77;/ -4 %" ‘;'r}}
. o L . . -
=G+ vq[l;g" +T (355", +31 5y +d Gyry) +

QUL Y B S _
+37"(ig'ny +Js”zmw)+7 “(i573 )] (3.69)



Obviously all coefficients of the function J and its derivatives
must be of the form: G +« (constant), in order to render the expression
reducible to an ordinary differential equation. If these coefficieﬁté
are examined and it is noted that G must be a function of x only, then

the following relations are found to exist,

g(y)

Ny

E, a constant (3.70)

N(x) (3.71)

Substituting into (3.69) produces,

a2 [.JJ"( BN S (TR (i 'EzN"a-j”E‘NN')] .

=G+ vaJT"(FEN? (3.72)

.Divide both sides by a2{jj'E*N?).

-II"-(I')2(1+JN'), G R Y..J""(;f.:"_)

NJ' aZJ-J'EaNz Q. E (3-73)

The coefficients of J'2 and J'", in parentheses, are constent.

Therefore:
syl
% = B,, a constant (3.74)
‘jg‘ = B tant 5
J'E = B,» a constan (3.75)

Substituting ¥ from (3.75) into (3.74) gives,

it = B(j"* O (3.76),



411 fonctions of J satisfying relation (3.76) will, therefore,
reduce the equation to an ordinary differential equation, provided

that the term containing G is elso dimensionless. Dividing (3.76)

by Ji' results in an exact differentizl with the following solutions:

[Eq+ E,x’n when B,# 1

d = E, x : (3.77)
E,_ e ? when B,= 1

with the relation between B,and n:

n = 75, (3.78)

Substituting these results into (3.73) shows the types of
functions for G that will allow a transformation of this kind to be
performed.

When B,# 1:

- 14n-3
G:E,'[E,+E‘xl (3.79)
When By= 1
G-=E, e“’Ea"‘ (3.20)
It is convenient to express all functions in terms of the
variation of gravity along 'l:.he.- plate, Ge.
For the first class of allowable functions s
™M
G =E,E.+Exl _ (3.79)
+3 '
o= | (3.792)
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€53

N ~ |E, J-E;HETF— - (3.790)
m-1
92 ~ lE,+Ex] 4 Yo (3.79¢)
m+3
Y~T|E,+Exl # (3.794)

For the second class,

' Ecx ‘ K :
G=E£s5e (3.20)
Ecx
Jg~et (3.20a)
Es
N~ e 4 (3.80D)
- Ex
ne~e 4 Y . (3-80¢)
: Ex
Y~ J e-‘r (3.804)

Equation (3.73), defining J, now can be written in the following

form:

m. q 0
J +;é:IJ‘ ‘VB‘(l

dd_ (112, G L0
Oa)a) (J VQB3E (Js)B (3.21)

This is a variation of the well-known Falkner-Skan equatlion

aprpearing in boundary layer theory.

The energy cequation can now bta investigated separately. From

(3.68), (3.71), and (3.75), the following relation con be found,



v

3%.
n = BEj'y such that % = O wheny =0 . - (3.82)
¥ = aETj (3.83)

Substituting into equation (3.64) yields:

aBE T ty -(aBE T Y+alT) )ty =ty (.80

" In order to render this equation dimensionless, define,

_ﬁ‘t .&'t : Béﬂ
Tla) = L.-t, 4t

where At may be .a function of x only. Then, if t’s remeins constant,

equation (3.84) becomes

(B,E275')(-BE;"yT'at ~Taty)~(aBE Tji'y+

+ @ ET}")(~B,E; T'at) = - B YT st (3.86)

Performing the operations and meking the equation dimensionless

yields,
T2 57’ (‘"“')J‘T 0 (567
+—- N - -.—— = -
a&f& gﬁﬂt
. .4 Bt .
Accordingly, if JT" * At isa constant, the energy equation .

will also be reduced to an ordinary differential equation by the
previous transformations.

Thus equations (3.63) and (3.64) may be transformed into the

following ordinary differential equations,



/0.
P 7% VB, [JI ~(1+ &){7) ] vaB3EY
reafrr EqJ"T} 0 G
aQB, ' :
where E,, E(%Z’ES —3((;!)3’ and Ey = j' . %‘%‘  (3.90a, b, ¢)
The boundary conditions ares
at =0 J =0,J =0,T =1 (3.91)
st n=9 I = 0, = 0 ~ (3.52)

These equations can be solved for any known value of 7 .. In
order to find ’?s along the surface, an energy balance equation may
be written between two cross sections of the condensate layer,

x=xoandx=x.

fk’(aé dx '[A/’eu a’y +/{)¢UCP((t t) Jy ' (3.93)

o

This equation 1s the same as (3.2) the energy equation of the
momentun-energy methed. Substituting the previous dimensionless

relations leads to the following deriva%ion .
i ~ $

_kyT'(0) B, (4 ' dx = Apyaj [T'(1+5T) dy
o 2 '
_BiK ka’(o). [AU ~A£(x°)j(x.)] =

{+ E
+Ee Ts

*AP{QJ [J‘('qs) -7() +3fJ’Taiq]

(3454)




The integral can be eliminated by using equation (3.89) together

with its boundary conditions (3.91) and (3.92).

- Bn qu(O) [At At (xo)J (xo)]

Ry aj{fcqa ‘

s '
+ ’+;/ETT)'+%§-'-T "]d:? }

B, ke T'(0) at(x) 4 (xo)a
[+ Eq

B, keat j T(7;)

‘1 tEq (3.95)

=Appa4 .T(q,) +

This equation then determines '7 oo If At(x ,) or f (xo) is
equal to zerc, however, further simplification is pessible which

results In the following expression:

7(7) . Bkeat (3-96)
T'(-qs) (l + E?)Aﬂe -4




It 1s clear now that, if A+t is censtant, 7 is independent of x. In
the ebove equaticn's may be set ecual to &, and E nay be selected such
that the constant in equation 3.88 is unity. B; is essentially

arbitrary. The equations then becone,

3-“'+._i__;[n"_(/+E-,)(.T’)"‘]+ 120 (3.322)
8, Pr
T +é’.{rT'-EqJ"T] -0 (3.852)
( .
-T("]s) .6 . cpedt .- e  (3.96a)
Tt 1+ A J+Eq

Examining the set of permissible functions reveals that the flsat
plate problem with constant G can indeed by solved by this method, but
the circular tube with G varying as sin x cannot be solved directly.
Sgarrow presented the flat plate solution,_ and later used Hermenn's (21)
approximate function to obtain & sclution to the circular tube préblem
(46, 47)-

In finding an spproximate solution, Hermann matched the constents
of a set of four equations such that these equations were satisfied
exactly at ¢ =T /2. Since no similarity exist at this point, while
at ¢ = 0 it does, this approximation is certainly no better than
Chen's described before.

Comparing the energy-momentum method to Sparréw's results, as
shown in Figure 3.2, indicates that the previous one Vyields consis-
tantly lower values for the heat transfer rate. The discrepancy is

due obviocusly to the difference in the interface boundary condltlons.



The ones assumed in the momentum-energy method‘conform closer Lo the
usual physical situation existing, such as an essentlally stagnant
vapor condensing on a surface.

Since for ordinary fluids the corrections are insignificant, the
results of all these methods will have to be compared to those obtained
from data on liquid metals. It was mentioned before thet Misra and
Bonilla's results qualitatively show the marked reduction in heat transfer

rates for ligquid meﬁals.
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CHAPTER IV

THE AXTALLY FLOWING CONDENSATE ON THE BOTTOM CF THE TUBE

It is evident that all the condensate formed inside the tube has

" to leave through the dutlet end. If there is a considerable amount

of vapor passing through the tube, such as in the first pass of a

multi-pass condenser, then the shear exerted on the surface of the

liquid by the relativeljr fast-moving vapor controls the flow pattern

and the effect of gravity becomes negligible. Experimental prooi may be found

in the fact that the data obtained in horizontal and in vertical tubes

can be correlated by the same curve above a certain Reynolds number (2).
If, however, the tube is part of a single-pass condenser, then the

vapor shear 1s zero at the outlet and negligible for a certain distance

upstream. Now gravity is the controlling factor at least in the down-

stream portion of the tube. This is the problem to be investigated

in the following sections

Free-Surface Flow . « « An 01d Problem with 2 New Twist
If vapor shear is relatively low, the condensate forming on the

sides of the tube collects on the bottom; then it has to flow out

. axially and is discharged at the outlet. The depth of this axial

flow has a marked influence on the heat transfer. This depth is
considérably larger than the thickne?s oi‘ the condensate film on the
sides. Therefoi'e, the axial condensate flow reduces the effective

heat transfer area in the tube. It will be shown later, quantitatively,
fha.t the amo‘un'b‘of’ heat passing through the bottom condensate layer is

negligible compared to the heat transferred on the side walls.
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Conseaquently, as far as the overall problem is concsrned, the most

important factor is the depth of the flow. If the depth could be

‘established, the effective heat transfer area cculd also te found.

The problem of liquid discharge from a partially filled tube, or
the more general problem of licuid discharge trom any open channel
has been an old one, in particular, with the civil engineers. They
have been confronted with such problems ever since they undertook
the task of controlling rivers, harbors, and building hydraulic
structures such as channels or dams. On examining their work in this
field, one can find a problem which is very closely related to the one
at hend. This is the discharge from a so-called lateral spillwaye.
Here the liquid is fed into the open channel all along its length and
is discharged through one end. The similarity to the condensate flow
problem is obvious. Upon closer examination, however, some rather
important differences occur. rirst of these is the size. Compared to
even the largest condenser tube used in practice, the smallest lateral
spillway or any similar structure is enormous. A4s a result, the
lateral spillway contains usually turbulent flow, while the condensate
flow can be laminer, transient, or turbulent, with the laminar type
usualiy dominating a great part of the tube. In the case of turbulent
flow the velocity distribution is much more uniform than in the
laminar or even transient case. Thus, the lateral spillway problem
is much more amenable to a one-dimensional analysis, although the
ﬁethods used can be applied in either case. inother important
difference arises from tﬁe axial vapor shear acting on the surface of

the condensate layer in the upstream portion of the tube. This affects
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the flow pattern in several ways, two of which are the tendency to

-reduce the depth and to induce rather strong traveling waves on the

surface. The first of these increases, the second decreases the
effective heat transfer area. A4 third difference between the two
types of phenomena' is that the amount of condensate feeding into the
bottom layer at any point along the -_tube depends on the depth, while
in a lateral épinmy such an interdependence usually does not exist. -

What are exactly the characteris*bics. of the phenomena occurring
on the bottom of the tube? In order to answer this question as
thoroughly as possible it is not encugh to investigate the axial flow
all by itself. The interactions at the boundaries, such as vapér
shear at the free surface, and their possible effects on the flow
should also be considered, at least qualitatively.

The axial flow of condensate is non-uniform in two respects.
First the quantity flowing increases 'dow'nstreamj second the cross-
section changes along the length. Of primary interest here is the
latter variation: {he establishment of the surface profile. There
are actually two parts to this problemf ~one is to find a contrel
point or cross-section at which the depth may be predicted; the other
is to determine the change of depth, starting from the control

section, all along the tube. On both of these problems there was a

"« great amount of work done, in particular, by the civil engineers who '

needed methods for predicting open channel flows (23)(32).




PO

- o

The Critical Depth of free-Surface rlows

The problem of establishing a contrcl point has been approached
through the use of the so-called critical depth theory. This states
that in a free surface flow at some point the specific energy of the
stream will go through a minimmm. The speciiic energy of the siream

may be defined as follows:

l PV ;
H=m/((7§ +E§+5)/JVJA (4.1)
A

where | speciric head, ft
L density, slugs/ft3
V velocity, ft/sec

A cross~-sectionzl area of flow, perpendicular to the stream
lines, ft2

$ pressure, 1bf/ft?

g gravitational acceleration, ft/sec?

§ elevation above a given datmp level, It

subscript m - mean value

To illustrate this theory and its implications, first the flow

in a rectangular channel will be investigated with the assu.mptions
that the velocity and density distributions are uniform and that the
pressure distribution is hydrostatic, that is , the streamlines are
essentially straight. Defining the depth of the liquid ‘oj h, the

above equation becomes,
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5‘!=-£,"a+h + So (4.2}
) e

where Lo e€levation of the chennel bottom above a datum, 1t
h depth of fiow, ft

For a given flow rate, Q ftB/sec, and flow rate per unit width

of the chamnel, g =~% ftB/Sec~ft, the velocity may be expressed as
a € -
S m— = (4.3)

bh h
Substituting into (4.2) yields:
2
<
2gh*

H +hts, (4-4)
For the given cross-section taking Sy = O, specific heat versus
depth plots in a family of curves with the flow rate as an independent
parameter. A typlcal graph is shown in rFigure L.l.
The minimums of the specific head curves mey be found by
differentiating equation (4.4) with respect to h and setting the
result equal to zero.

SH e*

oh . ghd

o

9*
h.=3 g (4-5)

Some physical significance may be found in this expression if

the corresponding critical velocily is caleculated.

V. =¥ghe (4.6)
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This expression is identical with the velocity of wave propagation
on the surface of a liquid h, deep. Thus the critical depth and the
corresponding critical flow is analogous to the sonic flow occurring at
- the throat of a nozzle or at the outlet of a duct.

Equation (4.4) and the corresponding cufves in Figure 4.1 shbw
that for any specific heat greater than the minimum two alternate
‘depths may exist, one greater and one smaller than the critical depth.
Correspondingly the velocities are either sub- or supercritical. Which
one of these flows exists in a given channelvdepends on how the fluid
enters at the upstream end, the losses occurring in the channel, and
the slope of the channel. In a long horizontal tube ,. the flow will
always become subcritical provided no shear stress exists at the f{ree
surface to impart energy to the fluid. If at the outlet end there is
a change to a steeper slope or a so-called free discharge qxiéfs, the
control point in the form of critical depth must occur near this end.
The exact location depends on how the transition from suberitical to
supercritical flow occurs. This transition in turn is influenced
primarily by the geometry of the channel near the outlet. It has been
established experimentally in hydraulics that the critical depth actually
occurs a very short distance (abéut 3 or 4 times the depth) upstream of
‘a so-called free overfall. If the transition géometry is gradual, such
as in the case of an elbow at the outlet, the ﬁritical depth would
occur somewhere in the elboﬁ. This is one of the possible reasons
--for lower surface profiles found (15) in horizontal pipes with elbows
at the outlet. At very low flow rates surface tension effects become
more important and tend to raise the top of the liquid layer.

In the case of the free overfall, at low flow rates the liquid will
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not separate from the tube but will adhere to the lip and flow down-
warde By increasing the pressures in the flow at the cutleﬁ, this
effect also tends to raise 'bhé surface levels

The effect of non-uniform velocity distribution on the critical
depth should be investigated next. If the bottom of the channel is

taken as datum, equation (4.l) may be written (23] as:

H= KZA’- +ah “ -_(4._7)-

where

d!AV‘[vadA o (4-8)

(4e9)
P ah[ vslvat

Thus ¢ is a function of the velocity distribution; while [3 is
a function of the velocity distribution, and it alse depends on the
curvature of the streamlines, that is, the devia.ﬁion of the pressure
from hydrostatic. In particular, if the pressure is exactly hydro-
static, B = l. If the streamlines curve downward f3 < 1, if tbey
curve upward £ > l. For fully developed, laminar flow in ; pipe
oL =2,

Now the minimum energy principle may be stated as:

aH or w2 @ B (420)
3R ZgA 5k +et h(z A‘)+p+h
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If it is assumed that the variatiom of e and ﬂ are smell near

the critical depth, the above equation simplifies to:

o o Q* =O | 1
.ﬁ. a—h( Z Az} + 1 (4e11)

Again investigate the two-dimensional flow.

hew 3% &  (4e12)

Thus non-uniform velocity distributions tend to increase the

depth.

From the foregoing discussion the following generzl conclusions

may be drawns

ae In ordgr to be able to use the critical depth theory
successfully, a horizontal channel or tube with a sharp
cut-off should be used. Then the critical depth will
always occur in the horizontal part neai- the ocutlet end..
If the length-diameter ratio of "bhe tube is large, the

exact location of this control point becomes unimpertant.

b. The critical depnth theory is expected to predict depths
that are too low when the flows are small, particulerly
if the velocity distribution is neglected in the

calculations.
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Now consider the circular cross-—sactlon of rigure 3.2.

A=r*& -siralé" cos&:) (4e13)

h=r(I-cos€) O (4e14)

) . o
5" %4 55
Substituting into equation (4.11), and simplifying yields,
2 y 3 - sind. )
16£L @ a (26;-5"12&;) - (¢c. Slﬂéc) (4o16)

B gre sin 6, sin $e

This funétion is plotted together with some of the experimerital
results in Figure 7.1. If «/@ is assumed to be equal to unity, the
correlation with experimental data is rather good at high flow rates,
above Gf \/g’r?:. = 0.15, and becomes progressively worse at lower flow

rates. If, for laminar flows, Re < 3,000, it is assumed that

e/ B = 2, the correlation becomes more satisfactory; although the

deviation still remains considerable at the lowest flow rates.
Equation (4.16) can be expressed in another form which allows a

very accurate approximation in terms of the depth-diameter ratio, h/D.

Define the section factor as:

Z‘AE S %)
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where Z section tactor, i‘t2’5
A cross-sectional area of f low, It
b top width of flow, £t

ror the circular cross-section at the critical point

3

2.5 . 2
z‘=r;, (¢c-.sm¢¢) .a o
BT

(4+18)

' 3

—2<— t -4 g‘ . —_Q - :

P ad VB Yars® z,( sin %}z

If Z r2'5 is expressed in terms of h /d., the resulting relation
o c 6

can be approximated for the range 0.02 &£ h c/ao< 0.9 by the following

relation:
Z( ( h‘)IﬂSé .
—— =5 426{—] - .l
roz’s de (4 19)

This expression is practically exact for the range 0.04 < h/fd, <
0.85, and it is 12% too high at h[do= 0.02, ‘,’é. too lo_w at h[do= 0.9.
Since Z goes to infinity as h‘/'doapproaches one, the approximate
relation should not be used beyond the limits specified.

Substituting (4.19) into (4.18) yields:

' Q _ i‘. 1.95¢
- \/;5: gre® 5:426(40. (4+202)

asiia

he _ ., ( f"_ Q ) ,
=% 2 042i2| |—- (4+200)
d. B 79"6’ | _

or
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These equations then relate theoretically the {low rate and the
critical depth for a circular tube. ¥or the range investigeted in the
experiments, /&7{5— may be assumed to be l.. for Re < 3000 (based on
the hydraulic diameter of the flow) and 1.1 for Re > 3000.

The experimental work showed excellent agreement with these relations

for high flow rates. For low flow rates of Ql{ gr(;5

< 0.08, however,
the correlation became progressively worse, primarily bécause surface
tension prevented the formation of a free nappe, and the liquid ad-
hered to the lip of the tube. The experimental results indicate that

for these lower flow rates the central angle subtended by the condensate

near the outlet remains constant at p’l = 90° (see Figure 7.1l).

The Profile of the Free Surface

In hydraulics the problem of predicting free-surface profiles, the

.so-called backwater curves, has been studied for a long time. As a

result, there is an extensive literature available as reference; and
all text books in hydraulics treat this problem more or less in detail

(23)(43). Their analyses, however, do not consider any shear acting on

| the surface of the flow; and they are usually one-dimensional. Also,

most of the investigators are dealing with uniform flow rates along the
chamnels, with relatively few examining the effect of such a variation.
Li (33) \derived equations for surface profiles in rectangular and tri-
angﬁlar horizontal channels s with the assxmptions that the velocity
distribution is uniform, friction may be neglected, and the flow rate
ﬁaries linearly along the length. His estimates of the friction effect
indicatéd' that the calculeted upstream depth would have increased by

not more than 10% in the most extreﬁe casese.
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Let us examine the problem of condensate flow inside a circular
tube by developing the generalized one-dimensional continucus flow

equations for a two-phase mixture with condensation.

Equations of State:
For the liquid density
e = constant (4.218)
For the vapor of an ordinary refrigerant under the usual operating
conditions the pressure drop along a condenser tube is smell compared
to the absolute pressure. Consequently, the density,

L. = constent (4.21b)
Velocity of Surface Waves on the Bottom Condensate Layer:

%= _gig | (L.228)

where € Velocity of surface wave, ft/sec
g Gravitational accelefation, ft/sec?
Ae L:iquid cross-sectional area, ft?
b Width of the liguid free surface, ft

In differential form

de 1 [dAe _db 4,+22b)
‘E"'E( As b) (

Definition of the Froude Number:

2 e @
Fr = A?Z" = Sié (4+232)
=2 2

d Fr ,.""Qz Ll .‘il..'.‘.g (4-25b)
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where F; Froude Number
@ Liguid volumetric flow rate, £+7/sec
With the above definition a Froude Number of unity corresponds

to the critical depth in any cross-section.

Continuity:

[y = Qupe (4e242)

Fo= Qp, (424D)

f'¢+r'o: r"‘n‘ (4252)
dr’e w» - dr'g- ) (4‘25b)
dQy =~ Le 4, (4-26)
P
where r'o and Fl Vapor and liquid mass flow rates, slugs/sec
@, Vapor volumetric flow rate, ft /sec
Fnergy Equation feor Overall Heat Transfer:
P 4,8t = Ty (b= Pt | (4-27)

where hn Heat transfer coefficient, Btu/sec ft? °F
Ah Heat transfer area, ft2

‘ Af’n Mean temperature differentiel between vapor and surface,

to be considered as a constant, °F
f"l-n Total mass flow rate at any cross section, slugs/sec

h;, anc hyt Enthalpies at inlet and exit, Btu/slug
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Energy Equation for Licuid Flow:

Equation 4.2 has to be modified to include the effect of a variable

pressure in the vapor phase. Thus,

2

- P Q¢
H-;’z? +h+5.+2-——g4¢g (4.282)

dp @ [daf alAé”)
dH = ﬁ? + dh +ds, +29A, i (4.28b)
Momentum Equations:
For the vapor phase,
<

-A,dp-TR.dz = C.,d(ﬁ'j%-’) (4-29)

where Aq Vapor cross-sectional area, ft?
Pu- Wetted perimeter of vapor, ft
Zz Axial direction, ft
Ts Vapor wall shear stress, 1bf/ft?
CY Correction factor for velocity distribution

For the liguid phase

~Aydp - a/(pegAesc)-l-'Z:b dz -

d.
-TWP" dz +/)(9A( :;:— dz =

2 |
- C,d(-/%%-’-) -2 //’e wwrdydz (4.20)

wall condensate
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_where § Depth of centreid of Ag below free surface, £t

4 o To Licuid shear stress on walls, 1bf/ft?
Rv ¥ethed perimeter of liguid on walls, ft

@, twr Velocity components of condensate layer cn walls wheres it

vt A gt HR

reaches the bottom condensate

The sheer strusses mey be expressed as follows

P———

)
f G‘o -
t = 'i . —— 11.-,‘13.
S U" >~ fa‘ ')L ( )

: L= fope —% (4+210)

where ﬁ, and 1‘9 are frictien factors for the vapor and the licuid,

ané can be eppreximated by the usuel expressions in terms of the

Peynolds number.

' (1.220)
¢ /j"ﬁ’ \.l!— /23-1
— !:' pd 2 0 L} ¢
fo= czi(Rc-e)' C=oag et (4a270)

1 Based on Gazley's data (16), the corstents may be token as

ot e ha

for Re < 3C00 2, =18, b, = -1, C,= 1.23  (L.332)
; for Fo > 3000 2y = 0.2085, '-:_\i =0, =1 (423b)

Gecmetry of Flow:
1Y eenmcetricel functicns mey be ovmreszed in terms of 8, , hz1f
i c’
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f.= 26, (4-242)

@= T- 6. (434D)

be2r,sin6, (4e34e)

= K2 sin26 |  (4.344)

Ae=rs (e“' z ) o .

Ao= r;"(n -6+ ‘i’;_e:.) . (4o 34e)
h= r(l-cosq) | (4e348)

PO" z'.ﬁ(w- e‘ + Sl.ﬂ eg) : (4.34g)

o 2nb (4e341)

Ae~5¢ - "53 [-% $|.ﬂaeg - cos 6, (6‘ ..'s'.”:ec )] (4a741)

Some of these functions are tabulated in Appendix VI.

Additional Relations:
Based on equations (3.9) and (3.17), using the constants A, B, and
D, of the first approximation (see page 23) and Rohsenow's (40) velue of
0.68 for C, and noting that the change of volumetric flow rate dQp/dz = éf,

the following relation may be established.

| p |

s 3, 374 3 |

dQ, .z_[q(f’t'/’v)"e L Al‘-_] 4 [.g: fu'n’/’¢ d¢] Udz s Ndz (o36
o | | i

3 p pf ¥(140683)°

‘The last term of equation (4.20) may be estimated by integrating the

velocity profiles of equations (5.2) and (5.5) together with relations

(3.6), (3.5), and (3.17). 4
/A ke T, At [S Py ot
d dz = 9 1) s A o el
fj[ﬂ““’ 7o Lﬂdkmaear)] 5,'n‘/3¢ * (4+37)

wall condensate
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The lcst expfession, the momentum influx of the wall condensate,
is based on the assumption that the condensate on the bottom and on the
walls meet at an angle. Physically this situation is impossible;
surface tension will create a smooth transition which will considerably
incresse the thickness of the wall condensate and, consequently, reduce
the magnitude of the term. Since this effect is small to begin with,
it is reasonable to omit it entirely.

For the determination of the ligquid surface profile eguation (4.30)
has to be solved. Dividing this expression by gqgrOB,kand defining

o = dso/dz results:

anp—— 3 -n

63 r pe?"oa

‘i(ﬁcsi) - Aecr + z;£>

(4-38)>

The numerical solution of this equation may be simplified by the
following assumptions. First the vapor friction factor, fv, ray be
considered a constent, 0.0085, even in the leminar region. ©Since the
vapor'shear is very small for Eev < 3000, this simplification will
not introduce a Serious error. JSecond, the liquid feed rate’
f1.¥ dy /dz moy be taken aé'constant along the tube. Evperimentzl
evidence, as shown in the data in Appendix III, Table A-6, indicates
that for the range of ilow rates examined, the liguid level was very

uniform for most prrt of the tube. For the inclined tube the licuid
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depth was observed to be essentially constant after the initial licuid
ramp reported in Appendix III, Table A-5. Examining the angle function
in equation (4.36), tabulated in Appendix VI, reveals that L2 is not too

sensitive to variations of # in the range of 120° to 160°. Consequently,

" the error caused by this zssumption can be easily minimized by selecting

a good mean value for the condensate depth when determining £2. The

resulting relations become,

dp _0.00425P,Q:R,  2PsQ0s Qs (4.39)
T3z A2 AF d=

where the factor €, was taken as unity.
Qe N1 ' (4.40)

Q= L - z) (4o22)

Substituting into (4.33) yields:

d(.éﬁ.s.f =

?_03

2 , 2
_ e, 0.00425 pe(L-2Yb _ /QRz 5 -
R Alpegne LAt pear®

=
5

Aepe i [o.owzsﬁ,(L—z)"' J 4 /.5311‘:?-]1 A (Las2)

"‘2(&.‘ Ly - -
%ﬁeﬁpugrﬁ Ao 1T dzL A gre®

The licuid flow was assumed to bpe laminar everywhere. This wes

actually the cnse for all condensation experiments.
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This equation may be integrated numerically, ﬁrovided that the
geometry is known at one point. For z horizontal tube or for a very
slightly downward tilted tube, where the downstream liquid flow is

definitely subcritical, a critical depth will exist at the outlet. As

‘it was pointed out previously, at low flow rates the outlet end still

controls the flow, but the depths are considerably increased due
primarily to surface tension effects. The depth of flow becomes less

as the inclination is increased; the exposed wall area, and consequently
the effective heat transfer increases. This improvement, however, is
eventually counteracted by the effect the inclination produces on the
wall condensate. Hassan and Jakob (19) showed that, theoretically, the

1 . < .
&) during condensation on an

heat transfer rate varies as cosl/A(sip-
infinite circular tube. As long as 2 T, tan(sin-l o )<= L, this
reletion 1s the best available estimate of the influence of inclination
én the heat transfer through the wzll condensate. The experimental data
Appendix III, Table 4-5, show a considerable dgcrease in condensate
depth as the tube is tilted a small amount of the order of & = 0.C10,
but tilting the tube further did not affect the depth very much.

For inclined tubes the establishment of a control section becomes
very difficult, if not well nigh impossible. One mey argue that under
such conditions the flév depth sﬁarts st zero at the inlet. This
assumption lezds to a numerical step-by-step solution of equation (4.42).
On the other hand, careful consideration of the flow patterns observed
in the experiments suggest another type of boundary ccndition, which not

only zives very good results, but alsc renders the mathemsctical solution

extremely simple.



Again the experimental observations revealed that the flow depths

were very uniform along most of the tube. The only departure from near

uniform depth occurred near the entrance region and, in the horizontal .

tube, very close to the outlet end. This observation suggests for a

boundary condition that the depth should remain very nearly constant in

the downstream portion of the tube. Such an asswnption’ will lead to the

elimination of the terms containing area variations after equation (4+42)

is integrated, and the resulting relation becomes:

| 3 2 2

& -
-0.001417 =< /’? 5.’:(2.) sin€G. [(I-z’)aj -
/)u- gro R\ A, L i,

22 ~ ” 2
__“25!1____L -f-‘-’-(:?-)' z"“} +
1255 h ,

he

-+
Pe 9 n*

i ﬂsz,ﬁg(ff T(l-z 000/4:7---—-(1- j -
) -

&
Yo% 2l a7}
-2.67 -A-;.-;-r-f;-_ iz‘* _g‘ = 0 (4+43)
where z ..E
h=%
o .

[ } indicates limits of integration.
]
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The results were actually not very sensitive to the limits. As
Table 4.1 shows, integrating between three sets of limits did not change
the value of the calculated condensate angle, ec » by more than 2°; and
2ll results were reasonably close to the observed one, with the limits
2" = 0.5 to z' = 1 giving the best value. |

The method developed here also lends itself to a simple optimizing
procedure to find the slope with the highest heat transfer rate. It
has been shown that the heat transfer coefficient varies as

f sinl/ 3 4 ag o and as cosl/ l’(s:m_:L ©"). Therefore, when ¢~ is
plo’:ted against g (or ec), the scale for # can be aiso marked for the
vzlues of the first function, and the scale for € for the values of the

second. The optimizing procedure becomes simply =z matter of plotiing

C”, then finding the point along the curve for which the product

. ¢ 3
[} _ T '
Cos/" (S l'n-'c') sin s ¢ a’é {4 (Lell)

is maximum. Such a chart is shown in Figure 4.2 with the ¢ curve
plotted for Run No..l1ll9.

y

For the horizontsl position Teble 4.2 shows a comparison of the
values of ¥ for test runs with various flow rates. These values were
computed by integrating step-by-step starting from a known depth =t the

outlet end. The agreement between mezsured and calcuiated anglec 1s

only fair, but the obizined mean velues for § over the length of the

tube zre still sciisfactory for use in the heat transfer calcul

o
ct
o
o]
9]
-

due to the insensitiveness of relation (4.44) %o variations of £ in the
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range considered. The step-by-step integration of equation (L.42)
involves small differences of the angle function on the left hand side.
Consequently, errors in estimating the friction factors influence these

calculations rather strongly, and the discrepancies found are not

surprising.
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Heat Conduction Through the Axially ¥lowing Condensate on the Bottom

of the Horizontasl Tube

| So far only heat transfer through the thin condensate layer on
the walls of the tube has been considered. To complete the investi'ga-
tion, heat transfer through the a:d.all':y flowing condensate on the bottom
mist also be eveluated. It was shown previously that at least the |
upstresm portion of this condensate flow must be laminar since the
liquid velocities increase from zero at the entrance end. If the flow
is laminar and secondary flows are neglected, then heat will be brans—
ferred across this condensate by conduction only. The gecmetry of the
cross secticn is shown in Figure 3.2, with an enlarged view of the
corner A shown. Yor the sake of obtaining a well-defined boundary, it
is assumed that the bottom condensate and the film meet at an angle as
shown. The thermal boundary conditions may be assumed to be uniform
saturatiox} temperature, ts’ at the interface, and uniform wall tempera-
ture, tw. In order to further simplify the solufion, 1t moy be assumed
that the veristions of condensate depth along the tube are gradual |
enough to be neglected at any parbiéular cross-section. Thus, the
governing equation cen be simplified into Laplace's equation for heat
conduction in t?ro dimensions.

Y2t = 0 or in cylindrical coordinates

axt+—’—at+’aa“,g | i)
ot ror  r* 36* .
The bcundary conditions are:
atr=r =1 (La16)
o v‘
2t r ces &= r cos ec t = ts to the edge of (4477

the film
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In this form the problem becomes one of pure conduction. The
particular configuration invelved suggests a solution by conformal
mapping. The equation of the tube circle in the x-y coordinafe systen

shovn is

X #(y-l- COS@;) ® r‘oa

. (4-48)
x2e y* 42y cos 6, » nisin%G,
Dividing by rg sinzec s and defining X = x/rosi.n &, and

Y= y/rosin &, vields:
&
XeY e 2Yeot € =

The moon-shsped cross-section ABCDEF of the bottom condensate may
be mapped intoc the intinite slab a'BICIDIE!R? shown in Kigure 3.2b by

using the complex transformation equatlcn-

-l |

a4+l
where w=1u + iv and g = X + iY. Consequently,

X< +cY
Xal +lY

Mu_tlplylng both the numerator and denom:u.n‘.:bor by X+ 1« iY and

ws InE
w = In

simplifying yields:

Q Xl 2y
Rl TR (xmhya

Since w = u + iv,

_ . . 2 2

u+lv u ‘- X5 Y-l . 2Y
e = Cosv +L35inVv) = + L= -

€ ( ) (X+0)23Y2 " (X+ )35
Consecquently,
2 2 ‘
u Yavi “_. 2y
& Yy T X415+ 73
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Y
2 e (4+49)

" The temperature distribution in the complex u~v plane is linear

between t _along a'B!C' and t_ along B1E!Ft. Mathematically:

t—tw,v-é +. v-¢ .
T T ¢ or t e (450)

Substituting the value of v from equation (4.49) gives the

temperature distribution in the X-Y plane:

faﬁ'-%l}_—' - é .
tt= eyl (4-51)

T-¢

The heat transfer through the condensate may be computed from:

where g! ~ heat transferred through btottom condensate, Btu/sec.



Substituting the dimensionless relations and using equation (4.51)

yields:

(l-'fasﬁzé)
%’ -‘-fkem[n.l. ¢(lfxﬁ)] ax

Y50
- (l - i?.sin?qé)

_2keat | [Znsin"gS _ ,]
- ¢ XSO

- 2k€A£ da SI}ﬁaé -
T-¢ I”[ Voo ']

~1
]

(4.52)
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Comparison of Heat Fluxes through the Bottom Condensate and through

the Film on the Tube Walls

The heat fiux per unit length through the conden’sing film may be
computed fronm equation (3.18) with the constants taken as _FI = 3,
B =6/5, C=0.68, and D = 1.

‘ 1 ¢ 3 3 :
: 2gf)%[ﬁf’t(/’z-ﬁo)/i\(l-:-a.éss)k&"]‘f [ /; inBs o {rl{ 4 {lq‘ (4.53)
‘ .

Dividing equation (4.52) by (4.53) yields:

) ™ dkafélﬁ l] .

/ at ) Yso
-?- = [,060 Mk‘ d )
g

— a3 (4e5L)
¥ Pl N+0SSI]  (_g) [/ "h'/3¢d¢]'§

\

¥rom equations (3.6), (3.5), and (3.17), with the same constents

as given before equation (4.53), and setting X =g

do _2r.peA(1+0683)  df
X’O -. kgAt dx

VZ sin'% [gﬂe(/’z—/?o)k(fméss)ra’]fi‘ |
¢ 4 kAt
[/sfn’/’q‘dtﬁ ]1’ ah

(4055)
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The ratio of heat fluxes, then, depends on the fluid properties,
the quantity [A t/ r03 (1 + 0.68 3) ] 1{A eand the depth of the botiom
condensate expressed in terms of the central hslf-angle . Figure 4.4
shows that this ratio is always very smell for such vapor velocities
where the bottom condensate still exists as a distinctly separate flow
- regime. For the highest flow rates encountered in the experiments with
Refrigerant-113, the heat loss through the bottom condensate in a
horizontal tube was about 2.5% of the heat transmitted through the
condensate film on the wall accordiﬂg to these estimates. Turbulénce
of any sort in the liguid will increase this ratio, but these calculations
show that the bottom condensate effectively insulates part of the
condenser tube. The ratlo expressed by equation (4e54) goes through a
meximim near @ = 170° because the theoretical film thickness goes to
infinity as § approaches 180°, and the assumed geometry camnot be
satisfied near this point.

One more corment is in order here. For the above calculations a
sharp angle was assumed to exist where the condensate film on the wall
meets the liquid flowing on the bottom of the tube. Physically this
situation is iﬁpossible. A smooth surface profile connecting the two
fiow}regimes increases the liquid thickness in this vicinity where
most of the heat transfer through the bottom condensate occurs.
Consequehtly, the actual heat transfer becomes even less than predicted

by the above relztions.
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CHAPTER V
INTERACTIONS BETWEEN PHASES

General Considerations

Due to shear at the interfaces and the geometrical restrictioms

imposed by the tube » the flow patterns of the two phases are strongly

interrelated. The liquid collecting in the tube restricts the vapor

flow area. Waves generated at the surface increase the effective shear

_ stress and cause an additional pressure drop in the vapor phase. On

the other hand, the high velocity vepor flow draws the liquid ’along and
causes surface instabilities. If the vapor en'bérs the tube at a down—-’
ward angle instead of axially, the bottom condensate layer will be
lowered by the momentum of the incoming stream. Vapor shear was taken
into account in the previous Chepter to determine the depth of the
bottom condensate. Surface waves have insignificant effect on the

heat transfer since the liquid acts as an effective insulator and the

- vapor pressure drop is negligible. However, the thin layer of wall

condensate might be seriously affected by the vapor drag, especially
near the entrance region. To investigate the magnitude of this
phenomencﬁ, a2 simple analysis was developed. Instabilities of the
inﬁerface were not considered at 2ll. The liquid film was fregted as
laminar everywhere, and the vapor was assumed to flow axiall; .‘
Another effect arising from the presence of two. phases is surface
tension. It influenced the flow pattern of the licquid primarily in

two wayé. ¥irst and foremost it prevented the axially flowing con-

densate from breaking away at the outlet into 2 so-called free nappe;

and, consequently, raised the surface above thzat predicted by the
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critical depth theory. A rough order of magnitude estimate was developed
for the maximum flow raf«;e above which 'bhi‘s eff ect becomes negligible.

A second, rather insignificant, effect of surface tension was the

smooth tra._nsition of the free surfaces where the wall condensate met

the liguid flowing axially on the bottom. As it wes found before, most
of the heat transfer through the bottom condensate occurred near this
region; and, consequently, this effect reduced this heat transfer rate
considerably, while the wall condensate heat transfer was not influenced

very mcha

The Effect of Shear on the Condensate Film in a Horizontal Tube

Consider the flow of condensate on the walls of the horizontal
tube. Due to gravity, the condensate will tend to flow downward and
collect on the bottom of the tube. The axially flowing vapor, however,
will tend to drag the liquid along due to the shear stress at the-
interface. Since the liquid layer is very thin compared to the tube
radius, the mzrvature of the wall mey be neglected. As a good first
approximation momentum changes may also be ignored. Then the force ‘
balance for a small control volume, (ys - y)rod #dz, can be written as
follows. |

In the @ direction:

9(pe-p.)sing (fs-Y)roddde - puShn dbdza0  (5)

which can be integrated to find the velocity distribution and the mean

velocity, u,



e

754
9(Pe-Po)sing , 2
ws 20 Tt 4 (vsy -4 (5.2)
' U - g(Pe~ps) Sing Y
a 3 s . (5.2)
In the axial, z direction:
'Z',,.!ac/dc/z -/-le—- rdédz«0 ' (5.4)
which can be integrated to obtain )
T
=Y (5.5)
T,
U 5—; s (5.6)

where w is the velocity in z direction.

For laminar flow of the condensa:be, heat transfer is by conduction
only and 'bhe temperature dlstribution may be e.ssumed to be lineer.

Then the energy balance for an element ysrodﬁdz becones:
A(1+o.ces) drY = k2> y rdé d= (5.7)

where = Ql e » mess flow Ifate of condensate.

The mass flow rate may be expressed in terms of velocities.

APy d2) Hpewr Y, 1o dd)
dl’;= P¢a¢ys d¢‘+ 2 3; 4‘42 | (5f8)
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Substituting equations (5.3), (5.6), and (5.8) into (5.7) yields:

e e =) a( y&sin ¢) re T _ huat
Spers Ys op z,u¢ s 9z N

- (5.9)

- Cy At
?\ .
The boundary conditions may be selected by careful examination of

where

the flow. At the entrance of the tube an initial condensate layer
thickness may be prescribed. For example, if the vapor flow can be
assumed 1';0 be axial at the entrance, then a zero initial thickness may
be considered. The flow must be sjmmetrical with respect to the
-vertical through the center of the tube. From the physical standpoint
the thickness is finite at the top of | the tube and the liciuid surface
contimuous. It must be realized, however, that certain mathematical
solutions might not be able to conform with these last two requirements.
The vapor shear stress, Tv’ depends on the mass flow rate and,
consequently, on z; but it may be assumed to be independent of f, the
anguler position. The temperature’ difference, A t, may' be taken as

constant.

Nm:iérical Solution

Fxpanding equation (5.9) resulis:

9re(re-1) [ . 3
Py e 3 o et
{’ ¢ ay; 3 J'G- k[At

+3/u 'Z;-az z,u; Ys dz - X (5.10)
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Substituting P = ¥, and rearranging yields,

o I o) [ ging 53 22
P - [3,U¢k¢At - 9(”‘ ﬂ") ($'n¢P;aa—-§ +

oz T LeN , r
+ ,3':"«»,5) - % 8 g-?] (5.11)

The shear stress may be expressed as a function of the Reynolds

number or the mass flow rate in the following form (Equations 4.31,

4e32, 4e33)
b

d&o | 205.‘ .
T 25 S AT @l - (5.12)
o d, o t+be d?
“hy . . ('__g .
3z 32/7‘,./;1}“:4.}*5’-1‘(2‘.&) o Iz (5.13)

where the subscript ( )v refers to the vapor phase of the flow

dh hydraulic diameter, ft
255 by constants depending on the range of the Reynolds
number

Since at any cross section

-I_?-l» r:, = r'inl a constant

et
dry =- i | (5.14)
_ From equations (5.14) and (5.7) | |
| . @ |
.3_’5?.-?‘—'-‘-‘,-95 7 dé (5.25)
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For a numerical solution equations (5.11), (5.12), (5.13), and
(5.415) ‘can be written in finite difference form. Since §° at. z =0 1is
known, D, at a small distahée Az avay can be caléulated. The procedure
can be repeated until the end of.the tube is reached or Fv becomes
zero. . Care has to be taken in the selection of points, since the
thickness tends to infinity at the top of the tube a.t- the outlet end.

In finite difference form the governing equations can be written

as follows:

Az [ 3uckest  glpe-po) { 4 (ap
Ap. s
P 1:’[ PCA' P lﬂ¢ )

4
+5,,?cos¢} ,s,,i':"] |  (s.11a)
op ! faz 1= .=
(a?)hsa—zz(spn-qpnq “'Pn-g) ) nZ 3

2A¢(3P" "Pnﬁ“‘PMz) , n= 1,2 (5.14 a & b)

dn,_ Zkobt Z rdd . (5.15a)
dz B k’ az! Pni '

Equations (5.12) and (5.13) remain the same.

Since the computer could not start with f)'o = 0, severzl small
thicknesses were assumed for the first value of P. The magnitude of
these were determined as arbitrazry fractions of the thickness at the

top of the round tube without shear; that is,

St ke ol - -
%= K apelpepa | (3:28)

where K is an arbitrary constant.
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The bottom condensate depth was assumed to be constant at
;b'c = 120°. The fluid properties used were those of Refrigerant-113,
and the 'Eube radius taken was that of the experimental condenser. In
order to avoid time | consuming trial and error procedures, the tube
length was not specified. Instea'd the entering vapor flow rate was
given and the corresponding tube length could be determined from the
calculations.

Flow rates were varied from 0.2 x 104 to 4e3 x 1074
1bf sec/ft or slugs/sec; temperature differences were from 2 to 25 °F;
and the increments were taken as r o/10 and 39, r /20 and 2°.

The results shéwed that even for flow rates and tempefatu.’re
differences considerably highe;' than the ones encountered :Ln the
experiments, the film thickness reached essentially the szme value as
predi_cted by the no-shear theory in less then three radius lengths
along the tube. Consequently shear has negligible effects as far as
the thinning out of the condensate film is concerned. The experimental
‘ observations, however, indicated that the film had a wavy surface at |
the entrance of the tube at the highest flow rates. Such an instability
problem was, of coui‘se, not included in the above analysis.

. The numerical solutions became unstable after the thiclkmess
reached the no~-shear values; and, consequently, the calculatlons could
not be Icontinued to the end of the tube. Th.e purpose of this analysis,
namely the estimate of the effect of shear near the entrance, was, -
howéver, fulfilled. A typical set of surface profiles are shown in

Figure 5.1.



Estimste of Transition Flow Rzate for Surface Tension Effects

An order of magnitude estimate may be made of the minirmm flow
rate below which the nappe cannot break away by considering the minimum
romentum required to balance the surface tension of the solid liquid
boundary formed as the nappe springs free. If uniform velocity distri-
'bution’is assumed, the momentum of the flow in the horizontal direction
is,

2

2 ()

Y Aye pp —
Pe ' 1o P (5.1)

The horizontal component of the surface tension at the lip of the

tube outlet is:

P o; sin :
LAC it S (5.17)
where & wetted tubs perimeter y £t
' ©F,, surface tension of liquid film, 1bf/ft
3~ contact angle

Equating the two expressions yields:

2 R A, siny
@ - =
Pt

or in dimensionless form for a round tube:

- /eeJe‘-sineccosec)ca,sthr O (5a9)
Jore grers’

For the water-plastic combination a contact angle of approximately

45° was measured. The resultant flow rate;is, assuming 8, = 45° 4 and
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taking Op, = 4.93 x 10~ 1bf/ft corresponding to the approximate water

temperature used of 80 °F,

For the Refrigerant-113 and copper combination a contact angle of

500, taking 8_ = 45° and Gg, = 1.302 x 107> 1bf/ft, yields,

Qe _ 0.0914

These flow rates are both in the regime where the observed outlet

depths begin to deviate from the critical depths predicteduby the
theory, and where the above effect became noticeable in the experiments

with weter.

# Personal commmication from Professor P. Griffith of MIT.



CHAPTER VI
THE EXPERIMENTAL WORK

Fluid Mechenics Anslogy Fxperiments

It was recognized at the beginning of this work that ome of thé weak
points of previous analyses was the determination of the depth of the
axlally flowing condensate. The first part of the experiments was set
vp in order to gain more insight intc the problem of a liquid flowing
elong 2 horizontal tube with the flow rate varying aleng the length of
the tube. The importance of the outlet end conditions has been pointed
out before. 1In these experiments special atiention was given to the flow

conditions existing in this region.

Description of the Apparatus

The apparatus is shown in Figures 6-1 and 6-2, and schematically in
Figure 6-3. The test section censisted of a transparent plastic £ube 54
inches leng with an internal diemeter of 1.10 inches. At twelve points
along the tube, equally spaced at 4.5 inches, means were provided for
admitting liquid on both sides and for letting vapor or air out at the
top. This arrangement is shown in Figure 6~L. Liquid was suppliéd to
~these points from a distributor which also served as a flow-rate measuring
devicé for each supply point. The flow rates were determined on the |
Venturi principle by measuring the liguid static pressure differential
between the top of the distributor bleock and in the smsll stainless steei
tubes ‘through which thé fluid had to flow to reach the test section.
These pres‘suAre_ differences were ‘read on manometers. The flow rates could

be adjusted by small needle valves. The distributor chamber on top of the



distributor block housed 2 metol and a cloth filter, and 1t hed a valve
on top which served both as a flow regulator and air bleed. This valve

.

was ccnnected to a line which returned the excess liguid te the cellecting
tank at the cutlet of the test secticn. Frem this teni a small Monel
Metal pump circulated the fluid through a standard commercial filter back
into the distributor. Althcugh means were provided for supplying zir at

.

the entrance of the test section, and for bleéeding it off at twelve
points along the tube, this part of the setup was not utilized. During
the first trials it was discovered that the ripples caused by the fluld
streoms entering ot the supply peoints were large encugh to be "cought®

by very low flews ef zir. The ensuing wave pattern coculd not be exvected
to be siziler to the cne coccurring during a condensation processa  Since
in the seccnd phese cf the experiments the actual condensation flow

patterns were tc be cbserved, the anslegy studlies with a high vaper shear

stress were aban
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trensition from laminar to turbulent flew occurs. These experiments were
performed using distil

nsed effectively for inclined tube exmeriments veczuse in supercritical

o " pey

lows the licuid stresms entering at the twelve supply nointc genercied
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the oump cutlet or at the distributor bleed. It was found that for the
required flow rates the pump worked steadiest at a relatively low speed.
Tms, most of the controlling was achieved by the valves with the pump
running.at'the optimm. The fiow rztes to the individusal supply pointsr
were regulated by the smzll needle velves mentioned before. After
equilibrium wes reached, the total volume flow rate was measufed at the
tube outlet with a graduate and a stop watche. The depth of the flow at
any point was established by wrapping a strip of paper around the tube,
and marking both the circumference and the points where the surface of
the liquid met the walls, viewed diagonally across the tube. The
temperature of the licuid was measured by a mercury-in-glass thermometer
graduated in increments of 0.2 °F. Turbulence was determined by
injecting ink axially into the siream through a smell stainless steel

syringe.

Condensation Experiments

Since very little experimental data was availeble in the literabture
that could be used directly to check the velidity of the analysis, it
became clear thet an experimental setup was needed to furnish heat

tronsfer data. In addition, it was deemed importont that the apprratus

‘should alse furnish some information on the filow conditions existing in

the tube. Refrigerant 113 (0201 WB) was chosen as the fluid beczuse of

1.t

its faveorable prescure-temperature relationshins.

Descriotion of the Apnoratus

The equipment is shown in Figures 6-5, 6-6, 67, and schematically
in Figure 6-8. The vapor was generated in a 12 1/8" high boller, made
of 5 1/2" standard brass pipe, set on top of a 2000 watt flat plate

- . P - fe
heaser. Inside the top of the boller was a circuler splash plate. A 7/87
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o.d. copper tube served as riser from the boiler. A heater wire wrapped
around an insulated portion of the tube served as superheater. The
vapor passed from the riser into the 1/2" o.d. entrance tube through a
heat-resistant flexible hose. The entrance tube contained a stainless
steel thermocouple well and the connection to the first mercury menometer.
The entrance tube joined the top of the test section at an angle of
approximately 45° to allow the»installation of a glass reticle at the
front end of the test section. This window served both for observation
and for illumination of the interior of the equipment. The condenser
section consisted of a 28.25 inch long 5/8" o.d. standard finned copper
tube.
The condensed liquid was discharged into a 100 cc burette. This

burette was sealed into the bottom leg of the copper tee into whiéh the
»outlet end of the test section was soldered. The other two legs of the
tee, one directly opposite to the outlet of the test section and one on
top contained observation windows. The burette was sealed with two
O-rings and several layers of Glyptal compound. The observation windows
were glued to a brass bushing which was sealed in the tee by two O-rings.
The tee also contained the mercury manometer connection, which also
served as the purge line, the condensate outlet thermocouple, and =
1iquid overflow connection. At the bottom of the measuring burette

2 needle velve was installed to serve both as a flow regulator and a
.shut—off device for the measurements. The overflow line had & liquid
seal at the top, to prévent the escape of any vapor, and a shut-off valve.

The iiéuid returned to a.one liter capacity glass receiver through a

3/8" o.d. copper line. Thg receiver supplied the boiler through a short

copper tubing which was connected to the charging valve too. All norts,



except the test section, the observation windows, and manometers, were
insulated with glass wool insulation cove:ed with aluminum foil. The
burette insulation was divided into several sections which could be
moved up and down to allow for readings to be taken at several intervals
along the tube.

The electrical input to the heaters was regulated by two Variacs.
The power was measured by a wattmeter conmnected to a switch box, which
made it possible to measure the power going into both heaters with the
same wattmeter.

Temperatures were measured at the entrance of the test section, at™
six poiﬁts along the tube, at the outlet, and at any two other points as
required. All thermocouples were made of No. 30 gauge copper—constantan
therﬁocouple wires with the reference junctions kept in an iced therﬁos
bottle. The inlet junction was housed in a2 stainless steel well iocated

along the axis of the short inlet tube. The ocutlet junction was located

right behind the lower edge of the test section. This junction was silver

soldered protruding cutside the stainless steel tubing through which the
connecticns led to the outside. The location of this thermocouple forced
at least part of the condensate teo flow along the steel tube until it
reached a splash guard which directed it into the measuring burette.

The six thermecouples along the test section were soldered into grooves
cut inté the tube parallel to the fins. Three of these were located on
the top, three at diametrically opposite points on the bottom. Your
were cne—sixth of the tube length from each end and two in the middle.
The thermocau?le'wires were connected to 2 Leeds and Northrup semi-

precision potentiometer through a ten-point selector switche
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The air velocities around the test sectlon were contrblled by two
fans which were adjusted to providé a reasonably uwmiform »flow distribution
along the tube. The air velocities were measured with an .Aneniotherm Air
Meter.

Photographs of the flow conditions inside the test 'l;ube were teken
through the outlet observation window, while illumination was provided
with a ﬁhotographic flood light through the reticle at -'bher entrance.
Because of condensation on the retiéle’, plctures could not be taken through .
1%, although visuel observations were possible. A single-lens reflex |
camerz was used with special lens attachments that provided closeup
pletures at relatively restricted depth of focus. Thus the approximate
location of the flow pattern picture could be determined. Visuél méasure-
ments of the centfel angle subtended by the bottom condensate were also
made with the a2id of a glass reticle marked with di.agonals 30° apert. To‘
reduce the blow-out hazard, a power cut-off switch was_instalied at the

top of the outlet manometer on the atmospheric side.

Experimentel Procedure

The apparatus was placed in a constant temperature room. The system
was evacuatéd, then it was charged with distilled Refrigerant 113. The
test section was leveled by adjusting the four bolts on which the frame-
work rested. An optical level was used to establish the horizontal
position of the tube. To obtain any desired slope, up to about 10°,
accurately machined steel blogks were placed under the two .supporting
bolts near £h¢ entrence of the tést section. The following procedure .

was used for the test runs.
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First the room temperature was established. In order to reduce the
possibility of air leaking into the system, this temperature was set at
such level that during the.runs the system pressure always stayed above
atmospheric pressure. This meeant that for low flow rates of vapor higher
room temperatures had to be used than for ﬁigh flow rates. The air
velocities around the condenser were checked next. The purge line vacuum
pump was started; the main heater and, when necessary, the superheater
were turned on and set at the required power level. For most runs the
liquid overflow valve was kept closed, and the buretée outlet needle
valve was adjusted such that during equilibrium the burette was nearly
full of liquid. This arrangement minimized the amount of condensation
occurring outside the test section. After an initial warm-up pericd, the
purge line was opened very slightly. The bleed flow rate was kept at a
minirum by adjusting both a needle valve and a pinchcock on the vacuum
line. After equilibrium was reached, data were taken in the following
order, unless some special circumstances arose:

1. Barometric pressure

2. Mercury and refrigerant levels in the manémeters

3+ Thermocouple millivolt readings

Le ¥low rates in the burette

5e Visuél observations and measurements of the flow pattern

6. Photographs of the interior flow pattern at various

points along the test section

7. Heater wattages and variac settings.
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CHAPTER VII

DISCUSSION, CONCLUSIONS, AND RECOMMENDATIONS

' FOR FUTURE WORK

-Discussion

The fluid mechanics analogy setup was built for the purpose of
providing‘ direct access for measurements on the liquid used. It could
not fulfill 211 the requirements of a really élose analogy to the con-
densation proéess, but it provided very useful quantitative and
qualitative results that could not be obtained from a condensation
experiment.

The data fof these water analogy experiments are tabulated in
Appendix III, Tables A-2 and A-3, for a range of flow rates of .

0.02 < Qb/\/; < 0.6, The results of flow depth measurements at the
outlet of a horizontal tube are plotted in Iigure 7.1 for both the fluid
mechanics analogy and condensation experiments. The curves in the figure

indicate the variation of critical depth as calculated from equation (4.1_6).

'The solid line, with Y &/B =1 mey be used for the turbulent range,

Re > 3,000; the dashed line, with v&/B = 1.414 is applicable to laminar
flows, Re <€ 3,000. The experimental points for both fluids agree well
with the curves, down to a flow rate of about Qe / \[g—r;—ﬁ- = 0.08. Below
this point, the measured flow depth remained essentially constant at

¢c = 90°, deviating from the theorstical curve. One, _minor reason for

this discrepancy is the fact that at lower flow rates 'bhg actual position
of the critical depth moves closer to the outlet end of the tube where

the surface érofile varies rather rapidly. Thu;cz the measui'exhents s taken

et an essentially fixed distance upstream from the end, would tend to
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yield greater depths. Another, mich more important reason is the

increasing importance of the surface tension at the lower flow rates.

‘It was observed during the experiments with water that while at high

flow rates the liquid broke away horizontally from the end of the tube

to form a free nappe, at low flow rates the liquid clung to the lower

- 1ip of the outlet and flowed downward and sometimes even slightly back-

ward from the end of the tube. This flow pattern resulted in a éharp
downward curvature of the surface profile. The forces due to surface
tension became large enough to effectively dam up the flow and, together
with the change in pressure distribution at the overflow, caused an
increase in depth. Under suqh circumstances the relatively simple
critical depth theory was unsatisfactory since it accounted only for
gravity. An order of magnitude estimate of surface tension effects was
discussed in Chapter V.

The estimated accuracy of'the measurements was 3% for the flow rates
and 3° for the subtended angles at the point of measurement approximately
1 1/2 diameter distance from the outlet end.

The fluid mechanics analogy experiments'also allowed the determina-
tion of the critical’Reynolds numbef where transition from laminar to
turbulent flow occurs. These data are shown in Table A-3 of Appendix III.
The critical Reynolds number was found to be 3,580 with a minimum of
disturbﬁnces and 2,830 with strong disturbances near the measuring point
at the outlet. -

What the fluid mechanics analogy setup could not simlate was the
effect of vapor shear ana the proper flow pattern in the inclined position.

Both of these shortcomings arose from the local disturbances caused by the



relatively concentrated liquid feeds. Even the smallest of air flows in
the tube caught these local ripples and made the entire surface wavy.
Consequently, it was considered meaningless to try to compare these flow
patterns to the ones actually found in a condenser tube. When the tube
was inclined and the flow became rather fast, these feed poinis generated
comparatively large, standing oblique waves which made any depth
measurements meaningless.

The condensation experiments provided a great deal of quentitative
and qualitative information. The most important numerical results were
the ones for condensate flow depths and heat transfer rates.

A11 these data are also tabulated in Appendix III, Tables A-5 and
A-6. Flow rates varied in the range 0.007 < Qp /Y gr > < 0.2; the
slopes renged from @ = 0 to & = 0.1736. |

The outlet depth data for the horizontal position was discussed above,
together with the water analogy data. The measured surface profiles in |
the horizontal position were compared to the calculated profiles in
Chapter IV (p. 65), and representative values were shown in Table 4.2.
The agreement was fairly good, provided that the actual outlet depth was
used as the starting point for the step~by-step integration procedure.
The data also indicate that the mean depth along the horizontal tube
remained essentlally constant for the entire range of flows at a value
of g = 120°.

for the inclined positions, a marked decrease of depth was observed
up to a slope of about 0.01; a further increase in slope decreased the
depth rather slowly. The ranges of mean condensate angles observed for
each inclination are summarized, together with the heat transfer data,

in ¥Figures 7.22 and 7.2b. These mean angles were compared to the results
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calculated from equation (4.43) in Chapter IV, and comparative values
were tabulated in Table 4.l. The agreement was considered good.

the measurements of the subtended angles are estimated to be within
5° of true values iﬂ the downstream portion and progressively worse up-
stream becoming probably about twice as much near the inlet. The flow
rates are accurate to 39%.

The heat transfer data are presented in Figures 7.2a and 7.2b.
The theoretical lineg and experimental data correlate rather well.
The increased heat transfer coefficients for the inclined tubes are
clearly distinguishable. A few of the low points are mainly due to
smsll quantities of air in the epparatus particularly at the flow rates
where the inside pressure was nearly the same as the atmospheric. The
greatest source of error in these measurements lies iﬁ the determination
of the mean wall temperature and, consequently, the magnitude of the
temperature difference. There was a strong variation of temperatures
from the top to the bottom of the tube, although axiai variations were
small. The temperature deviated from 9 to 21% from the mean with the
inclined tubes, particularly the one with the greatest slope, yielding
the smaller values. The temperatures for the inlet'vapor and the
discharged condensate could be taken within 0.2 °F, but the wall
temperature fluctuations varied from practically zero at therlow flow
rates tb 1° at the highest. Room temperature fluctuated within 1.5° of'
the mean. The accuracy of volumetric flow rates was about 2%. The
heat.transfer results are estimated to be within about 15% of true values.

The manometer readings indicated that the maximum pressure drop in

the condenser tube was of the order of 5 mm Mercury. The two,

independently mounted manometers did not allow accurate readihgs of
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such small maghitudes.

Sonme quélitative observations do not show up in the results and will
be discussed here. The biggest pfoblem in performing the experiments
with the condensation setup was to eliminate the effect of air in the
systems In spite of the precautions taken small emounts of air always
. remained in the systeﬁ, in part because the refrigerant contained some
~of it itself. Finally the purge line had to be installed at the outlet
of the test section. The bleed was regulated at such a rate that the
visual observations showed no reduction in the wall condensate film
thickness. This change in thickness could be detected as a hardly
noticeable ring at some cross section of the tube. By increasing the
bleed rate such a ring could be made to travel to the downstream end of
the tube and disappear. In order to eliminate the air from the liquid,
it was allowed to boil for at least two hours before the first test of
a day was started. In addition, the room temperature was kept at such-
a level that the system pressure was always above atmospheric. At the
lower flow rates and pressure levels it was sometimes quite difficult
to keep the aforementioned condensate ring at the outlet end of the
tube, and a few of the data points are low qﬁite probably because of
this phenomenon. '

The variation of wave pétterns and ripples was very interestingv
to observe. In the horizontal position waves caused by the vapor shear
on the bottom condensate appeared at relatively low fl¢w rates. First
they ﬁere only near the entrance region; then, with increased flow rates,
they spreéd over the entire surface. These large shear waves, however,
diszppeared for the most part along ihe surface profiles as the tube wes

inclined. Instead, very tiny, oblicue standing ripples occurred near



9o

the walls; and at higher flow rates occasional large traveling gravity
waves were generated near the point where the liguid ramp existing in
the entrance region joined the rather uniform surface along the tube.
While the shear waves were rather uniform and periodic with a siée‘up
to about one-quarter of the depth; the gravity.waves appeared rather
randomly, traveling all by themselves, and their size was comparable
to the depth. These observations indicate, among other things, that
the vapor pressure drop should be less in an inclined tube not only
because the vapor cross-sectional area increases, but also because of
the disappearance of shear waves.

At the very highest flow rates very strong disturbances were
observed at the entrance. In the horizontal tube no distinguishable
bottom cqndensate existed here. In the inclined tube ripples appeared
on the well. Once vapor shear becomes dominant, the analytical results
based on the existence of a primarily gravity controlled free-surface
flow camnot be used. It is recommended, therefore, that these results
should not be applied zbove a vapor Reynolds number of about 35,000,
which was approximately the highest value encountered in these experiments.

The surface profiles, when not considering the waves, were fairly
uniform along the tube for most runs. In the horizontal tubes the
greatest variationé occurred near the outlet, and also at the entrance
due to the momentum of the vepor stream. In the inclined position,
except for tﬁe smallest inclirations, the flow formed a ramp at the

entrance then continued rather uniformly to the end.
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Conclusions

Heat transfer rates for laminar condensation of a pure vapor in
horizontal and inclined tubes can be predicted by the use §f the
methods presented. For fluids of Prandtl numbers greater than one,
the first approximation of the momentum energy solution, eguation (3.23),
-which is equivalent to Nusselt's results, can be employed for estimating
film coefficients as a function of the condensate angle, with Rohsenow's
(40) value of 0.68 used for C. For liguid metals, a correction factor
from Figure 3.3 is needed, although there is no good experimental data
available to check these curves. The depth of the bottom condensate can
bg established for horizontal or essentially subcritical flows by a step-
by-step integration of equation (4.42) starting at the outlet. For
horizontal tubes with a straight-cut discharge, the critical depth can
be assumed to exist at the outlet if Qg /\/jg-zzg- > 0.08. For lower
flow rates a constant outlet angle of ¢c = 90° can be usedlas shown in
Figure 7.1. As a matter of fact, for fluids similar to Refrigerant-l113,
a constant mean depth of chmﬁ-' 120° may be assumed over the entire
range up to Qp, /V gros = 0.2. Thesg methods will yield conservative
figures if applied to a condenser tube with anAelBow 2t the outlet.

For inclined tubes equation (4.43) together with equations (4.34)
cen be used (integrating from 2t = 0.5 to 2t = 1) for calculating
ecm = ﬂcﬁ/z'

Chaddock (10) showed that a horizontal tube is better for heat
transfer than a vertical one. The results of these investigations
indicate tha£ when condensation occurs-inside a‘single—pass condeﬁser

tube, & siight downward slope will enhance heat transfer. The optimum




slope for a given flow rate can be estimated from equation (4.43)
together with Figure 4.3, as described in Chapter IV. This relation is
expected to yield good results even if there is an elbow at the outlet.

At high vapbr flow rates above an enﬁering vapor Reynolds number
of about.BS,OOO, these relations are no longer valid becausé gravity
effects are negligible and the orientation of the tube becomes unim-
portant. 1In such a case, heat transfer data can be correlated in
terms of a Reynolds number, irrespective of slope (2). Consequently,
for condensation inside tubes, the horizontal and inclined positions
are at no time worse than the vertical, and in most cases they are
better. The only exception is the case of extremely short tube with
a length-diameter ratio of less then about 6.

The following are brief descriptions of the caléulating procedures
to be used for predicting the performance of horizontal and inclined
single pass condenser tubes. In each case the following quantities are
sﬁecified: the entering vapor condition, the4temperature differenti
between vapor and wall, the dimensions and slope of the tube..

Yor the horizontzl tube two procedures may be used. The quicker and
more approximate one is to assume a2 constant mean condensaté angle of

4

can be calculated by integrating equation (4.36); and the Nusselt number

em = 120°. Consequently, with g = 180° - (¢cm/2) = 120°, the flow rate
cen be evaluated from equation (3.23) with C = 0.48. The more accurate
method 1s to assume 2 gcm and a corresponding @, calculate the f}ow rote
253 Before, then from,Figure 7.1 find zn outlet depth corresponding to the
flow raﬁe there., Starting ffom this end celculate the surface Jrofile
*I' by integrating equation (L.42) stepwise along the tube. Find the mean

- vzlue of 7 over the length of the tube and compare it to the assumed
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vaive. If the two are within 109 the agreement may be considered
satlsfactory; otherwise 2 new mean angle should be assumed and the
procedure repeated. With the Vln value of §, the Nusselt number can
be estimated from equation (3.23) as above.

For the inclined tube first assume a constant mean condensate angle-
¢cm and its corresponding f. Using @, calculate the constant change of
flow rate, {}, from equaﬁion (4e36)+ Substitute this value inte
equation (4.43) and set the limits between z+ = 0;5 and z+ =1, Using
the angle functions (based on equations (4.34)) tabulated in Appendix VI,

ind several values of & corresponding to different assumed angles.
Plot the o -4 curve, as shown in Figure 4.3, and find the angle ]
corresponding to the given slope. The agreement between this vslue of
@ end the originelly assumed one should be within about 3° in thié case.
If it is not, assume a new value for § and repeat the procedure. With
the finel value of ¥ znd O ,‘the flow rate and the Nusselt number can
be evalusted as before from equations (4.3%) and (ﬂ.23), with the latter
exmression miltislied by cosY A(Sm‘l ¢ ). Actually both this function,
and the angle integrcl function appearing in (3.23) cazn be read off
directly from the chart in Figure 4.3. To estimate the optimum slope

for nhe given £, firnd the point on the G‘—-ﬁ curve for which the
the otﬁer two coordinates, relstion (4.44), is meximum.
For both horizontal and inclined tubes, the entering venor Reynolds

nunber should be ascertained to be less than 35,000.
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Recommendations for Future Work
The many complex processes occurring during condensation inside a

tube suggest a number of investigations, seme of which would be highly
practical while others might have only academic interest. Here a few
of what seem to be the most important leads will be mentioned.

1. Experimental data is needed cn liguid metals for

.

checking the existing analyses.

2. The effect of superheat should be investigated in view
o L1

of the newer thecries predicting a lowering of heat transfer

rates with high superheats.
3. Condensation experiments could be dene with different

outlet end conditicns, particulerly with elbows of different

diameter to radius of curveture ratics, and with tubes of verious

low insicde a tube with a liculd occupying

~
1 4
+3
15
®
a

3
G
H
h

the beottom sectlcon conld bhe investigated theoretically. Assuming

Ly

.

laninar flow and neglecting liocuid velocities, the flow pattern

of the vapor may be calculaoted for different vavor-liguid
cross~-sectional area ratios. Then the boundary cendiiicns found

-

ace can be used to solve for the liguid velocit

§<4
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+tub2e or chsnnel it? ~
vilo2 Cr cnénnel wita no

5 The orcblem of condensaticn in a
gravity acting should be examined. Here the protvlem of how to
move the condensate becomes important. One possibility te be

explored is condensation on a perous wall through which the

condensate 15 sucked at varicus ratese.
6. turther experiments will be necessary with high vapor

-

on regime where gravity

}J-

vapor velocities to sbtudy the transit
becomes unimportant.

In all of the experimental investigations visuel observaticns
should be considered exbrenely impertent to establish the exact flow

conditions cccurring.
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NOMENCLATURE
a constant in boundary layer equations
5 a; © constant in friction factor equations
! ,
g ou’
ay*
oW
F%O 1 perturbation terms of A
, ’ - L d
A cross sectional area of flow, ft2
Ay heat trensfer area, ft2
F Lo liquid cross sectional area, ft?
A vepor cross sectional area, ft?
b width of liquid surface, ft
F ‘ bi exponent in friction factor equations
. i
+
B f u 2dy
°
BO 1 constants in boundary layer eguations
, , L] L]
c velocity of surface waves, ft/sec
o0 liguid specific head, Btu—ft*/1bf-sec2—°F or Btu/slug-OF
!
+ +
c 1 - f A
[~
C perturbation terms of C
0,1, « .
Cv ~ correction factor for wvelocity distribution
dﬁe licuid hydraulic diameter, £}
dhv . vapor hydraulic diameter, ft
do ' diameter of tube, ft
: 5 ‘ >+t
] ~_ +
_ S+
4 Y ow
{ DO 1 perturbation terms of D
X Mals v o
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e base of natural logarithms
0.1 quantities defined in boundary layer eguations.
, ;] - -
£ U Y.s volumetric wall condensate flow rate per unit length,
i ft3_ sec-ft
e liguid friction factor
fv vapor friction factor
| -1/4
3 L2343 03
D’a(pe-poke 4t L . -
F u ¥, 33 i » dimensionless flow rate
Ry Nl +c3)? E
¥ , Q ' -
{ — e /b Ug
fr -— = Froude number
Ap \ 2hy oz e
g gravitational acceleration, fi/sec?
2 function in boundary layer equations

g(py -p, )sin 8

G(x) 7 , variation of gravity in x direction, ft/sec®
h depth of flow, ft
n, critical depth, £t
h% heat transfer coefficient, Btu/sec-ft?-oF
by enthalpy of mass entering tube, Btu/slug
hot “enthalpy of mass leaving tube, Btu/slug
1 H -  specific energy of liguid flow, ft

H
bﬂp-
5 1)

"4/3 Jo] J//51n1/’ g ag

Fs 1/
I, sin 1/3 74 cos ¢ az

%
' o

“nection in boundary layer equations

J(?) function in boundary layer equations




thermal conductivity of liquid, Btu/sec—ft-°F
constant

kAt D
Meh (1 +C3)

characteristic length, ft
length of tube, ft
exponent

exponent

function in boundary layer equations

hme hmro
v k! Nusselt number

mean Nusselt number based on arc #

mean Nusselt number based on total circumference, g =

pressure, 1bf/ft?

7>

ro(¢ + sin @), vepor wetted perimeter, £t
roﬁc, liquid wetted perimeter, ft

. :

—Eéfg s Prandtl number .

heat flow through wall condensate, Btu/sec

heat flow through bottom condensate, Biu/sec

volumetric licuid flow rate per unit width of chamnel,

ftB/sec—ft
volumetric flow rate, ft3/sec

lioguid volumetric flow rate ft3 sec
° - 2

licuid volumetric flow rate at outlet of tube, ft3/sec

vapor volumetric flow rate, ft3/sec

102.
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T radizl distance, f%
Ty radius of tube, ft
Ae
| Tyo R hydraulic radius of licuid, ft
W : :
Av
e T hydraulic radius of vapor, ft
A2
— ' ) .
Re 413&34Reynolds nmumber
MP
e, 4L O 15033 Reynolds number
_ ¢ P
f My
, — Lp Q-
Rev /’vPv, vapor Reynolds number
/4y
s elevation, ft
So | elevation of channel bottom, ft
S, depth of centroid of A, below surface, ft
t temperature, °F
ts saturated vapor and condensate surface temperature, °F
v wall temperature, OF
At ts -t
&+ -ty
At
1t -3

S

(%) ~At
u velocity in X direction, ft/sec; except in comnlex trans-~

formation of botiom condensate cross section where

u - coordinate in cemplex u-v plane
~,
Ty
1 - . £L
u = udy, mean velociiy, fi/sec
a v o7 i
‘s
(o]




[

v velocity in y direction, ft/sec
v coordinate in complex plane
v velocity, ft/sec
é v, . critical velocity, ft/sec
Vm ' mean velocity, ft/sec
wr velocity in z direction, ft/sec
w u + iv, complex variable
X distance, ft
X dimensionless distznce in direction
! vy distance, ft
s wall condensate film thickness, {t
Yso well condensate film thickness at surface of bottom flow, ft
Ve Yy at e
'y+ S 74
3 dimensionless distance in y direction
; Yl,2, . Quantities defined in equation (3.38)
| 2 distance in axial direction, ft
z" 2/L, dimensionless distance in z direction

by 2
7 b [ = ;[-02'5(,6.c - sin ¢c)%/2,/sin /2 , section factor, ftz'?




———7§J/K;BdA, velocity correction

;r:*——, thermal diffusivity, ft?/sec

ol I
L [ < y
o J{bog + s) VdA, pressure correction

contact angle

mass flow rate, slugs/sec

total mess flow rate in tube, slugs/sec
1iquid mass flow rate, slugs/sec

vapor mass flow rate, slugs/sec

BDk, A b
huy A(L+C3)

A , dimensionless temperature difference
transform variable for boundary lsyer eguations
-vl a2t i
angle in condensate
¢c/2, condensate subtended helf angle
latent heat of vaporization, Btu—ft‘{"/lbf-—sec2 or Btu/slug
A(1+C8), generally C = 0.68
viscosity, 1bf-sec/ft?
licuid viscosity, lbf-szec/ft?
vepor viscosity, ?zr.bf—sec/ft2
kinematic viscosity, £t2/sec

time, sec
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(s liquid mass density, lbf—secz/fté or slugs/fb3

Lo vapor mass density, lbf-sec?/ eth pr s;igs/ft3
ds

c —a‘g‘, slope

Sz ' surface tension, 1bf/ft

T s vapor shear stress ab interface, 1bf/ft?

T, liquid shear stress on walls, 1bf/ft?

i) surface inclination to horizontal. For round tube it is the
angle from top of tube to a point on wall

[} . 28,, central angle subtended by bottom condensate
stream function

0N dQ, /dz, axial rate of change of condensate flow, ft3/sec-ft

Sutscrints and Superscripts not Defined in Nomenclature

( x, y". . differentiation with respect to variable in subscript
( )s at the liquid surface

(),  atthewall

( ), ( )y, ( )'m derivatives



l.

2e

li-v

6.

10.

11.

107.

BIBLICGRAPHY

Abramowitz, M., "Tables of Functions," J. cf Research, National
Bureau of Staenderds, 47, 288, 1951.

Akers, We Wey, He A. Deans, and 0. K. Grosser, ‘"Condensing Heat
Transfer within Horizontal Tubes," Second Nat!l Heat Transfer
Conference, AIChE-ASME Preprint 1, 1958.

tkers, W. Wo 2nd H. R. Rosson, "Condensation Inside a Horizontal

" Tube," Third Nat!l Heat Transfer Conference, ASME-ATIChE Preprint

114, 1959.

AMtman, M., F. W. Staub, and R. H. Nerris, "Local Heat Transfer and -
Pressure Dropu for Refrigerant—22 Ccnden81ng in Horizental Tubes,™
Third Nat'l Heat Transfer Conference, ASME-ATChE Preprint 115, 1059.

Balekjian, G. and D. L. Katz, "Heat Transfer from Superheated Vapors
te 2 Horizontzl Tube," Pzper Neo. 57-Ht-27, ASME-AIChE Jeint Heat
Transfer Conference, August 11, 1957.

Benning, A. F. and Re C. McHarness, "The Thermodynamic Propertiecs
of 'Freon-113' (CCl,¥-CC1lF,)," E. E. du Pont de Nemours & Cec., Inc.,
Bulletin No. T-113A.

Bromley, L. Be, "Effect of Heat Capacity on Condensation,™
Ind. Enge Chem., 4k, No. 12, 2966, 1952.

Bromley, Lo Be, Re Se Brodkey, and N. Fishman, "Effect of Temperature
Variation around a Herizontal Tube, Ind. Eng. Chem., 44, No. 1Z,
2962, 1952.

Carpenter, ¥ G. and A. P. Colburn "Effect of Vapor Velocity on
Condensation In51ae Tubes," Genera l Discussion on Heat T*ansxer,
London, England, 1051 U.S. Section T.

Chaddock, Ja B., "Film Condensation of Vapor in Horizontal Tubes,"
Sc.D. Tbe51u, T, 1955; and Refrigerating Engineering, 65, No. 4,

- 37, Lpril, 1957.

Chen, M. r., Man Anclytical Study of Laminar ¥ilm Condensation;
Part I, Flat Plates, and Part II, Single and Multiple Horlizontol
Tubes," To be presented at the semi-annual meeting of the ASIE,
1960, at Buffelo, N. Y., ASIE Paper Nos. €0-H-44A and B.

Chow, V. T., "Integrating the Equotion of Groduslly Var;ed Flow,?
Proce. ASC,, g1, No. 838, Nov. 1955. Discussion by 4A. S. }1rr;u0ﬂ,
Prec. #SCE. 04, Ne. 1010, June, 1956. :




& [3
[ W
G 1 D n
K (¢} © - £ © O~
) (0] ¢ N [&) 0 €. e
o ot & & t = 4 | ¢ ¢
1 w [ ] H O & [ L L
o Ll -] £ TN S ot H fi
] mﬁ ﬂm m ow [OIN0) o :w H A [}
4 - (& ¢ K) o S Q
o LY ! m 3 | v . 4 :
“ € O O (&) Ny g <q o > K]
1 Py~ 2 S| o 1 $-1 ol )
Q f1 ot 44 ] 42 1) [¢) W 9
e e 0 & [ i [SIRTA N, o +
o &0 ) ¢} [P £ ¢ A
O = I 5™ g 2 5 &) ©
(&) ) O 3 .S (e] 20 [¢] © U
w s € o ol (=t LS 3
Gy o] iy o 3 42w w Gy ~3F ¢
o 02 -+ O @ @ w 4 W\ £
) 2] eI o ] W $y 0 © oo 9]
=t o o 42 o] o o & K O i =
ol (9] 0 o g oW o]
T_ & 2} ] 'd g Py 4 & ¢ ¢
0 ol W 1 [ £ o [S3Ne} w o]
43 1 O (0] O 1 G4 [ [ORNG] £
. « | oo o] H 0 by O 7 B> M IS ]
0 0 o o O (&) w £ e § £
3 oo @] o £ o< (¢} B K
ot (GRS &) - e~ H (6] O 3 O
£ (&) [ ot 3 o = £ 1S 1
@] 4+ © Fi w b | RERENS 0] o oo
-} £ | £ ] W 0 Q =y v ol
[0} orf © 4 O 0 o HO P &
£ 1y By e} @ [N fry =2 15 N
o £y ol _ 3 £ el o o R
\ BE A o m &) ey , —
S (@) m!_ S (&) [ S = L r~
o n_v by oo O 3 © o
~{ 1 [QV s O} [ SR p] oW O
Xy SRy} (O] i =g (OJNO] N
w w [ & G O\ _u ot £ &1 0
=) ) a 0N o oo L R—
o ¢ 42 « £ Oy I L0 0 ol £l (S ©
1 m 9] | € & O~ O < £ §4 [« 3
QP v v RO 1o o
O ¥ | “ o OO o d L B e o
£ o] () 0 (@) (S Lar g ! @ 47 £ 3
£y '3 o g + e 8] T Q 220 O o
= o o ] [ RIS ¢ D A « 42 o~
L & o f Q N Gy =on i ! Q o © f1
~ 0 O ¢ B et O 4 o | ol g F1oe
6 (2 & [ 5 = foosn gd O 1 = M ol e o
[AN I G o b 42 ¢ = €Dy e T O w3 D & (N
oy ] o o O [N w o« - = ~ gl = (Y 0y O
¢ (a3 o Q [ = s m =N & ¢ o [€)3 i
< f0 M . [ st o) ¢ o] Iy N ¢ ¢! oy &~ o,
£ - [N &) o =0 bed NG w ¢ e o
nd i I wtn] o 0O i afli = -
o o o LY ] o= el o ap e @4 £ O o ri
[ERCI e by s B £ g £ 0 o ~ £l
o gy o O o H O oHey | Q d w W Qe
B 0w 0 o« SR D N I I W <t Tl o
1 O 4 B 3 g o« v & Q42 | 0 i 3o A&
ey Hp gy o Wi gy g ok o o
(SIS S (GG (G SsJp! =B 73 IR VAN o vl O W LacTE A
[ ® [ (3 « 3 . ¢ ¢ ¢ ¢ ¢ [ 3 . ¢ K3
o\ ~3 W 0 r~ w0 o~ (@] 1 [ (S ~ N 0 - w2 [N
! i ! r i = 4 N o o o\ QYA S o [ € 3

—— SO amdas - .




e m—— e 1 — o eson s s _1
A

26.

Lhe

14-5.

109.

N

Xnuth, E. He, "The Mechanics of ¥ilm Cooling - Part I, Jebt Zromulsion.
2L, 359, 195L; Part IT, 25, Yo. 1, 16, 1955.

Lemb, Sir H., Eydrodymsmics, Dever Publications New Tork, 1945.

Lehtinen, J. 4., "Film Ccndensation in a Vertical Tubs Subject to
Varying Vapor Velecity," Sc.D. Thesis, MIT, June 19

Li, W., "Cpen Channels with Non-Uniform Discharge," Proc. ASCE, &0,
No. 381, January 1954.

McAdams, We He, Heat Trensmission, McGraw-Fill 2cok Co

-
New York, 3rd. Editicn, 195i.

twood, We He 2nd A. Fo Benning, "Thermel Conductances and Heat
T gsicn Coefficients cof ’F“ecn' Refrigerant,” E. I. du Pont
e Nemcurs & Co. P“’?e+*p Nec. B-G, 1942,

Misra, B. and C. F. Eenilla, "Heat Trensfer in the Condensation of
- ’ _

Metel Venors,® Chen. Eng.., Progress Symposium Series No. 18,

Vol. 52, Te :

Nusselt, We, "The Surface Condensation of Steam," Zeitsch. de
Vera deutcch. Ing., 50, 541 and 569, 191

por Condensing
No. 12, 2926, 1951.
Potter, Rs Ca 2nd S. P. Patel, "Condensatlon »f ‘Freon-l2! Inside
& Horizontal Tube," Refr. Eng., 6L, Voo 5, L5, 1956,

Rehsencw, Wa Mo, "Heat Trensfer ond Temperature Distribution in

L
Lamincr £ilm Condensation,™ ASVE Paper e 54-A-144, 1954.

RBohsencw, Y. ¥a, Jo Ha Webber, ond A. T. Ling, "Effect of Vapor
Velocity on Laminar znd Turbulen®t Film Condensatlen," ASVE
Paper No. 54-£-1L5, 1954.

Rouse, H., Engineerinc Hydramlics, Proc. of the Fourth Hydroulics
Conference, Iowa Inste of "ydraulic Research, 1949, Jomn Wiley &
Sons, Ince

Schlichting, He, Boundary Layer Theory, McGraw-Hill Beook Co., Inc.,
New York, 1955

Schmldt, Te. E., "Heat Transfer during Condensation in Containers
snd Tubew,“ Kaltetechnik, 232, Nov. 1951.

Schrage, P We, A Theoreticol Study of Interphase Mass Transfer,
Columbia University Press, lew York, 1953




e

L6.

47.

48.
49+
50.
5l.

52«

110.

Sparrow, T. M. and J. L. Gregg, "A.Bﬂundaryabayer Treztment of
Laminar-Film Cendensation,™ Trans. ASME, Series C, J. of Heat

Transfer, 81, 13, 1955.

Sparrow, E. M., and J. L. Gregg, "Laminar Condensation Heat
Transfer on a Horizontal Cylinder," Trans. ASME, Series C.

Js of Heat Transfer, 81, 291, 1959.

Staub, L. B., et al, "Cpen-Channel Flow at Small Reynolds Numbers,"

Trans. ASCE, 123, No. 2935, 1958.

Tepe, J. B. and A. C. Mueller, "Condensation and Subcooling Inside
an Inclined Tube,” Chem. Eng. Prog., 43, 267, 1947.

Trapp, A., "Heat Transfer for the Condensation of Ammonia,®
Warme und Kaltetechnik, 42, 161, 194C.

Trapn, A., "Condensation of Alcohol Vapors,® Zeltschrift de. Ver.
deutsch Inc., 85, 959, 1941.

Young, f. L. and W. J. Wohlenberg, "Condensation of Saturated
Frecn-12 Vaspor on a Bank of Horizontal Tubes, ® Trans. ASME, 64,
787, 19424



m;ek i

FIG.

FIG.

F1G.

3.1

L3
Led

5.1

6.1
6.2

6.3
6l
6.5
6.6
6.7

6.8

6.9

LIST OF FIGURES

Condensate Flow on an Inclined Surface. « « « « «
Geometry of Condensate Flow Inside the Tube . . .
Geometry of Condensate Flow on Complex u-v Plane.

Theoretical Heat Transfer ResultsS o« o o o o o « @

Specific Head vs. Depth for Free Surface Flows. .
Geometry of Bottom Flow Along the Tubee « o o « o«
Slope Optimizing Chart for Condenser Tubes. . . «
Ratio of Heat Quantities'Transferred Through the

Botton Condensate and the Wall ¢« « o« « o.0 =

Calculated Surface Profiles at Tube Fntrosnce. . .

Fluid Mechanics Analogy Apparatus « « - « - « o &
Liguid Distributor - Fluid Mechanics Analogy
AoparatusS ¢« o o« « o o o W ... e o o o o s o s
Schematic Diagrem of Setup for Iluid Hechanics
| Inzlogy Experiments o« ¢ ¢ o o o o o ¢ o ¢ o o
Detail of Test Section for Fluid Mechanics
An;logy Experiments « o o« o o o o o ¢ o o o &
Condehsei SetiD o o o o ¢ ¢ ¢ o o ¢ o o o o o o o
Inlet Side View - Condenser Setup « o« ¢ o o o = &
Discharge Sidé View — Condenser Setup « « « « + &
Schemetic dizgrom of Setup for Condensstion

ExperimentSe o o o « o o o o « ¢ o = o o o «

- Typical Photographs Showing Flow Pztterns in the

Condenser Tube - Upstresm and Downstreszm Fnds.

111,

Page
113
114
114

115

1146
116

117

118

119

120

121

122



FIG. 7.1 Discharge Depth vs Flow Rate in Horizontal Tubes. .
7.22. Condensation of Refrigerant-113 - Selected
Heat Trensfer Resulbts. - ¢« &« v v o ¢ ¢ ¢« o o &
7.2b Condensation of Refrigerant-113

Heat Trensfer ResultSe o o ¢ o o s« o o o o o o

131



CONDENSATE FLOW ON AN INCLIN
FiG. 3.1

D SURFACE

Il



i

qee ol
ANV AN XATdW00 RO MOT JLVSHNIAR0D 40 AULIWOHD

>k
g w |3 o |
2josuapuo)d
ke TR "V
n <<

D¢ Old

Agnl 3IHL 3AISNI MOTd JLVSNIANOD 40 AYLIWOID

8josULpUO)

/
/

Coa

1
-3
3\"» i



115

g¢ old

SLINSAY YIASNVYL 1VIH "MVvOILIYOIHL

X
("L-f)9
I 10° 100 1000
T ~ _mom. T _ LB T [V T T G
i AN
800 66319 B 204IDAG — — — o —
€00\ / 9
B // AN / Uy —— —
: NN
NN / NOILVIIXO¥ddV QNODJ3S
X
8 :_emmzzvo:um
2.:
¢
0l

2l




SPECIFIC HEAD VS. DEPTH FOR FREE SURFACE FLOWS
FiG. 4.l

Free Nappe For High
¢ Fiow Rates

” Surfcc.e For Low Flow
Rates in Horizon?al
Tubes

GEOMETRY OF BOTTOM FLOW ALONG THE TY
FIG. 42

o
[Id]



"z

O 95 i -,

|

DEGREES

.

e e

e o R

Pt

PNl
. Oc‘,.’

e e U e Car,

o e

B i

[CONDENSATE 'ANGLE] @' 1T

N [T

Danssaf




113

¢+ old
STIVA 3HL NV JLVSNIONOD WOLLOS AHL HONOUML Q3UYIALSNVYL SIILLLRVAD LVAH 40 O0LLVY

$33U930a-¢ ‘ITIONY  YOdVA

0Ll oGl ocl ol 06
= — | e _ s ———"00'0
/ —-— o 01x2) _ [ x(d-"d) b
\ — ¢01%9 K1 uVu
v e e e ——— =
_ \ - ~10°0
\ .\\\\ %
- x
m
>
=
-
) A0
~ 4200 W |
=
. m
AN 2
_ . -1€00
| | | | } | i i




FILM THICKNESS -ft.x 10 *

18 I T T T T I T | | |
16 -
X
Nusselt
= (-]
d=1 g —

~ __—o—0° - © TNussemr
©

Y
\

N

Refrigeront 113

06 fe=0.02384 ft. N
At=12°F . a
04 Inlet Mass Flow Rate =2.4 X 10  slugs/sec. -
]
02 -
0 | | | | | { ] | | ]

b2 3 4 S5 S N 8 9 O L
AXIAL DISTANCE, Z/ro

CALCULATED SURFACE PROFILES AT TUBE ENTRANCE
FiG. 8.1 - |

i9






TTT - TR A
..D 3 4_()11

ANALOGT APPARATUS




122

€9 9ld _
SLINIWIUIIYI ADOTVYNY SOINVHOIW qaIN1d ¥Od dNLIS 40 WYHOVIA OJILVINIHOS

uoyjodo ojdnosowssyy |
uoln07 86NDY 1j0IQ 40 13JSUIOUDIY |
9AJDA O|p3ON

9AIDA ©qoj9 D

STOGWAS OL A3M

iDjsoayy
o FLTTIN E.W-_& \ H s Kiddng  Jamod
U
NUD) JBA|9O8Y C
uoj}08s §s9) BLIUEYY
$0{4104y) 101ju0D T A=Ir—pJd= v
YHM SUMUBA AV 2 mw %memmwm \\ 13
souln Aiddng N
pinbIy 2l i 1
$OA|OA ©|paaN M/mco:oo:cou
buijoynbay 2I J9jewouoy 2|
[ sognaysig pinbyi
pioog
J9}9WOUDW
MO[}IBA0




2 . A i S 5 e - bt b e

Throttle

Venturi

[ oo §
Manometer
Connections e

Liquid
Supply

DETAIL OF TEST SECTION
FOR FLUID MECHANICS ANALOGY EXPZRIM
FiG. 6.4

I

NTS

]

Gl



®
~I
Q¥
—

un

@
]

wH*
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TYPICAL PHOTOGRAPHS SHOWING FLOW PATTERNS
IN THE CONDENSER TUBE

UPSTREAM END ON TOP
DOWNSTREAM END ON BOTTOM

FIG. 6.9
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Symbol Slope of Tube(sin®) Exp. Variation of ¢em

0 120°~130°
0.010 80°- 95°
0.1736 : 60°- 70°

Theoretical Curves for Vapor at 130°F
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100 L | I | | 1

002 003 004 005 006 008 QIO
| - )
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CONDENSATION OF REFRIGERANT 113
- SELECTED HEAT TRANSFER RESULTS
' FIG. 7.2a
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Symbol  Slope of Tube(sin®)  Exp. Variation of ¢em

o) 0 120°-130°
° 0.002 110°
_. 8 0.005 90°-100°
A 0.010 80°—95°
== 0 0.020 | 70°— 80°
* 0.040 - - 70°— 80°
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——Theoretical Curves tor Vapor at 130°F
400 $z0° | | | I 1
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=200
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DETERMINATION OF THE INTERFACE BOUNDARY CONDITIONS

To find the interface boundary conditions, the vapor veloclty
profile has to.be established at least approximately. The momentum

equation for en element of the vapor phase between y > Vs and y-» o0
| Ys
ou, d
-_—t U, — u, dy +

y ® ) _
*ﬁ’u% dy ] + j;{; fp.,Uf dy =0 (8-1)
Ys b4

In dimensionless form, using the same development that led to

is,

ecuation (3.8),

/o auu /)! df
He oyt /Jey"“{ [“

y+
po wtd /"’ -
/J (72 Y] 7t 2
° |
si'-’? d |
dx +2 & ' (a.2)
df ﬁ dyt=0
x‘a’X yt

It p v/ Pe¢ << 1, terms containing this ratio may be neglected.

Using equation (3.6) yields:

,u, By /‘QX(H-CS) Yo = ‘Ku_" ‘ (2-3)



The solution of this equation is:

HMe vt
ll: = U; 37“-‘:"}6(1 }V) (2.4)

Now write the momentum equation for an element starting in the

liguid surface

% ®
2 d df,2
/Lle 'a—ya!-ls"‘ Uy 2;//2¢ Ul dy +P02-; U 0!’\/ =20 (A°5)
4 s

£ 7
%ﬁl—é "'KU:Q—K&,[E- di;‘,ﬁ&:zay*.
Y ls P B3 dvs
Py
cuf] ) D | Lol g Mol (2.6)
PLoandE] g pep



APPENDIX II

SAMPLE CALGULATIONS



HORIZONTAL TUBE

RON NO. 82

Given Data:

1l

r 0.02384 ft.

(¢]

L = 2.354 ft.
o =0

t, = 141.8 °F
At = 23.2 °F

Fluid: Refrigerant-113

Properties
pe & = 92.17 1o/£8

0.6904 lb/ft3

L& =
AJg = 61.15 Btu/1b
S = 0.0890

Assume ﬁcm = 120°, &, = 60°, @ = 1200

From equation (4.26):

{4
)
(o)
L

Comparative Experimental Data:

t, = 129.1 °F
Qg = 0.750 x 107* £t7/sec
Qo

:77-—3 = 0.1507
gro

g em = 15°

K, =1.293 x 107 Btu/sec £t OF

[t

hin/g = 99.62 Btu/1b

1}

0.9150 x 107 1bf sec/ft?

hout/g = 35,54 Btu/1b

_ n/ee3
(Pe 8) gy = 93-20 1f/fE

. 1
a= 2 [91.48 x (1.293)° x 10712 x (0.02384)° x (23.2)3}‘4
3 x 0.9150 x 1072 x (92.17 x 61.15 x 1.0605)°%

= 0.3375 x 107% £t /sec ft

x 1.240 x 1l.564



bed
ASS)
~3
.

-4,
AL _ 0.3375x 107 x 2.354 _
5 = V/ p = 0.1596
~V &L, 32.17 x (0.02384)
2
5‘24“—5 = 0.02545 ——’%_— = 0.0946
gr /%

From Figure 7.1: Qc = 1060,‘9c = 530, § = 127°
Integrating equation (4.42) from 25 =1 to 2z =o0.28 yields on the

right hand side the terms of equation (4.43):
I o =0

II -0.001417 x 133.4 x 0.02545 x 98.7 x (—g:%%%; x (0.008) = -0.000417

ITT -1.125 x 0.02545 x 0.0946 x '('o_.%l'o')'f % (064 - 1) = 0.01690

Qelllt, . 0.008
= 0.00779
1 -
V =2.67 % S * 0.02545(0.64 - 1) = 0.05505

The left hand side becomes:

2
Aesc _ Atsc
r 2 r 3
o o

1 2

- 0.07214

Equating the two sides

0.0721/ — 0.000417 + 0.01690 + 0.00779 + 0.055'05:

0.1514



)
W
03
N

Correspondingly, ﬁc & 125°, §, = 62.5°, g = 117.5°
Following the same procedure ylelds:

0.8 to 27 = 0.5

from z* 1420, &_=T°, § = 109°

c

from z' = 0.5 to0 2% = 0.2 [/}

i}
i
i

o = 158°, &, = 790, ¢ = 101°

5?5m = 113 o |, assumed = 120°

Assumed value of .¢m is satisfactory.
The heat transfer coefficient can be calculated from equation (3.23)

or by the following equivalent relation:

oL K2 e A O0E8S) o a5 x 1074 x 9217 x 61.15 x°1.0605

m ZTl‘roAt 27 x 0.02384 x 23.2
= 0.0580 Btu/sec ft2 OF
= 208.8 Btu/sec ft? °F
B _ Qo Peout (hin - hou‘b)
m(experimental)” 2 TtroL At
0,750 x 107 x 93.30 x (99.62 - 35.54)
- 2 x 0.02384 x 2.354 x 23.2
= 0.0540 Btu/sec ft2 OoF
- ‘= 201.6 Btu/hr ft? OF.

Difference between heat transfer coefficients is 3.6%

Nusselt Number based on dizmeter is:

mo _ 0.0560 x 0.04768
1.293 x 1077

al

2C6.4
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INCLINED TUBE

RUY NO. 119
|
I ~ Given Data: - Comparative Experimental Data
! r, = 0.02384 ft. to = 124.7 °F
5 L = 2.354 fte Q, = 0.4955 x 1074 £t7/sec
|
" o = 0.1736 Qe

» T = 0.0995
| 8T,
) t. = 127.8 °F
, i
= o . s
At 9.4 °OF gcm ~ 580

Fluid: Refrigerant 113

Properties:
peE = Ohell 1b/f¥ k, = 1.332 x 107 Btw/sec—£6-0F
pg = 0.5496 b/t Mg = 0.9941 x 107° 1bf/sec/t?
Mg = 62.32 Btu/lb ny /g = 97.56 Btu/ib
5 = 0.0347 hout/g = 34.51, Btu/1b

(Ped)yyy = 93.68 1o/t




ll:,o -

Assume

g = 580, g =151°, ec = 29°

3 _ . 15 3 1
N= o |22:86x (1.332) xle x (0.02384)7 x (9.4,)3 b 1240 x 1.859
3 x 0.9941 x 107 ° x (93.41 x 62.32 x 1.024) ,

= 0.2057 x 107% £t2/sec-rt

0.2057 x 10°% x 2.354

nL -
VA
gr /3;.17 x (0.02384)°

¢]

= (,L.0970
—‘—’EZ—I—‘% = 0.00943
grO



Substitute the above quantities together with the engle functions

corresponding to the assumed depth into equation (4.43), and set the

c - + +
limits a2t z; = 0.5 and 25 = 1.

I  98.7 x 0.08212 x o x (0.5) = L.050 0"

IT -0.001417 x 170.0 x 0.00943 x —(39-%%75 X 0.48481 x (~0.125)

= 0.00145

IIT -1.125 x 0.00943 x ‘('8’:‘]6%% (1 - 0.25)

= -0.2013
IV 170 x 0.00943 x %—;—‘%—%—é—%—z— (=0.25 + 0.001417 x %‘3% x 0.125)
= -0.00301

¥ —2.67 x %—:%g%% (1 - 0.25)

= =0.2300
L.050 0= + 0.00145 - 0.2013 - 0.00301 - 0.2300 = O

& = 0.1069



Following the same procedure yields:

&, = 30° g = 1500 o = 0.0824
8, = 21, g = 153°. o = 0.1620
&, = 25° g = 1550 & = 0.2658
&, = 23°, # = 157° C° = 0.454

Plot on chart of Figure (4.3) and read § = 153.3° corresponding to
e = 0.1736 |

Assumed value of § satisfactory

A maximum product of the other two coordinates (relation Lell) is

1.874, and it occurs at about

cropt = 0.2



b b e At bbbt i+ = e
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The heat transfer coefficient can be calculated from equation (3.23)

or by the following, equivalent relation:

Lpe AL +0.685) 5 o657 x 93.41 x 62.32 x 1.024

m 2Mr_ At = 2T x 0.02384 x 9.4
= 0.0870 Btu/sec-ft2-oF
= 313.2 Btu/hr-f£2-°F
h ' - Yo [lect (hj.Ln -~ Dot
m(experimental) 211'1'0 L At

0.4955 x 10°% x 93.68 x (97.56 = 34.54)
2 T x 0.02384 x 2.354 % 9.4

1]

0.0883 Btu/sec-ft2-oF

317.9 Btu/hr-ft2-°oF

Difference between heat transfer coefficients is 1.5%

Nusselt Number based on diameter is:

hmdo - 0.0883 x 0.04768
X 1.332 x 10-5

316.0
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TABLE A-1
EQUIPMENT DATA

WATER ANALOGY EXPERIMENTS

Test Section
Material: Methacrylate plastic
Length: 54 in.
Mean internal diameter: 1.101 in.
Number of liquid feed leoeations: 12, eéually spaced

Number of air bleed locations: 12, equally spaced

Pump

Bastern Industries, Model E~7, Monel Metel Pump with Ohmite
Control Rheostat

Liquid used was distilled water

Note on all experimental data

There were a number of exploratory tesﬁs mede both before and
between actuel test runs. Also, in some of the experiments
errors or other difficulties were discovered. ZXach of these
runs had an assigned number. In the following tables only those
date are included which have direct and meaningful relation %o

the topics covered in the text.




TABLE A-2

FLOW DEPTH DATA

WATER ANALOGY EXPERIMENTS

146.

24610

123.0

Flow Rate  Angle Subtended Location 2%
f;;n 4 Ote by Liquid Distance ° Comments
No. " : ,
mlféec ;;gr°5 298, Degrees from OQutlet
2 11.70 0.1516 109.3 1e5
3 21,298 «2938 127.1 1.5
L 39.26  0.5419 139.6 1.5
5 30,18  0.4166 133.5 1.5
6 25.45 03514 131.0 1.5 Water temp.: 83.6 oF
T 3745 0.5170 138.0 1.5
g 36,72 05069 1422 l.5
10 31.25 04314 134.7 1.5 Water temp.: 85.8 °F
11 6.093 0.0841 88.0 1.5
12 8.508 - 0.1175 98.1 1.5
13 12.48 0.1722 103.9 le5
14 17.65 0.2437 120.0 le5
15 19.45 042685 123.9 1.5 Water temp.: 80.8 °oF
16 10,90 01505 1047 1.5
17 15.04 «2076 108.7 1.5
18 19.13 2641 115.0 1.5 Water temp.s &2.5 °F
19 28,60  0.3948 137.0 1.5 :
20 33.04 04561 1571 1.5
21 36.57 05048 143.2 1.5
22 A1.17 0+5684 144.0 1.5
23 38,28 0.5367 142.5 1.5
24 31.19 0,.4305 13445 1.5
25 23,09  0.3188 123.7 1.5
26 19,11 02638 118.7 1.5
27 1L.33  0.1978 120.2 1.5 |
28 10,30 041505 112.5 1.5 Watar temp.s 83.0 °F
29 3.296  0.0454 89.0 1.5
30 L0153  Q.0554 92.5 la5
31 1,521 0.0220 873 le5
3 1.709 0.0236 89.6 1.5
33 2,310 0.0388 89.3 1.5
2L 44600 040635 93.0 1.5
25 0e3324 1.5 Water temms.s 80.. OF



TABLE A-2
(continued)
Flow Rate Angle Subtended Loeation %‘—'—z-
Bun Qe by Liquid Distance ° Comments
No. lesec gr°5 28, Degrees from Outlet
36 2.380 0.0328 95,0 1.5
" " 97.4 8;17 )
" " 974 16433
n n 105.6 32.67
" n 119.1 40,832
" " 121.0 4845
37  6.340 0.,0875 98.5 1.5 Flow is laminsar
" " 102.2 8.1 although streamlines
" " 1043 16,33 are wavye
" " 102,9 Rhe”
n " 111.0 32.67
" 122.2 40.83
u oon u 131.0 48.5
38 9,200 0,L,1270 1041 1.5 ¥low is laminar
" " 114.5 8,17 although streamlines
" " 115.1 16,33 are wavy
" n 111.7 2Le5 '
" n 12/..0 32.67
n " 135.0 £0,83
" 14060 £8.5
39 13.96 0.1327 115.8 1.5 low is predominantly
" " 127,50 8.17 turbulent
" n 129.8 - 16,33
" " 131.0 24.5
" " 140.1 32.67
" " 151.8 4033
" 158.0 48.5 ,
L0 20.67 0.2855 120.3 1.5 - Flow is turbulent
oo" " 13643 8,17 :
.“ " 1/3.4 16.33
" : n 14463 Rhe5
" " 157.0 32467
" " 166.0 40.83
" LA 1715 . A8.5
&1l RLe53 0e3382 1242 1.5
" n 1449 8.17
"o " 152.1 16.33
" " 15443 2Le5
" . 165.9 32.67
LA n 176,7 40683
" " CA79.0 - ABl5
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TABLE A-2
{continued)
£ T
: ¥low Rate Angle Subtended Location ﬁ:ﬁ
Fam " by Liquid Distance ° Comments
No. ml‘}gee ar_ 26, Degrees . from Outlet
42 30,30 04250 129.5 1.5
n u 157.0 .17
" " 165.0 16.33
" u 169.6 2Le5
u LA 1790 32.67
u " 188.3 40.83
" " 189.4 4845
43 4L2.45 0.5855 141.8 1.5
M " 17944 8,17
u " 187.5 16.33
" " 190.5 Rh4e5
n " 201.9 32,67
" n 21L.7 40.83
n " 216.4 O 48.5
L5 4260 0.588 138,0 _ 1.5 In the following
" " 174.8 8.1 experiments the water
" " 187.3 16.2 wag observed to cling
" R 197.2 RhLe5 to the tube rather
. n 209.3 . 32.67 - strongly. Consequently
" n 2142 40.33 all observed angles are
" " 21647 48.5 - somewhat highe
46 38.97 0e5365 138.7 1.5
. n © 173 ’O 8’1
" u 187.0 16.33
" " 191.7 245
b n 202.1 3267
" " 208.0 - 40.83
" " 2117 4845
47 35.53 G.4905 139.9 1.5
{ " no 17,4 8.17
{ " " 186.0 16.33
1- " : n 186,.3 2he5
w " 200,0 ' 32.67
" LA 20662 40633
" " 206,3 4A8.5
48 26,94 03720 139.6 ' 1.5
. L " 162.0 Ba17
n n 1702 16.33
" o 1740 245
n ‘ " 180.9 326,57
" n 19C.7 . 40.83
L 195.2 L8e5
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TABLE A-2
(continued)
T-
flow Rate Angle Subtended Location Erii
Run by Liguid Distance © Comments

ot

)
No, ml?g;c er, 266, Degrees from Cutlet

49 18.10 0,2500 1320 1.5
" " 145.3 8,27
" " 1532 16.33
" A 159.1 _ 245
" ' " 165.4 32.67
" " 172.8 40,83
" n 1740 4845

50 86,925 0.1231 119.1 1e5
f n 126.0 8.17
" " 132.7 16.33
" " 136.0 2455
" n 14265 32.67
n " 150.5 40.83

" " 155.6 18.5
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TABLE A-3
CRITICAL FLOW DATA

WATER ANALOCY TXPERIMENTS

Flow Rate Description
0 Qo of Flow Comments
I 'L‘l. . : .
I ml/sec :;greﬁ at Outlet
- . g3 1 N¢ 35
i 2410 043324 Turbulent an Nee 35
: 23.76 0,3280 Laminar Liguid supply nearest to
22480 0.3256 Laninar outlet was closed in order
2245 03101 : Laminar to reduce turbulence.
21.95 0,3032 Laminar dater Temperature was 80.4 OF
2255 0.3114 Laminar
2340 062230 Laminar Transition point is at
23.73 0.3283 Laminar
- 24450 0.3382 Tarbulent Gl . .. 0.93
23.62 03260 Mostly Turbulent i?‘"‘Egra °
B eI N.122172 Turbulen . . )
: 2400 weses Turbulent Equivalent Critical Reynolds
Number Re = 3,520
e
Run No. 44
15644 02131 Laminar but Pisturbed Liguid was supplied wniformly
1735 02395 Partly Laminar through 211 input locations,
19.34 0.2739 Turbulent including the one nearest to
19.256 0.2659 - Turbulent outlet
18.50 OeR554 Turbulent Water Lemperaturs was 80,2 °F
18.83 #2502 Turbulent
17.23 042379 Partly Laminar Transition point is at
: - - = Ot
s
T
Fouivalent Critical Reynolds
Number - _ -
_ Re, = 2,330
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TABLE A-

EQUIPMENT DATA >
CONDENSATION EXPERIMENTS

Test Section

Material: Std. 5/8" o0.d. Aercfin copper tubin

Lengt.\. : 28025 in.
+ 0.003 ,
i 4\.-' : '; e
Internal dlameter )57 0.000 =
Internal heat transfer area: 0.3527 f+2

Number of fins per inch: 8

¥in outside diameter: 1.375 in.

Fin thickness: 0,008 ine.

Thermocouples
Meterizls: Ne. 30, Leeds & Northrup copper-constantan wires

(Enf) o - (Emf)
(Emfgobs

obs. = -0,00418

Calibration:

Locations: One in the vapor stream entering test sectiony three
pairs seldered into slots at the top and bottom of the tube
at 1/6 L, 1/2 L, and 5/6 L distence along the tube; one
directly behind bottom poinit at cutlet end in the condensate
stream discharging from test section; two movable junctions.

Potentiometer: Leeds & Northrup Semiprecision Potentiometer

%; Variacs: General Radio Company, lype 100-R
5 General Radio Company, Type W5MUT

Wattmeter: Weston Model 310, Ne. 3760
Leveling Instrument: Wild (Heerbrugg) Switzerlend N2-59132

Liquid used was distilled Refrigerant-113




em

s - c ‘At
A

hd

o

TABLE A-5

NOMENCLATURE FOR HEAT TRANSFER DATA

slope of tube

room temperature, ©F

vapor entering teméerature, oF

condensate discharge temperature, oV

average temperature at tep of tube, OF

average temperaﬁure at bottom of fube, oF

mean temperature difference between vapor and wall, ©F
dimensionless &ischarge flow rate

mean central angle subtended by condensate, degrees

dimensionless temperature difference

Nusselt number
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TABLE A-6

DEFINITIONS OF SYMBOLS

% .condensate discharge rate, ml/sec

Qb/ \/ gros dimensionless flow rate

20, = ¢c angle subtended by condensate, degrees

L-z approximate dimensionless distance from ocutlet end,
L .

fraction of tube le:_ngth

1

P



TABLE A-H
FLOW DEPTH DATA

CONDENSATION TWXPEERL

HORTZONTAL POSITION

ggf oo &z E%g g-z Comments
gr
o
AL 0.1000 Q 25 Year Outlel
i;. Co 23 .5(,, 0 ) j? n 1
6 0.3066 3 25 n "
g 03607 2 ol n "
9 Q.4077 0 a0 n o
10 D454 0 20 " !
11 0.3230 0 26 n n
1z 0.0 0,0 ? 91 v "
13 0.518 D 3’ 22 n n
14 C o554, 00471 22 " "
5 0,7 30 10,0518 33 1 [
16 0a773 0.0546 92 n n
17 03805 00571 a/, n u
18 1,019 00723 99 " !
1 1.055 00743 a7 " "
20 1.158 00870 of " i
21 1a068 00858 102 n "
22 1453 G.1n38 103 u u
22 1,070 1132 100 " B
24 1.73% D.1255 102 " n
5 1,922 0.1342 106 " "
2 Lo 569 0.1111 103 R n
27 2368 0,15%0 117 u
22 2all5 01520 111 " n
31 Cohl7 0.0421 94 " "
" " 115 0s55 Dubious
32 0,991 008695 114 0.95 "
33 A D0.1020 g5 Near Outlel n
1 b 178 0a3
" n 112 0.7
" n 117 0.95
34 1.724 0,1022 108 Near Outlet
i " 114 a3
1 n 0.7
ki "

0,35
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TABLE A-6
{continued)
Ran Q e 26 L-z c t
Now o . I omments
‘ ;gr o
35 2020 01432 107 Near Qutlet
" " 118 03
n B i 123 O .7
" " 120 0.95
36 2307 0el637 110.5 Near Qutlet
u " 121 03
" u 122 07
" n 130 0,95
37 0.470 0.0333 94 Near Sutlet
" " 97 0e3
" " 118 0.7
n " 115 0.95 Dubious
38 0.526 0.0373 95 Near Qutlet
. " s % 0.2
" " 118 0.7
" " 120 0.95
39 0.733 0.0519 . 93 Near Qutlet
" “ 103 0.3
" Lol 106 0.7
" n 109 0.95
40 1.224 0.0868 98 Near tlet
" " 102 0.3
" " 102 0.7
n n 101 0,95
L1 2edld 0.1711 113 Near OQutlet
" u 122 0.3
u " 120 0.7
42 2.3156 01996 113 Near OQutlist
" " 137 03

" " 112 0s7
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APPENDIX IV

COMPUTTR PROGRAMS



NOMENCLATURE FOR COMPUTER PROCGRAM No. M 931-3
(In order of appearance)
5 - _ 3
P P = 7y
DPZ A D in z direction
DPX Ap in § (or x) direction
X g
Y ys
1/3
CRAY dpe - p) [ 7 (y5) 4
- sin @ P, ““Eang +p cos g
o n
- 9Ty
SHEA 1.5 ‘
HEAR 5P, 3%
R r
o
DTEMP At
GAMY r
v
DZ Az
DPHI Ag
M,N constants to determine total arc and numbers to
be printed
G gl pe - P
e
VISLI 3 /a
(e
VISVA /uv
COND k,
EVAP 1S
A
v
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2
2,9vAv
¢ 4
r
o
Fo K
MORE code for indicating last set of input data
GAMIN r,
in

START, COUNT codes for determining printing sequence

REV Re
-
A a,
i
B b.
i
GAMEXP et
dnvbi
HYDEXP (7*")
A
' v
b3
VISEXP /ﬁ%
TAU T,
3pMpky At
DRIVE a !,
e\
CONST initial y_ of condensate layer
M
SUM z 2
1 I
di‘v
DEGAM -5
1
HEATL l":.Ln A /QTTrOAt = hlL
th
DNUSSL —
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M §31=3

JOHN CHATO 763

CONDENSATION IN A HORIZONTAL TUBE

DIMENSTION P{70}sDPZLT0) sDPXITONaX{T0)sY (70} ¢GRAVITO) sSHEARLT )
READ 124FLUIDeRINDTEMP ¢ GAMY

READ 14407 4DPHI sM NG

READ 194VISLIsVISVALSCONDIFVAP

READ lSyHYﬁy@gF;%OQF.

FORMAT(TH FLUID=14934 R=E154897H =E1548)
FORMAT- {4H DZ—L SeBeéH DPHI=E15.8, G=E15#8)
FORMAT I 7H VISLI=513.897H VISVA=E]L AH EVAP=E1S5,
FORMATIBH HYD=F15.6843H Q=F15,893H

FNRMATILF15,8) '

WRITE OQUTRPUT TAPE 2212,FLUTIDsRDTEM

WRITE QUTPUT Tapx zazg,DZaDPHlaMsh

WRTITE QUTPUT TAPFE 2416aVIS Yisva

WRITE OUTRUT TADRE Q;lﬂs#VWaUa

GAMIN=GAMY

START=040

DO 68 I=1eM

S5=1

X{T1)=S#DPHI=NPHI /2
REV=GAMV#HYD/(R¥YISVA)
TF (REV=3000s) 21923,23

1
ot

A=18

Rz=mliy 7

50 TG 2%

f'«=‘,-sO72

Bz=(p243 .

GAMEXP=EXPF ({74 +RYXLOGF{GAMY Y )
HYDFX9=EXPF{Q“L:::i“V” RY)
VISEXP=EXPF{B#LOGF{VISVA)
TAU=A#HYDEXPRGAMEXP / {VISEXPH#O* { R#44 1))
TE ISTART) 2742720

nBTVE= v_s;f £COND#DTEMD /EVAD
CONST=EXEXPF{{LOGFIDREIVE*R/G) ) /b s )

no 29 I=19M
Y{1)y=CONST

DLTY=CONST®#3 :
WRITE OUTRPUT TAPE 28679 {Y(T)el=1aitei}
START=14

COUNT=2

DO 32 I=1s2

DRX{ I ==3a %P (T )44 #P(1+11=P(T+2)

DO 34 T=32 .M '

PRPXL I =2a2P ([ )b o # P { [l +P{]=2)

SlM=040

DO 40 J=1aH

SUM=SUMSL 8 /Y ()
D?GAM:?.%(QW“rﬂvuv“\P%ﬁpHTvwa/viﬁu

NG 38 I=1aM ~
GRQV(I)=(G/P)%(f?fNF{Xif}))%VfI)%DPX(T)”Ea*FPHI)
1 FPCIV#Y LIV *RCDSFIX(TYY)
SHEAR(T)=145%#P ([ RTAUR(24+P ) ¥DEGAM/GAMY
PDPZLT)=(DRIVE=GRAV{T)+SHFARIT 1} ¥DZ/TAU
DO 41 I=1.M

PITY=RPITI)+DPZ{1)

TEARPLIY) 57457436
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NOMENCLATURE FOR COMPUTER PROGRAM No. M 931-5

(In order of appearance)

ANG, THE central half angle, &, for liquid, @ for vapor

' e
AREA 72z °F ;‘12-
- 0 o
EHL | Tye / r,
RHV_ rhv/ ro
PRE Ag 8 c/ r°3
FRO ,/ o/A, 3
#
TEG / sin*/3 gag
o .
EXTEG (rEc) >/ 4

ATl numbers are to be multiplied by lOE

Example: 0.12345678E - 01 = 0.012345678




M 93i=3 SR,
JOHN. CHATU -
. ANGLEZ. “Umuixuwa _ i
DIMENSION A (L+40)9 HE§144U)5HKEMQL%%UJ’NﬂLiL%4dI’ﬁdV Lagidie
IPRE(1440LsFRUIL440 )T tLlioO);cAlto(jou}
REWIND T
READ 12y ARCs M -
FORMAT {(2H Hku ELJOC’JH'M:I4)
'Ub .LLF L‘f-’ i ’
s=1 . :
ANGE L J=3#*180e /AR
THEL11=5%3 414159265/ ARC
AREA( I =TrAc il ) =0eo%wdInNF(Zew {HE(L )]
RHLUIISAREA(L I/ (Ze®inail)) N\
RAVELJSAREAL LI /(2 (THE(L PO INF (T2 1))
PRE(Ii=0608606066 7% (JINF(THE{I}1is¥se=aoAtii*uar{ imelill
FROULI=SURTF(Ze®#SINF({THE( L) I/ 1 {ARCAUL) 1 F%2 0 )
DO 24 J=ls 90
READ 22y TEG(J)
FORMAT (4Eided)
EXTEG{JIZEAPF( Qe 7T0FLULF {TEG{U) )
DO 26 J=9%le 17y
K=180~u
EXTEo{J)=EaAFFI0s Io*L0ur (Ze2a (LlUsD0~T2w(r)]))
EXTEGILE b)*CAH?(u-?JNLubr{fqﬁb{ldﬁDJ}i
WRile GUTPUT TAPL T Z8s{ (AnNG{l) sARZA LI sLZLaMios
LOANGUIJoRAL L) o l=Lovl) o (ANGIL) oRMIV L) o Li=10M)
T(ANG{I) 9PRE(T) s I=1apt) s {ANG(L)9FRO(L) 91510 )
FOQRMAT (3(Foe3scideiji
WRITE OQUTPUT TARPE Ts 509 (JetAlbolulsu=toicu)
FURMAT {4 {l4stlb4a7})
END Flilz 7
RewinNg 7
STor 77777
EMD (093909 090)




165.

APPENDIX V

ANGLE FUNCTIONS

K11 numbers are to multiplied “byvloE ”

Exemple: 0.12345678E - 01 = 0.012345678
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