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PREFACE

Condensation of high velocity vapors inside long small diameter
tubes occurs in distillation apparatus, certain cryogenic devices, aﬁd
in vapor driven power systems designed for use in long range space
missions. Although considerable experimental data have been reported on
the overall pressure losses encountered with two-phase, two-component
flow in small tubes (e.g., air and water), much less information, either
analytical or experimental, is available on the pressure losses and heat
transfer rates occurring with the condensation of a high velocity vapor
in a tube.

It was the objective of this investigation to develop an effective
analytical treatment of the complete process of condensation of a high
velocity pure vapor in a long, small diameter tube. In order to better
understand the mechanics of the condensation process and to test the
anélytical methods.developed, it was necessary to conduct é series of
experiments with the condensation of high velocity steam in three dif-
ferent sized condenser tubes. The results of both the analytical and
experimental work undertaken is reported in this thesis.

I wish to acknowledge gratefully the assistance of the following
persons in the completion of this dissertation: Dr. Jerald D. Parker,
Oklahoma State University, whose patience, guidance, and long-range
assistance is sincerely appreciated; Dr. Kenneth J. Bell and Professor
Faye C. McQuiston, Oklahoma State University, for their review of and

suggestions for the thesis; Professor Charles H. Coogan, Jr., University
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of Connecticut, for his assistance in both the analytical and experimental
work; Dr. Fred Robson, United Aircraft Corporation, for his assistance in
the experimental work; Dr., William Goss, Virginia Polytechnic Institute,
for his assistance in programming and computing the analytical and experi-
mental data; Mr, Daniel Beal, University of Connecticut, for his assist-
ance in programming and organizing the analytical and experimental dataj
Mr. Allen Burbank, North American Aviation Company, for his assistance in
programming the analytical data; Mrs. Elaine Lounsbury, University of
‘Connecticut, for her patient efforts in preparing this manﬁscript; my
three daughters, Sherry, Nancy, and Alison, for their interest and enthusi-
asm about my progress in this endeavor; and my wife Doléres for her under-
standing and encouragement during the period of this sfudy,

This thesis is the result of one phase of a continuing program of
research on single component, two-phase flow mechanics being conducted at
the University of Connecticut. This phase of the program has been sup-
ported during the period from 1961 to this date by several research grants
from the National Aeronautics and Space Administration. The resear;h has
been conducted in co-opération with the personnel of the Lewis Research

Center of NASA in Cleveland, Ohio.
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NOMENCLATURE

Dimensional Quantities

cross sectional area of tube

cross sectional area of liquid in tube

cross sectional area of vapor in tube

sonic velocity in saturated vapor

specific heat of ligquid
= Di = inside diameter condenser tube

outside diameter condenser tube

local diameter of vapor core

total energy of the two-phase stream

gravitational acceleration at sea level (82.174 ft/sec?)

specific enthalpy of saturated liquid

specific enthalpy of saturated vapor
- hL) = hfg = latent heat enthalpy change

surface convection cocefficient

778 ft. lbf per B.t.u. — conversion constant

thermal conductivity of liquid

thermal conductivity of vapor

local axial distance from start of condensation

absolute stream pressure (static)

absolute stream pressure at start of condensation

absolute stagnation pressure
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R
w

L

1t}

in

1l

i

total energy removed per foot of tube
total energy removed up to L feet
gas constant for saturated water vapor

temperature

fluctuating component of u velocity in

fluctuating component of v velocity in

fluctuating component of w velocity in

Schlichting notation
Schlichting notation

Schlichting notation

free main stream velocity in Schlichting analysis

axial velocity in condenser tube

= local axial liquid velocity at wall distance, y

L

V. = local mean velocity of liquid in liquid annulus

local liquid velocity at liquid-vapor interface

V; = local mean velocity of vapor in vapor core
V

local vapor velocity at liquid-vapor interface

mean velocity of vapor at start of condensation

/%w/pL = wall friction velocity of liquid
T, /P E interfacial friction velocity of liquid

(WL + WV) = combined mass rate of flow of vapor plus liquid

mass rate of flow of liquid

WL/FD = mass rate of flow of liquid per unit of tube circumference

mass rate of flow of wvapor

radial distance from inside tube wall
thickness of annular liquid layer
dynamic viscosity of saturated liquid
dynamic viscosity of saturated vapor
kinematic viscosity of liquid

kinematic viscosity of vapor



Nu

Pr

Re

" 1]

u

(£

mass density of liquid
mass density fosaturated vapor
unit shear stress.between'liquid-and tube wall

unit shear stress between vapor and liquid at liquid-vapor interface
Non-Dimensional Quantities

coefficient in friction factor function
i/

Vvi/vv v
differential operator

"‘Ji—f = superficial friction factor (called superficial because the
va3/2 unit wall shear stress t_ is related to the vapor dynamic -
pressure instead of the = liquid dynamic pressure)

S ’ |
Y — = interfacial vapor friction factor in apnular two-phase flow
pV2/2 | |
: V.
_QQ;_ = non-dimensional heat transfer rate
w.V ‘

: T ve"

in

Hi

1l

th

's[:l.-/:s(vr‘"E : ;Tz‘+»w‘2)/Uw‘= intensity of turbulénce »

_sz%
v v]

v

L'L

p
L,
VV/C = local Mach number of the vapor

up
e . .
———1 = non-dimensional constant

pve. ve

Nusselt number
Prandtl number

Reynolds number

: N 1/k-1
| k[i . k;i M2] .

[(1 e o -_'1]

=z dimensionless variable
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it i [ £1 SO T} A IH

11}

it 4] hhl}

"t

n

n "

i in £t

t

_Vz(y) z VL(y)/VZw = non~dimensional liquid velocity

VL/VEw = non-dimensional mean liquid velocity
Og - B ) ‘
yVLw/yL¢ = wall friction Reynolds number of liquid at y =
& : :
SVLW/\)L = wall friction Reynolds number of liquid at'y = 6

(6/v Wt /pL = interfacial friction Reynolds number of liquid

 (6/v )V = experimental wall friction Reynolds'number'of‘liquid

8 (WL/uL) = analytical wall friction Reynolds number of liquid
’incremental_quantity prefix |

L/D = non-dimensional axial distance from start of condensation

Vi/Vee = non-dlmenslonal local liquid velocity
VV/Vve = non-dimensional local vapor velocity
W /W, = non-dimensional local vapor flow rate

W; /Wy = non-dimensional local liquid flow rate
P/Pe = non—dimensional local stream pressure

e e

—;* = non-dimensional constant

Vie ’
'hLe

V2
ve

= non-dimensional constant

_f&i = non-dimensional latent heat at entrance
v
ve

Ae/¢° = local non~dimensional latent heat
pve/pLe = non-dimensional constant
Tv/Pe = non-dimensional vapor shear stress parameter

'rw/Pe = non-dimensional shear stress at the tube wall
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exponent

exponent

exponent

exponent

Exponents

in pressure function for saturated liquid enthalpy
in pressure function for saturated vapor enthalpy
in pressure function for latent heat

in pressure function for saturated vapor density

isentropic exponent for vapor

exponent

exponent

exponent

exponent

refers
refers
refers
refers
refers
refers
refers
refers
refers
refers
refers
vrefers
refers

- refers
change
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to

to

to

to

to

to

to

to

to

to

to

to

to

to

to

in pressure function for saturated liquid viscosity
in pressure function for saturated vapor viscosity
of Reynolds number in empirical expression for friction factor

in empirical expression for sonic velocity in saturated vapor
Subscripts

state at start of condensation in tube

friction factor

liquid-vapor interface or inside surface
saturated liquid

momentum equation

stagnation state of fluid or outside surface
turbulent state

universal velocity distribution function
saturated vapor

tube wall

axial location in non-dimensional variable

shear stress induced by change of liquid momentum
shear stress induced by change of vapor momentum

shear stress induced by decrease of momentum due to phase

shear stress induced by pressure changes
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CHAPTER I
INTRODUCTION

_For‘the-effective degign-of.high performance condensing tube type
heat §RChangérs'for use in Rankine power cycle-systems, in_cryogenic
devices,_or»in distillatiop apparéfﬁs,‘é thorough knowledge of the me-
chanics of heat transfer and fluid flow of vapér and iiquid during con-
densation‘in small tubes is desirable. During the past two deca&es, an
‘increasing vﬁlume of analytical and experimental research on the me-
éhanics of tﬁoaphése flow,éystems has‘been reported in the technical
»literature. InQeStigation'of twq¥phase flow syétems has taken seVeral'
‘différentldiregtions@ The accémpanyiﬁg chart,TaBle I,is an attempt fo
classifyvsome of the afeaS'in which.research.in'twonhase flow mechanics
hagibéen_érimight be done. Infroducti§ﬁvof the chaﬁt i$ intended only to
shdw fhe relationship of the work presented in this paper to the whole
spectrum of fwo~phasé flow research.  No claim of completeﬁess or orig-
inality of the chart is implied. It should also be noted that research
done in any oné area ﬁay Be_closely felated to research done in another
~area listed on the charf;

Pioneering experimental work on two compénent, two-phase systems

- was done by Lockhart and Mar‘tinelli(29_)1 in developing empirical

!Numbers in parentheses designate references listed in the Biblio-
graphy.



o BETWEEN

Table I

A CLASSIFICATION OF AREAS OF TWQ PHASE FLOW RESEARCH

A

TWO PHASE FLUID SYSTEMS

SINGLE COMPONENT FLLID SNSTEMS

ADIABATIC SYSTEMS=

MASS INTER-
HAMGE BE'\’WEEN
PHAS!S OR. ADDITION
REMOVAL

FEOM SYSTEM

MECHADICAL MASS

INJECTION ORREMOVAL
FROM SYSTEM
EITHER PHASE

MASS INTERCHANGE

PHASES

L e{SYSTEMS E.6. VAPOR

[caviTarion N uaLID

BUBBLES DUE TO
LOCAL PRESSURE DROP

. LIQU'O SLUGS IN |
VAPOR SYSTEMS
€.6G.I1N STEAM

L d i E$.CONDEN5ATIOj

DUE TO PRESSURE
DROP,

¥ CATEGORY OF-
PRESENT WORK

v—{ TWO OR MORE COMPONENT FLOD s¢srsns]

Rl )
SVSTEMS WITH EXTERNAL [SYSTEMS witH
ENERGY TRANSFER ADIABATIC SYSTEMS ~ [exERNAL ensm'xms.
* —F — P £

__|CONDENSATION OF EVAPORATION OR SIMILAR TO EVAPORATION 08 WDE&S,‘&[
PURE YAPORS | BOILING SYST SAME COLOI‘}N BOWLING OF ONE | |OF ONE OR.

: UNDER. SING! orR mMore
COMPONENT SYSTEW] [componewTs COMPONENTS

% |CONDENSATION ]

INTUBES OR I
CHANNELS | IBOILING INTY BUBBLES OF NON| || DisTiLLATION

OR CHANNELS | | CONDENSABLE - | PROCESSES
GASES IN LiQUiD
SYSTEMS —
LE. On LIGOID o
| |DEOPLETS . BOILERS | RE?‘S
PHASE LIQUID SLUS N RAGERATION
FIRE TUBE MULT|-COMPONENT]
| TUBE BOILERS VAPOR SYSTEMS
T !

e [ onermcar
CHANNELS OROTH OTHER. BOILING ::::":‘;3:: PROCESSES
COOLED SUBFACES —» SYSTEMSES]| OF MULTICOMPONE

VARIOUS NOCLEAR SYSTEMS '1
____] DEVICES
‘ CLOUD FORMATION
CONDENSATION —>|AND ASSOCIATED
o{FILIM CONDENSATION | [ ewerncaL process svstems )™ PHENOMENA
[—————Dm,w‘se' | GAS REFRIGERATION SYSTEMS |
ICONDENSATION [ o CONDENSATION
e N PEESEN OF PURE VAPORS
DI SSOLVED NON-COND. GASES

IN PRESENCE OF
NON-CONDENSABLEi
GASES




correlations for pressure losses in isotherma;, two-phase, two-component
flow in éipes. - Additional experimentalrwork has been done by a number of
investigators working with steam-water, air-water, air—oil, nitrogen-
mercury, and other gas~liquid mixtures. Extensive experimental data for
two-phase, two-component flow in both horizontal and vertical tubes are
given in the works of Bergelin and Gazley (1) and Bergelin, et al., (2).
These investigators present a fictitious friction factor as a function of
a superficial vapor Reynolds Number and élso use the liquid mass flow
rate per unit tube circumference as a function parameter. One of the
more important results of this experimental wérk was the indicatioﬁ that
the relatively high pressure losses encountered in two-phase flow are
caused by the effect of a wavy annular liquid-vapor interface in generat-
ing a high degree of turbulence in the annular liquid layer. The exper-
imental work of Robson and Hilding (31) was directed toward a more com-
plete undersfanding of the mechanics of‘the interfacial wave activity
encountered in annular two-phase flow. While the wave mechanics in
;nnular condensing flow were carefully documented in this work, no tech-
vniqués wéré.sﬁggestéd.for reducing the infensity of ﬁéve activity..

The method of correlation of thé superficial friction factor de-
scribed above was evidently first used by Kegel (24) in his Bachelor'é
thesis at the University of Delaware, where the experimental work cited
above, (1) and (2), was also conducted. Carpenter (6) in his doctoral
dissertation dealt with vapors condensing in vertical tubes. He also
used an empirical correlation of fhe friction factof based on Kegel's
data. Carpenter calculated overall pressure losses in'condensing flow
‘and compared them»to his'ekperimental data with fair success - the

calculated pressure.losseé averaged about 35 percént higher than the



experimental values. The vapor velocities in these tests were of the
order of 100 feet per second or less, so that.the vapor flow was
essentially incompressibie.

There have been a number of other investigators who have made ex-
perimental measurements of pressure loss in two-phase flow. One of the
earliest papers reporting such data for fwo—component flow was by
Boelter and Kepner (3) in 1939; a more recent paper was presented by
Chien and Ibele (8) in 1964, and dealt with the combined flow of air and
water in tubes.

The contributions to the analytical treatment of two-phase flow are
less numerousvthan the experimental works. The analytical papers of
Dukler and Bergelin (13), Calvert (5), and Levy (26) appeared at about
the same time. Dukler and Bergelin used the universal velocity profile
method of von Karman and also Prandtl's mixing length theory to determine
the shear stress in annular liquid films for both laminar and turbulent
flow. Calvert also used the theory of von Karman and Prandtl to find the
velocity distribution in the annular liquid layer. Levy, too, dealt with
.the annular flow model for a non—cohdénsing system. His thedretical re-
sults compared favorably with the essentially empirical work of Lockhart
and Martinelli (29). The later analytical work of Levy (27), (28) did
not use the strictly annular flow model. The last-mentioned paper by
Levy (28) is an analytical treatment of the two-phase system as a contin-
uous medium with the liquid component dispersed as small droplets or ﬁist
of varying concentration throughout the vapor component. |

The experimental investigations of Fauske (16) included measurements
of adiébatic'critical mass flow rates of steam and water from small

diameter tubes at various supply or header pressures and including total



vapor qualities from 1 to 96 percent. TFauske derived analytical
expressions for predicting the critical total mass flow based on the
annular flow model similar to Fig. 2, except that he assﬁmed friction-
less pipe flow. In a graphical presentation, Fauske compared the ana-
lytically predicted values for critical total flow with experimental
measuremenfs of his own and those of several other investigators. 1In
addition, he anaiytically calculated the critical total flow assuming a
homogeneous mist flow system. The agreement between the analytical
values and experimental data for the annular flow model was excellent
for all qualities from 1 to 96 percent. Contrariwise, critical mass
»flbw rates calculated, assuming the homogeneous model, predicted total
mass flow rates as low as one—quafter of the experimentally measured
rate at the same total quality of 1 percent.

- After consideration of the comparative results of Fauske and also
the preliminary experimental work of the writer, as well as the high
speed photographic studies of several other investigators, the annular
flow model was chosen for the analytical study of condensing vapors pre-
sented in this work. However, it should be recognized that even with an
essentially annular flow system a portion of the liquid present may be
dispersed as fine droplets or mist in the vapor core as represented by
Fig. 1. In addition,it is known that the annular interface between vapor
-and liquid is perturbed by traveling surface waves of varying amplitude--
except at quite low vapor and liquid velocities. The presenéé of the
surface waves has an effect similar to that of a corrugated pipe surface.
Only the increased wall shear stress due to wave induced equivalent
roughness has been considered in the current analysis. The analytical

solution of the difficult problem of the flow mechanics of  the
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annular-mist model, with traveling interfacial waves, is left to future
investigators.

In this investigation, the one-dimensional annular flow model of
Fig. 2 has been used to derive a system of simultaneous, non-linear,
ordinary differential equations of change which have been solved (inte-
grated) numerically in incremental steps over the full‘condensing length
for long,small diameter condenser tubes. These equations describevmathe-
matically the continuously changing local flow mechanics in the condenser
tube. From this analytical solution, the vapor and liquid velocities,
stream static pressure, and mass flow rates of vapor and liquid are
thereby determined at each axial location along the length of the con-
denser tube.

In order to test the validity of the proposed mathematical model and
the analytical results obtained by use of this model, several single tube
condenser test units were constructed. These test units were used to
measure experimentally the same quantities which were determined analyti-
cally by solution of the derived system of equations. Four test units,
“including three different tube gizes, 0.190, 0.550, and 1.025 incheé I.D.,
were constructed and tested. The test data reported include values of
the local mass flow rate of vapor and liquid, local mass average veloci-
ties of vapor and liquid,as well as local values of stagnation and stream
pressures. Secondary calculations were made from the experimental data to
determine local values of interfacial and wall shear stresses,as well as
local heat transfer coefficients. |

For the same operating conditions as found in the experimental work,
analytical data wereobtained for each of the local flow variables mention-

ed in the previous paragraph. Graphical comparison of the experimental



and analytical values of local pressures and fluid velocities are given,
for each of the three tube sizes tested, for the full condensing length.

Secondary investigations have been made in an attempt to improve
upon the available empirical correlations of local wall shear stress
and local heat transfer coefficients for condensation with high velocity
vapors, The results of thié work, both experimental and analytical, are
reported in Appendixes I and J.

The graphical comparison of the analytical and experimental results
obtained, for three different condenser tube sizes and over a considef—
able range of vapor velocities and densities, shows good agreement with
eaéh of the flow variables 6ver the full condensing length in most

- :
cases, The close agreement between the analytical and experimental data
reported in this work indicates that the essentially one dimensional
annular flow model, adopted for the analytical treatment presented,‘
gives a reasonable approximation of the mechanics of high velocity vapor
condensation.

It is believed that the analytical results and experimental data
"presented in the succeeding pages of this work .can be used as a base to
build a still more precise analytical treatment of‘the mechanics of high

velocity condensing vapors.



CHAPTER II
» ANALYTICAL DEVELOPMENT
Mathematical Model

" As iﬁdicated in Chapter I, experimental evidehce gathered by
Robson (31), as well as by several other investigators, both of a
qualitative and a quantitative nature, including visual obsérvations,
shows that the major fraction of the liquid phase in condensing flow
accumulates as an annular ring of pure liquid flowing along the tube
wall, For condensation in‘horizontal tubes at low vapor velocities the

liquid may accumulate and flow_in a more or less stratified layer along
the bottom of the tube. At quite low vapor velocities there may also
occur an oscillating type of liQuid‘slug flow éupefposed upon the
étratified layer. This investigation, however, is concerned only with
those conditions of condensation in which condensed liquid flows in an
annular ring with essentially axial symmetry about the tube axis. The
evidence presented in (31) indicates that axial symmetry is approached
whenever the average vapor velocity exceeds the mass average velocity in
the annular liquid ring by the approximate velocity ratio of VV/VLf:loo.
This will be true even for condensation in horizontal tubes, as well as
for down%low in vertical tubes? and for condenser tubes located in a

zero gravity field.

Depending on the local vapor velocity, as well as the total vapor
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quality 6, a small fraction of the liquid may be dispersed as mist or
‘droplets in the vapor core (see Fig. 1). Eérlier measurements made by
the author (19) indicate fhat the mass concentration of droplets in the
vapor core remains at a figure of less than 10 percent of the local mass‘
flow rate of vapor down to quite low vapor to liquid total mass flow
ratios, e.g., Wv/wL Z 0.20.

In this analysis of the high velocity vapor-liquid system, the
effect of the variable liquid droplet concentration has been neglected.
In addition, several other simplifying assumptions have been made in
the mathematical model which has been adopted for this work. Following
1s a summation of the major simplifications which havé been used in the
analytical treatment:

1. The presence of a liquid droplet mist in the vapor core

is neglected. Experimental evidence (19) shows, however, that
the vapor core may include 10 percent or more by weight flow
rate of liquid droplets at low vapor qualities, e.g., 6 S 0.20.
It remains for future investigators to consider the much more
difficult analysis of the mathematical model representing the
annular-mist flow regime.

2. Radial pressure gradients across the tube are considered
to be insignificant relative to other forces acting on the
system.

3. The annular interface between vapor core and outer liquid
ring is assumed to be essentially conical and concentric to
the tube axis. However, the actual physical interface is
known to have annular surface waves, which penetrate more or
less deeply into the annular liquid layer (see Figs. 3 and 4).
Evidently, one important effect of the wave penetration of the
liquid surface is that turbulence in the liquid layer is such
that the radial distribution of the time average axial liquid
velocity is essentially flat up to very close to the wall.

The resulting sharp velocity gradient in the thin liquid
laminar sublayer results in a high wall shear stress as is
demonstrated by Fig. 46, pagelSM; See also Appendix I.

4. The mass average axial velocity of the liquid, as well as
that of the vapor,is assumed to be steady and constant at any
axial location, although some radial variation in axial veloc-
ities is known to exist. Time and mass average axial
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velocities for the liquid (V. ) in its annular ring and for
the vapor (V_) in the vapor core have been used throughout
except at the interface. The relation of the interfacial
velocity'(Vi) to the vapor and liquid velocities is dis-
cussed in Appendix E.
5. The condenser tube is assumed to exist in a zero gravity
field or to be in a horizontal position with sufficient vapor
velocity (V_/V. 2 100) to ensure axial symmetry of the
annular liquid layer.
Fig. 2 is intended to describe graphically the éystem and the forces
which are acting upon the two fluids flowing through it in the axial

direction.
Derived Equations

In the analytical treatment presented herein, the annular flow
model described by Fig. 2 has been used to develop a system of differ-
ential equations of change for the co-current annular, one-dimensional,
steady flow of a pure condensing vapor and its liquid in a straight
cylindrical tube with radial heat transfer through the tube wall.

Differential control volumes were drawn for the annular liquid
léyeryand»for the vapor core at a cross section of_thé‘condenser tube
(see Figs. 35 and 36, page 78).v Macroscopic mass, energy,and momentum
balances were then made for a differential length of tube for both vapor
and liquid control volumes (see Appendixes B, C, and D). Addition of
the equations obtained for the two control volumes resulted in three
simultaneous, independent, non-linear ordinary differenfial equations,
which may be expressed in general functional form as follows:
Continuity:

¢y (VV, Vi, W, P, L, Prop) = 0 - (1)



e

Momentum:
¢o (Vv, VL’ Wv’ P, L, Prop,lTw or TV) =0 ‘ (2)
Energy:
43 (V_, V , W_, P, L, Prop, Q') = 0 (3)

where'Propirepresents the various thermo-physical properties of both
vapor and liquid. The other symbols are as given in the‘noménclature.

In equations (1), (2) and (3) the fundamental variables involved in
- each equation can be reduced to a total of five variables: four de-

‘pendent variables, Vv’ v WV, P; and one independent variable which is

L°
the axial position or distance L. The thermo-physical properties (Prop)
of wvapor aﬁd liquid which are involved can be directly related to the
local vapor saturation pressure by simple empirical functions; This
operation is discussed in later paragraphs of this chapter, and the
empifical functions are developed in Appendix A. The local enérgy
transfér rate Q' is influenced by external heat transfer resistances and
" temperatures, as well as the local inside surface coefficient of heat
tfansfer. Very often external factors dominate the determination of Q'
and are more or less independent of the internal flow mechanics of the
‘two-phase system. These external resistances, therefore, constitute a
separate problem which may be considered wholly apart from the work at
hand. Nevertheless, local values of Q' must be specified either arbi-
trarily or from experimental data in order to obtain an analytical
solution to the proposed system of equations.

Use of either the vapor momentum equation or the combined momentum
equation (see equation (2)) requires input data on the local value of

either the local interfacial shear stress T, OF the local wall shear
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;Stressvrw._ These»quantities‘arelentirely dependent on the internal flow
-mechanlcs of the conden81ng system and therefore must be correlated in
‘:terms of the 1nternal flow data.v ThlS dlfflcult correlatlon problem is
. the sub]ect of Appendlx I and is. dlscussed also 1n Chapter IV, page 53.
It is seen that the analytlcal determlnatlon of the local flow
vmechan1c5'of'thls-system can'be'reduced to the-determlnatlon of the

succeSS1ve local values of the four dependent varlables, Vv’ - and'

L’
"P. Obv1ously, thlS 1nvolves the s1multaneous solutlon of at least four
'independent,equat;ons of,whach only%three'have‘been mentloned up to thls
. point;d. | . |
| At the entrance to a condenser tube the flow reglme may begin with
elther lamlnar or: turbulent flow ofvthe vapor accompanled by a develop—
1ng annular lamlnar llquld layer.v For the reglon of 1nterest of this
1nvest1gatlon the vapor flow elther beglns or changes to a fully tur-
bulent flow reglme in a very short ax1al dlstance.' If,the analy81s is
_started w1th dry saturated vapor at the condenser tube entrance, the
development of an annular lamlnar llquld layer beglns and contlnues un-
tll the liquid thlckness 1s'such‘that.the’smooth cylindrical liguid
psurfacef(liquid—vapor ihterface) becomes unstable and a wavy annular
‘interface between liquid‘and yapor'begins to develop. The flow regime
downstrean fron_this‘point COnsists’of‘a turbulent uapor”core surrounded
byla-highly turbulent annular liduid'layer;'bNormally.the‘initial lam-
inar liquid layer will exist for only a very short distance (1 to 5
dlameters or less) neayr the tube mouth. vThe non-dimensional boundary
'blayer thlckness parameter 6 (6/v)/?—755'has been used to determine
'the p01nt of tran81t10n from lamlnar to turbulent flow in the 1liquid |

‘layer. A value st = 1‘for the liquid layer’apparently glves a good
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indication of this transition point.

For:the laminar liquid layer existing ﬁear the tube mouth, a
“differential boun&ary‘layer equation has been developed in Appendix F,
The most general form of this equation is given by the expression

2 dVL 2-s dVV 1 de' j(1-s) dP s

V& TV, @ W& P da L ()

v
whére’s and‘j'are empirical‘constants. This equation must be used, in
_COnjunctioﬁ with the differential forms of eQuations (1), (2), and (3)
of this éhapter, as the fourth equation which is necessary to begin the
vnumerical integration over the condensing length. A detailed analysis
of the developing laminar liquid layer is given in Ap?endix F.
At.the‘point of transition to turbulent floﬁ in the annular liquid
layer, e.g;,6+ v 1, the differential equation of equal velocity pres-
sures réplaces the boundary layer equation in the stepwise integration
process. The.relétion of equal‘interfacial velocity pressures was de-
duced as.the result of the experimental observation of the lack of any
radial discontinuity in thé value of the dynamic pressure, (PO - P), in
the interfacial region or on either side of it (see Fig. 37, page 86).
‘For an essentially iﬁcompressible vapor, the phenomenon of equal inter-

facial velocity pressures may be represented by the equation

2 2 ’
2 T T2

'where VLi and V,; are considered to be the time avgrage velocities of
liquid and vapor at the highly turbulent and intermittent wavy inter-
faée. Equation (5) indicates that the momentum flux of vapor and liquid
on their respective sides of the‘interface is the same. Careful con-

sideration of the mathematical model and the avallable experimental
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data_indicates that the radial position of the interface should be
taken at- the crest of the annular waves. If the variation in liquid
- density is neglected over the condensing length, logarithmic differ-

entiationbof equation (5) leads finally to the equation
R | o

‘vwhere 3 1svthe same emplrlcal constanf that appeared in equation (4).
Equatlon (6, for essentlally 1ncompre831ble flow,or equatlon (28E)
-rfor compres31ble vapor flow, replaces equation (4) as the fourth equation
'lrequlred to complete the analytlcal solutlon of the condensatlon process
~for annular two—phase flow in‘a tube.. A more exten81ve analysls of the
inferface'prcblem for both incompressible and compressible vapor flow is

. given‘in}Appendix E.
~Ehysi¢al Properties’of'Vapor and'Liquid'

'In‘AﬁpeadiX»A simple empirical eq&ations have»been established
ﬁhlch express each of ‘the several phy81cal propertles of liquid and
vapor as a partlcular function of the saturatlon pressure of the fluid.
j'For example, the specific enthalpy of saturated vapor is given by the

‘simple power function

h, = CoPP - C (8A)
where C, aﬁd b arelparticular constants. This local value of vapor
_enthaléy can also be noﬁ-dimensionalized by comparing it to the vapor
eathalpy at'thevtuberentrancekwhere'the entering vapor pressure is

. khowh,thus

- | b o
h = hve(P/Pe) =h ¢ , : (84)
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Each of- the necessary thermo-phy81cal properties of vapor and liguid
 has been treated in the same fashlon in Appendlx A. Values of the power
”dfunctlon_exponents a,»b, ¢, etc. have been plotted in Figs. 27 through

R It for both water and potassium, Note that the need for the constant

v7j_ coefficienti(e;g;, Cy) in each of the functions has been eliminated by

inormalizing-fhe local property in ferms of the nalue.of the property -for
"the saturated vapor at the known enterlng pressurevas in ‘equation (8A)
‘ﬂ:above, .
Examlnatlon of ‘the Flgs. 27 through 34, pages 62 through 69, shows
-Jsome varlatlon of the power exponents for each of the phy31cal properties
;:1fgr water and pota531um. However, ln,most cases the error encountered
.iﬁ the Value of the particnlan‘ppopertyvoVer a moderate range of
-pfcssnres'is‘iGSS fhan_onedpercent. For example, dn phe-case of satu--
rated Steam expanding fromAa pressure of Sodpsia to,lS psia, the value
of fhé latent1heat'at‘15 psia, determined.fnom eduationv(13A) by using
e a»méan:valne'of<tne power fUncfion exponent c taken from Fig. 29, is
dh}p_= 972 Btu/lb ‘as compared to the value h, = 969 7 Btu/lbm as given

fg fg ‘
Cin. the tables of the Thermodynamlc Propertles of Steam by Keenan and

Keyes‘(23). In most cases the error in the calculated value of the
property will»be'leSS fhan’in the example cited. It should be obvious
- that other assnmptions in fhe analytical treatment may cause greater
errorsvin the predicted data than that caused by small errors in the

property values as calcUlated by the method described above.

Integfation of the System of Differential Equations

Given In Table II

- The simultaneous mathematical solution (integration) of the
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necessary set of four independent non-linear ordinary differential
equétibns’Was evidently.possiblé or practicél only by numerical or ana-
iogiCal methods. For the pupposes of numerical solution and computer
programming it was édvantageous tovnormélize the five fundamental
variables and to express the variable coefficients in non-dimensional
form (see Nomenclature and/or Table II)., By introducing the particular
flow conditions existing in the saturated vapor at the start of con-
déhsation.in the tubé (not necessarily at the tﬁbe mouthj as a
reference state, the four fundamental dependent variables were there-
after eXpreésed as a nén—dimensiénal function of this saturated vapor

state. Thus o = V_/V B =V /V

L Vyve? v ve"e = WV/WT’ and ¢ = P/Pe. The axial

tube position is represented in terﬁsbofbtube diameters from the start
of condensatién; i.e.,'axial.distance X = L/D (diameters);

Starting with the particular initial values of fhe four normalized
.variables at X = 0, the appropriate.set’of four simultaneous differ-
ential équatibns was.sd;ved algebraically to determine the local values
of the four derivatiyés at fhat point‘(x = 0). The derivatives so
determined were then applied over a small increment of AX along the
tube, to detérmine new values of the same four dependent variables.
Usually the incremental value of X was taken at 0.01 < AX < 1.0.
'Proceeding forward in thé positive X direction, the above process was
continually repeated until the total quality 6 had decreased from 6 = 1
té,e = 0. Itwasnecessary,'as noted earlier, to change from theléminér
liquid layer equation to the equal velocity pressure equation at 6+ =1
© during this numerical integration process.

Because of the tremendous number of calculations and the inherent

possibilities of error accumulation, the stepwise integration process
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TABLE IT

A TABLE OF NON-DIMENSIONAL DIFFERENTIAL EQUATIONS OF HIGH SPEED
TWO-PHASE FLOW WITH CONDENSATION IN LONG SMALL TUBES

The geheral differential equation is written in the following non-dimensional form

da dB d¢
Adx+BdX+C +Ddx-

The coefficients A,B,C,D and K for the different physical equations are given below:
Equation source A B C D K
Combined equations 181 oBP 1 B'ﬁj j
of continuity [‘g_] —az + % +g [—" = -l] + 3/¢ -
Momentum equation _ @N Y /]
of the vapor 0 + 8 + [ﬁ 2°] + B¢ =-2f,BVE¢
Combined momentum ' . j
equotllons of vapo}’ and [l—e ] + 6 + [ B—c] + N =—2fwﬁz4’J
liquid :
Combined energy equa- _ AL lig? 2 L O
-tion of vapor and liquid [1-6]a tB 6 +[¢°+2(p ’ )] il st g ] H
Velocity pressure at inter- I I
-face for incompressible e - "B— + O 295 =0
flow 5 >
Velocity pressure at inter SM°t-21-i :
-face for compressible % - _Sgd + 0 1+ [——-——4, = 0
e d 3 n j i
initial liquid boundary 2 — —_— 3 S
layer equation a + 0 * T8 2¢ 2X

The derivations of the equations summarized in this table are reported in appendixes B,C,D,E and F.

0¢
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was programmed for machine computation, first on an I.B.M. 1620 digital
computer and later on the I.B.M. 7040 digitél computer. All analytical
déta presented have been compiled by thié system of machine computation.
The Fortran program for the computer solution to this system of equa-
tions is given at the end of Appendix K. Detailed information about
preparing data for the machine integration process is also given in

Appendix K.



CHAPTER III
EXPERIMENTAL METHOD AND APPARATUS

In order to confirm the validity of the mathematical model dis=-
cussed in Chapter II and the accompanying analytical results presented
in the several Appendices it was necessary to construct experimental
apparatus which would make it possible to measure the same variables
which were to be predicted analytically.

Altogether four (4) different test units were constructed and
tested. The dimensional details of these units are summarized in
Table III. Figs. 6, 7, and 8 present detailed diagrams for the three
different size condenser tubes tested, i.e., 0.190, 0.550, and 1.025
inches I.D. respectively. Fig. 5 presents a general line and block
layout of the test system including instrumentation. In addition,

. Figs. 9 and 10 give details of the construction and installation of the
thermocouple and pressure probes used for making experimental measure-
ments.

Each of the four test units consisted of a single copper condenser
tube enclosed in a larger copper tube which formed the outer annulus
-for the flow of cooling water. Each test unit was constructed so as to
permit the flow of cooling water to be counter to or in parallel with
the flow of condensing vapor.  Tests were conducted with both parallel
and counter flow of the cooling water. Each test unit was instrumented

50 as to permit the measurement of local stagnation pressure Povand

22



Table III

Major Dimensions of Experimental Condenser Heat Exchangers From Which the Experimental Data were Recorded

: Condenser | Condenser Outer Overall Cooling Annulus Detailed
Test Unit Tube I.D. { Tube 0.D. Tube I.D. Condenser Water Thermo- Diagram
Inches Inches Inches | Tube Length Flows Couples In #%
In Feet
Heat Exchanger No. 1 0.550 0.625 1.026 10.3 Counter Traveling
Flow Probe
Only
Heat Exchanger No. 2 0.550 0.625 1.026 10.3 Parallel Fixed in Figure
: Flow Annulus and 6
Traveling®
Heat Exchanger No. 3 0.190 0.250 0.550 11.7 Parallel Fixed in Figure
Flow Annulus and 7 ‘
Traveling
Heat Exchanger No. U 1.025 1.125 2.010 19.0 Parallel or| Fixed in Figure
Counter Annulus 8
Flow Only#®

*In Heat Exchanger No. 2 and in No. 4, thermocouples were also fastened to the outer wall of the inner
condensing tube.
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INSTALLATION DIAGRAM FOR HEAT EXCHANGER NO.- 4

STEAM SUPPLY LINE

® — SHUT OFF VALVES

NOTE . Cooling water can be used in parallel

or counter flow to condensing steam.
AUTOMATIC © PRESSURE
ELECTRIC
REGULATING VALVE HEATER
e I9 FT. TEST CONDENSER »)
STEAM PRESSURE PROBE
A _
CALORIMETER L M o e ———— < INSERTED AT TEE

STEAM “ENTERS ___®_’ (’ 10
CONDENSER DRAIN DRAIN

( See figure 8 for details)

| TO AFTER CONDENSER
algégs CE%' . AND WEIGH TANK
WATER ¥~ MANOMETER

COOLING WATER SUPPLY LINE

Figure 5. Line Diagram of Test Apparatus
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HEAT EXCHANGER NO. 2
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Figure 6. Detail Diagram of Condenser No. 2
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static pressure P of the vapor,as well as the local vapor temperature
‘and local cooling water temperature. In addition,heat exchangers
numbers 2 and 4 were‘equipped with thermocouples fixed to the outer
wall of the condenser tube itself to facilitate thé calculation of
local heat transfer coefficients. The method of analysis ahd inter-
pretation of the experimental data recorded is reviewed in detail in
Appendix H. |

The experimental data recorded and the gquantities calculated there-
from make possible the determination of the local values of the vapor
and liquid velocities, the local mass flow rate of vapor and liquid, as
well as the local heat transfer coefficients and both interfacial and
wall shear stresses. The experimental determination of the local inter-
facial and wall shear stresses requires in addition the evaluation of
the local gradients of the static pressure, vapor and liquid velocities,
and vapor mass flow rate--see equations (2C) and (11C). The determina-
tion of these gradients has been done by both graphical and curve
fitting techniques. Both methods seem to have given satisfactory
results. The curve fitting method is faster once a computer program has
been established to handle the data; however, the graphical method is
preferable for examining data which include some questionable or
obviously spurious points as well as otherwise valuable information.

The local temperature and the temperature gradient of the cooling
water is fundamental to the calculation of the local mass flow rate of
vapor and liquid as well as the local rate of condensation. Two methods
of temperature measurement were used in these tests. Heat exchanger num-
ber 1 wasvequipped oﬁly with a Single moveable or traveling thermocouple

‘probe which was read repeatedly as the probe was moved over the
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condensing length. Heat exchangers numbers 2and 3 were equipped with both
a traveling probe and with thermocouples fixéd in the annulus at a
number of locations along the condensing length. Heat exchanger mumber 4
was equipped only with a series of thermocouples fixed in the annulus
between the tubes. Each method has some advantages and disadvantages.
The traveling probe gives greater flexibility in positioning, but does
not lend itself to the use of automatic and continuous temperature
recorders, The use of multiple fixed installations’permits the rapid
and simultaneous recording of temperatures over the tube length of both
cooling water and tube wall temperatures.

One important source of error encountered in these tests was
the position lag in the cooling water temperature measurement relative
to the actual point of heat transfer at the pipe surface. The cooling
water annulus was designed so as to operate well into the turbulent
region, but some position lag at the annulus thermocouple position was
certain to occur. In addition, there was some uncertainty as to the
radial position of each thermocouple in the annulus. This resulted in
an unéveness in the érror,‘descfibed anve, from one couple to the next.
It is almost impossible to give a quantitative estimate of the
magnitude of this error. The effect of this error was most noticeable
in parallel flow cooling at the start of condensation. In such a case
the uncertainty in the location of the cooling effect causes an indica-
tion of a local liquid condensate flow rate less than the true value and
a local vapor flow rate in excess of the true value. Because of the
errvor in the determination of the vapor mass flow rate, the calculated
cross section area allotted to the vapor may have been excessive and

that to the 1liquid too small. Since the average local liquid
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ve}ocity must be calculated indirectly from the combined continuity
equation, one would expectithat the liquid vélocity calculated from the
experimental data for parallel flow cooling might be too high, particu-
larly at the start of condensation where a small error in the calcu-
lated oversize vapor cross section would have a magnified effect in mini-
mizing the liquid cross section, due to the wide density difference
between the two fluids. It would be quite possible, for example, to
calculate a negative liquid cross section if the response error described
was great enough. It is gratifying therefore, to note that no such
calculated negative values of liquid cross section were encountered in
the analysis of this experimental data. It is probable however that the
sharp peak in the expefimental liquid velocity curve at the 1/4 foot
length of Fig. 20, page 46, is a result of just such a position lag in
the cooling water temperature measurement as has been described above.

Because of the large consumption of steam (up to 1,000 lbm per hour)
and cooling water (in excess of 20,000 lbm per hour), it was necessary to
use plant steam and water for these tests. Small fluctuations in line
pressure for both steam and water were reduced by the use of automatic
pressure and flow control devices. Some fluctuation in the temperature
of the cooling water and of the quality of the steam was encountered
during the test periods. However, these fluctuations were not great
enough to have been a major source of error.

Probably the greatest experimental errors were caused by the un-
avoidable use of the temperature and pressure probes in the condenser
tube itself. For each test unit the probes were made as small as possi-
ble-~the probe cross section was less than 10 percent of the tube cross

section for all units. During every test all temperature, pressure, and
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flow measurements were repeated at each probe station as the probe was
gradually withdrawn from the tube. Insofar és possible the temperature,
pressure,and flow measurements were regulated and reconstructed so as to
represent the flow conditions for the probeless tube, but for the ex-
perimental value of the local stagnation pressure PO this was almost im-
possible to achieve. For the smallest condenser tube (0.190 inches I.D.)
the presence of the pressure probe caused a reduction of steam rate of as
much as 12 percent when the inlet pressure was held constant. For the
larger test units the effect of the probe presence on the steam rate was
a smaller percentage.

An error in the measurement of the stagnation pressure Po of the
vapor 1s also encountered because of the presence of entrained liquid
droplets in the vapor core. The analysis of this problem was the sub-
ject of the doctoral dissertation of Dussourd (15). Dussourd developed
a special impact probe that permits corrections to be made to the ex-
perimental measurement of the stagnation pressure Po of a droplet-laden
gas stream. Such a 'Dussourd Probe' was constructed and used for the
experimental tests conducted on the 1.025 I.D. condenser tube. An
analysis by the author (19) shows that the droplet concentration in the
condensing vapor remains at a value of less than 10 percent in the vapor
core until about 80 percent of the vapor has condensed, after which the
droplet concentration apparently increases until the vapor disappears.
For the test data gathered on the 1.025 inch I.D. condenser tube, cor-
rections to the local measurements of PO have been made in accordance
with the method outlined in (15). In every condensing test conducted on
the 1.025 inch I.D. condenser tube,the correction to impact pressure

measurements, due to the presence of liquid droplets, increases
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gradually from a zero correction at the start of condensation to a
correction amounting to a reduction of about 25 percent in vapor velocity
near the end of condensation--as compared to the value calculated from
the uncorrected measurement. Over the major portion of the condensing

length the correction to vapor velocity was usually a reduction of less

than 10 percent.



CHAPTER IV
DISCUSSION OF RESULTS AND CONCLUSIONS

The chief aim of this work was to develop a method of analysis
which would make possible the analytical evaluation of the local flow
properties--including the heat transfer characteristics--of the two-
phase system of a high velocity vapor condensing in a long circular tube.
A one-dimensional mathematical model with annular flow of the condensed
liquid surrounding a high velocity vapor core was selected to describe
the condensing system (Fig. 2, page 6). A system of non-linear first-
order ordinary differential equations of change has been developed (see
Table II, page 20) which may be solved (integrated) simultaneously over
the length of the tube. As discussed in Chapter II the fundamental
dependent variables involved are the time average local vapor and liquid

velocities, VV and V_, the local mass flow rate of vapor Wv’ and the

L’
local static pressure P. The single independent variable is the tube
length or distance from the start of condensation. Mathematical solu-
ticn of the system of equations has been accomplished by stepwise
numerical integration using a digital computer to carry out the multiple
calculations involved. The print out statement of the computer program
for this solution is included in Appendix K.

A series of analytical solutions to representative condensing flow

conditions has been made for single condenser tubes of three sizes--

0.190, 0.550, and 1.025 inches I.D. respectively. Analytical solutions

35
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for the condensation of both water vapor and potassium vapor are in-
cluded. Figs. 11 through 24 give analyticai solutions for the condensa-
tion of water vapor. Figs. 25 and 26 show typical analytical solutions
for the flow properties for the condensation of potassium vapor.

In orcer to test the validity of the mathematical model selected and
the analytical method of solution which was developed from it, it was
necessary to devise and build experimental apparatus capable of measur-
ing the several physical flow properties predicted by the analytical
solution described above. Four such test units were constructed and a
series of condensing tests were made with each unit. The recorded and
calculated data from these tests are reported in Tables IV through XVIi
of Appendix H. The construction of the experimental apparatus and the
experimental measurements made with it are discussed in Chapter III.

The method of data reduction and calculation details are given in
Appendix H.

The comparison of the experimental and analytical results is
. generally favorable even for the most rigorous test conditions encounter-
ed. For example, Figs. 17 and 18 compare experimentally and analytically
determined local values of static pressure and vapor and liquid veloci-
ties over the condensing length for the extremely high vapor velocities
of up to 1,800 feet per second. Figs. 20, 21, 23, and 24 give the same
comparison for vapor velocities under 1,000 feet per second. These data
cover the three tube sizes tested. While there is some discrepancy be-
tween the experimental and analytical data in each case, the general
agreement obtained for the wide range of vapor velocities and tube sizes
investigated certainly gives a considerable degree of confirmation as to

the soundness of the mathematical model chosen. As has been stated at



VAPOR VELOCITY, V, , FT./ SEC.

1200

1100

1000

900

800

700

600}

500

400

300

200

100

37

¥

¥

TUBE

| f,=0.0065

f, = 0.0030

TOTAL FLOW RATE =432 LB, /HR.
- HEAT TRANSFER RATE=2030-1.37 by, ,( f)
FT. SEC.

STAGNATION PRESSURE AT INLET=34.4 PSIA

f,=0.0060

f,=0.0058

DATA o
I.D.= 0.190 INCHES

FT.LB

Figure 11.

LENGTH FROM ENTRANCE ,L, FT.

The Effect of Interfacial Friction Factor on Local
Vapor Velocity; Analytical Solution



40

35

30

20

STATIC PRESSURE,P,PSIA

38

T T T T T
DATA

TUBE 1.D.=0.190 INCHES
TOTAL FLOW RATE = 43.2 LB,/HR.

HEAT TRANSFER RATE =

2030-L37Hb<fflfﬁ
FTSEc)
STAGNATION PRESSURE AT INLET=

344 PSIA

fv =0.0030

0.0055
15 0.0057 ]
0.0058
10 fv £0.0065 .
0.0060
0.0059

5 -

i 1 I 1 -l

| 2 3 4 5

Figure 12.

LENGTH FROM ENTRANCE,L,FT.

Pressure; Analytical Solution

The Effect of Interfacial Friction Factor on .Local Static



i
.

, FT. PER SEC

VAPOR VELOCITY, V

1400

1300

1200

1100

1000

04
o
o)

800

700

600

500

400

300

T 1 ] | |

| f,=00070
f, = 0.0063

f,o=0.0060

L}

1

T

DATA .
TUBE I.D.=0.190 INCHES

TOTAL FLOW RATE = 43.2 LBp,/HR.

; L FT. L8f3
HEAT TRANSFER RATE =2030-1.37 /D FT SEC.

STAGNATION PRESSURE AT INLET =34.4 PSIA

o | 2 3 4
LENGTH FROM ENTRANCE,L,FT

Figure 13. The Effect of Wall Priction Factor on Local Vapor

Velocity; Analytical Solution

39



STATIC PRESSURE ,P, PS.IA.

35

T T T T
‘, DATA
- TUBE 1.D.=0.190 INCHES
TOTAL FLOW RATE =43.2 LB, /HR. FT LB
HEAT TRANSFER RATE = 2030-1.37 L (——i)
301 ’ 6 FT SEC./-
STAGNATION PRESSURE AT INLET=34.4 PSIA
f, = 0.0030
251 -
0.0040
201 -
0.0050
IS} -
0.0060
o] o .
f,, =0.0070
5 -
0.0063
o | 1 i |
o 1.0 20 3.0 4.0 5.0
| LENGTH FROM ENTRANCE, L, FT.
Figure 14. The Effect of Wall Friction Factor on Local

Static Pressure; Analytical Solution

40



1000

00~

800

O
o
O

»
o
O

300

VAPOR VELOCITY,V, ,FT. SEC.

200

100~

42.5 LB, [HR.

f, =298/ Re 0756

/ -

416 LBy, [HR.
'd

40.5 LB [HR.|

DATA

374 LB, [ HR.
TUBE 1.D.=20.190 INCHES

HEAT TRANSFER RATE=2.25 BTU/ FT. SEC. , -
STAGNATION PRESS. AT INLET =344 PS.LA.

FLUID—H_O
2 -

| | 1 1 |

o
o

1 2 3 4 5 6

LENGTH FROM START OF CONDENSATION ,L,FT.

Figure 15, Effect of Total Mass Flow on Loccal Vapor

Velocity for 0.190 Inch I.D. Tube



LOCAL STATIC PRESSURE, P, PS.I.A.

30

28

26

24

22

N
o

18

10

u2

T I | T J |
- L
374 LBy /HR.
— —
40.5 LBm/HR.
B 41.6LBy /HR. 7]
DATA
TUBE 1.D.= 0.190 INCHES
HEAT TRANSFER RATE=2.25 BTU/FT. SE
= 42.5 LBy, /HR.
STAG. PRESS. AT INLET=344 PS.LA. m |
f, =29.8 / Re 0756
FLUID —H,0 “
L I 1 I i
0 | 2 3 4 5 6

LENGTH FROM START OF CONDENSATION, L, FT.

Figure 16. Effect of Total Mass Flow on Local Static
Pressure for 0.190 Inch I.D. Tube



o VAPOR VELOCITY, Vy , FT./SEC.

LIQUID VELOCITY, V, ,FT./SEC.

Py

o

n

1800

43

1700

1600}

1500}

1400}

13001

1200

1100

1000

900

800

700

600

500}

400}

3001

EXPERIMENTAL
.

ANALYTICAL

DATA

TEST 71052
TUBE I.D. = 0.550 INCHES | X S
TOTAL FLOW RATE = 474 LB,/HR.
FT. LB .
HEAT TRANSFER RATE = 9300 [ ——t x
£ E \ FT. ssc) :
STAGNATION PRESSURE AT INLET =449 PSIA »

200}

oo}

] | l | 1 | 1 | L.

00

Figure 17.

1
! 2 3 4 5 6 7 8 9 10 I
LENGTH FROM ENTRANCE,L,FT.

Comparison of Analytical and Experimental Vapor and
Liquid Velocities for 0.550 Inch I.D. Tube



~ STATIC PRESSURE, P, PS.1.A.

38 T T T

T I i 1 1 1 I
37t DATA . _
36 TEST 71052 -
35 TUBE 1.D. =0.550 INCHES =B

TOTAL FLOW RATE =474 LBp,/HR. .

| FT. LB
HEAT TRANSFER RATE = 9300 <___.f.>

|

I

FT. SEC.
STAGNATION PRESSURE AT INLET=449 PSIA

|

i1

~ ANALYTICAL

[ SOLUTION- x EXPERIMENTAL POINTS 7

N |M=I.O i

- -
8 -
: i> 1 L i i | ] L L ] 1

o) | 2 3 4 5 6 7 8 9 0

LENGTH FROM ENTRANCE,L,FT

Figure 18. Comparison of Analytical and Experimental Static
Pressures for 0.550 Inch I.D. Tube

4y



LOCAL INTERFACIAL VAPOR FRICTION FACTOR, f,

ol7

0l6

015

0Ol4

0Ol3

0I2

Oll

010

009

008

007

006

005

004

003

.002

.00l

0.0

DATA
TEST 71052
TUBE 1.D.=0.550 INCHES
TOTAL FLOW RATE=474 LB, /HR.

HEAT TRANSFER RATE =

9300 (FT, LB)
FT. SEC.

STAGNATION PRESSURE AT INLET=
44.9 PSIA

i I 1L ] L1 |

-4

0

Figure 19.

2 3 4 5 6 T 8

9

LENGTH FROM ENTRANCE,L,FT.

L
[0 S

Comparison of Analytical and Experimental Inter-

facial Friction Factors for 0.550 Inch I.D. Tube

g5



900 |- -

@
o
o

ﬂ
o
o

600

VAPOR VELOCITY, V, , FT./SEC.

- DATA \
TEST 81452 \
400 |- TUBE 1.D. = 0.190 INCHES -
TOTAL FLOW RATE = 40.8 LB,,/HR. \

HEAT TRANSFER RATE = 2.25 BTU/FT. SEC.\
3+ 300 | STAGNATION PRESSURE AT INLET = 34.4 ps.LA\
O———0 EXPERIMENTAL DATA  \

S S~ ™™ ANALYTICAL DATA
~

2| 200

1} 100

| | ] ] 1

LIQUID VELOCITY,V, FT,/SEC.

0 o
o | 2 3 4 S

LENGTH FROM START OF CONDENSATION,L, FT.

Figure 20. Comparison of Analytical and Experimental Vapor
and Liquid Velocities for 0.190 Inch I.D. Tube

46



PRESSURE, P, PS.LA.

40

| 1 I 1. |
38 |- —
36 |- —
DATA
34 -
TEST 81452

32 - TOTAL FLOW RATE = 40.8 LB, / HR. -
HEAT TRANSFER RATE = 2.25 BTU./ FT., SEC.
30 STAGNATION PRESSURE AT INLET= 34.4,PSIA.

28

26

24

22

20

57

—

\
LOCAL STATIC /¢\

TUBE I.D. = 0.190 INCHES

O0—— EXPERIMENTAL POINTS
~—— ANALYTICAL POINTS

LOCAL STAGNATION PRESSURE

PRESSURE

l ] 1 | |

—

I 2 3 4 5

LENGTH FROM START OF CONDENSATION,L,FT

Figure 21. Comparison of Analytical and Experimental Pressures for
0.190 Inch I.D. Tube



0.012

0.011

:

0.008

Q007

Q005
.0.004
0003

0.002

LOCAL INTERFACIAL VAPOR FRICTION FACTOR f,

0001

0.0

acos}-

ﬂ
- DATA -
TEST 81452
TUBE 1.D. = 0.190 INCHES
— TOTAL FLOW RATE = 40.8 LBy / HR ]
HEAT TRANSFER RATE = 2.25 BTU./FT. SEC.
- STAGNATION PRESSURE AT INLET = 34.4 PSIA.
o——o EXPERIMENTAL DATA
----- ANALYTICAL DATA
| | l |
o 1 2 3 4 5
LENGTH FROM START OF CONDENSATION, L, FT.
Figure 22. Comparison of Analytical and Experimental Inter-

facial Friction Factors for 0.190 Inch I.D.
Tube

4.8



LIQ. VEL. VL, FT /SEC.

49

1000 T T T T T T T 1 T T | | T
DATA
TEST 72864
TUBE 1.D. 1025 = INCHES
o007t TOTAL FLOW RATE = 1458 LB, / HR. =
HEAT TRANSFER RATE = 23.7 BTU,/ FT, SEC.
STAGNATION PRESSURE AT INLET 46.4 PSIA
800}- .
[¢]
e 0
> 200 EXPERIMENTAL -
F POINTS
w o/
>
- 600}~
- n
g (o]
&} 500} o i
> ANALYTICAL
i
Q FRICTION FACTOR
< USED AS CONSTANT
400} ~
> 400 IN ANALYTICAL SOLUTION
AT f, = 0.085
300} o V-
44 200} —
P 4
3+
24100 o
[+
l-b
ol O 1 i ] i - 1 I 1 11 1 l |
o I 2 3 4 5 6 7 8 9 10 Il 12 13 14

LENGTH FROM START OF CONDENSATION, L, FT

Figure 23. Comparison of Analytical and Experimental Vapor and '
Liquid Velocities for 1.025 Inch I.D. Tube



STATIC PRESSURE, P, PSIA

43
42
a

40
39
38

37

36
35
34
33
32
31

30
29
28
27
26

25

50

T T i 1 t 1 1 T 1 1 1 1 T
= -
EXPERIMENTAL POINTS
_ "
i ANALYTICAL SOLUTION FOR CONSTANT i
FRICTION FACTOR AT f, = 0.085
B n
. DATA 4
7
i TEST 72864 - 4
| TUBE LD = 1.025 INCHES
TOTAL FLOW RATE = 1458 LBm / HR.
n HEAT TRANSFER RATE = 23.7 BTU./ FT,SEC. -
STAGNATION PRESSURE RATE AT INLET = 46.4 PSIA
} 1 | 1 | - | 1 1 1 1 1 |
0o | 2 3 4 5 6 7 8 9 10 L 12 13 4

LENGTH FROM START OF CONDENSATION, L,FT.

Figure 24, Comparison of Analytical and Experimental Pressures for
1.025 Inch I.D. Tube - )



VAPOR VELOCITY, V,,FT./SEC.

n
o

LIQUID VELOCITY, \{ FT./SEC.
o

o

woor—1— 1 T JT T T T T T T T
o fy =0.050 ( ROUGH TUBE )
1000~ , -
900 ~ f, =13,800/Re, 1-27 ~
80O < -
f, = 31.7/Re,0.756
7001 \f =0.079/Re, Ya -
( SMOOTH TUBE) |
600 | -
500 | -
DATA
400 -
POTASSIUM VAPOR |
TUBE DIAMETER= 0.75 INCHES |.D.
300l TOTAL FLOW RATE= 5| LBy / HR, _
HEAT TRANSFER RATE=1.73 BTU/FT. SEC. o
3
3
200 4 -
NO WIDE VARIATION <
IN LIQUID VELOCITY FOR FOUR
CONDITIONS ABOVE |
100 L1 [T S | | | |

O 2 4 6 8 10 12 14 16 18 20 22.
LENGTH FROM START OF CONDENSATION,L,FT.

Figure 25. Analytical Vapor and Liquid Velocities Versus
Condensing Length for Potassium



STATIC PRESSURE ,P, PS.IA.

LENGTH FROM START OF CONDENSATION,L,FT.

Figure 26.

—1T T T 1T T 1T T T T T 1
7 |
f, =0.079/ Rev/4
(SMOOTH TUBE)\
] |
f, =317/ Re 0-756
Y /
a4 f, =13,800/ Re \-27
3l fv=o.oso/
(ROUGH TUBE)
2F
DATA o
POTASSIUM VAPOR . o o
TUBE DIAMETER = 0.75 INCHES I.D. =
: -
'”  TOTAL FLOW RATE= 15| LBy / HR. 2
HEAT TRANSFER RATE = 1.73 BTU/FT. SEC. 1
ob—L 4 111
O 2 4 6 8 10 12 14 6 18 20 22

Length . for Potassium

Analytical Static Pressure Versus Condensing

.52



53
several points in this paper,it is recognized that this mathematical
model is inexact in several ways. For example, the presence of liquid
droplets in the vapor core has been ignored in the analytical develop-
ment., In addition the two-phase flow is certainly not a simple-coupled
one-dimensional system as 1t has been treated analytically in this paper.
The excellent analytical-experimental:agreement obtained in spite of
these analytical simplifications is gratifying. The success of the
present analytical treatment points the way to the development of a more
precise analytical attack, which would include consideration of the
variable liquid droplet entrainment in the vapor as well as two;
dimensional effects of velocity variation of liquid and vapor over the
tube cross section. The intermittent interfacial wave‘action, which is
a most complicated phenomenon, also needs to be treated analyticaily.

One of the most serious obstacles to the success of this work that
has been encountered is the problem of the empirical correlatioh of
either the interfacial or wall shear stresses which occur with the con-
densation of a high velocity pure vapor in a tube. The results of the
analysis of this problem (which has been taken up at length in Appendix
I) indicate that further investigation of the flow mechanics of the wavy
1liquid layer, including the laminar sublayer, must be undertaken before a
completely satisfactory evaluation of the local wall shear stress for
condensing flow can be made. The data presented give a clear indication
of the very high degree of turbulence which occurs in the wavy annular
liquid layer (see Figs. 46 and 47, pages 154 and 157). The empirical
correlation (Fig. 49) obtained from this boundary layer analysis makes
possible the prediction of the local wall shear stress of the correct

order of magnitude, but a still more precise correlation is needed.
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The need for precision in the aetermination of either the inter-
facial or wall shear stresseé is emnhaticaliy demonstrated by Figs. 12
and 1%:whi¢h_show the‘very sharp change in nverall pressure loss that
can occur in a condenser tnbé aé'a resnltvof‘a small change in inter-
facial or wall shear,strens; For examnle, fig, iu shows that for a
’constanf wall friction factor of‘fw = 0.004 an overall pressure loss of
7 psi from 29 psi at entrance is calculated fon complete condensation.
For fW = 0.006 an ovgrail preénune losé‘of 18 psi from 29 psi at
entrance is calculated for the same COndensing length. Thus, an in-
crease in wall friction factor of SO'percént_reSulted in. an increase in
overall pressure loss 6f about‘250.pernent; iThis unfavorable effect is
directly related to the'higner Vanor‘nelodities reéulfing from the de-
crease 1n vapor density a¢companYingjthe fall»invpressure caused by the
increase in wall friction. Thelwéll shear stress in turn is almost
directly pnopontional to.thé squane Qflfhe.vapor velocity. Thus a
circle of events is created whicn ténés‘to magnify the effect of a
change in wall friction on the-preSsure losses occurring with a high
velocity condensing vapor. Such sensitivity to wall frictinn facton
would never be encounfered in thé fionvnf‘an‘innompreséible’homogeneous
fluid. This result clearly dénonstrates how important it is to predict

the wall shear stress precisely in two-phase condensing fiow.
Conclusions

1. In the high velocity condensing flow of a vapor, the vapor
velocity and the static pressure may both rise and fall along the con-
densing length., The local position derivatives 6f;these flow properties

may, therefore, be both positive and negative at different axial
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locations. Consequently, considerable variation of the local interfacial
and wall shear stresses may occur over the lengthbof a condenser tube.
For this reason, the use of'overall avepageLaxial flow properties to
‘estimate overall pressure drop in such a systemvwill be likely to give
unreliable results. By the analytical methods developed in this in-
'Vestigation, the pressure distribution over the full axial length of a
condensér tube ‘may be determiﬁéd.- Hence, it is analytically possible to
~determine énd compare'the effect on pressure distribution of the varia-
tion of such factors as: 1) total méss flow rate of fluid, 2) local
heat transfer rate, and 3) the apparent roughness of the wavy inter-
facial sﬁrface. Figs. 12,14, and 16 have been included to demonstrate
vthe sharp effect on pressure distribution and overall'pressure loss,
caused by small variations of these variables.

2. The condensation of a high velocify vapor iﬁ annular two-phase
flow resﬁlts in a momentum change which plays a signifiéant rble in the
determiﬁation of both the local inteffacial and wall shear stresses.
This factor is not usually present in adiabatic,‘two—éomponent, two-phase
flow.

3. The presence of a very high level of turbulence (e.g., I, ¥ 1)

T
in the annular liquid layef.surrounding a high velocity condensing vapor
has been demonstrated (see Appendix I, page 163). As a result of this
turbulence, a thin laminar liqﬁid sublayer of a thickness of the order of
yt v 1 evidently exisfs over the major portion of the condensing length.
Because of the high turbulence and the resulting thin laminar sublayer;
both the local wall sheaf stress and the sufface coefficient of heat

transfer have values as much as an order of magnitude,or more, greater

than those found in single phase flow in a smooth tube for the same mass
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flow rate of fluid per unit cross section.
4, An empirical correlation for wall shear stress has been de-
veléped (Fig. 49, page 161) which may be used to predict the local wall
shear stress necessary for a stepwise analytical solution of
the mechanics of the complete condensing process.

5. An empirical correlation for the local heat transfer co-
efficient in high velocity coﬁdenSation is presented (Fig. 50, page 170).
Howevef, thé correlation applies specifically to the condensation of
Hy0 vapér in the two tube sizes for which data are given. Additional
work needs to be done to generalize the correlation to other vapors and
a wider range of tube sizes.

6.v The effect of the acceleration and/or decelération of vapor and
liquid, as well as momentum change during condensation, on the mechanics
of two-phase flow with high vapor velocities needs to be investigated.

7. Under certain conditions of high velocity flow with boiling, it
has been shown that annular two-phase flow can occur. For these condi-
tions the analytical methods developed in this investigation éould
also be applied with some modifications. The method of numérical in-
tegration of the system of equatioms deﬁeloped can proceed equaily well
in either direction--i.e., for either condensing or boiling flow. It
remains to be demonstrated whether the annular mathematical model, em-
ployed with reasonable success‘for condensing flow in this investigation,

can also give useful results for boiling flow.



(i)
(2)
(3)
(%)
(5)
(6)

(7

(8)

(9

(10)

BIBLIOGRAPHY

Bergelin, 0. P., and C. Gazley, Jr., "Co-Current Gas Liquid Flow,
I. Flow in Horizontal Tubes," Heat Transfer and Fluid Mechan-
ics Institute, 1949, pp. 5-18.

Bergelin, O. P., P, K. Kegel, F. G. Carpenter, and C. Gazley, Jr.,
""Co-Current Gas Liquid Flow, II. Flow in Vertical Tubes,"
.Heat Transfer and Fluid Mechanics Institute, 1949, pp. 19-28.

Boelter, L. M. K., and R. H. Kepner, '"Pressure Drop Accompanying
Two-Component Flow Through Pipes," Industrial Engineering
Chemistry, No. 31, 1939, pp. 426-434,

Burbank, A., and W. E., Hilding, "The Initial Boundary Layer Equa-
tion With Wall Shear Stress Expressed as a Function of the
Vapor Reynolds Number," Technical Note, Mechanical Engineering
Department, the University of Connecticut, March 1963, 6 pp.

Calvert, S., "Vertical Upward, Annular, Two-Phase Flow in Smooth
Tubes," Ph.D. thesis, University of Michigan, 1952.

Carpénter, F. G., "Heat Transfer and Pressure Drop for Condensing
Pure Vapors Inside Vertical Tubes at High Vapor Velocities,"
Ph.D. thesis, University of Delaware, 1948,

Charvonia, D. A., "A Study of the Mean Thickness of the Liquid
Film and the Characteristics of the Interfacial Surface in
'Annular Two-Phase Flow in a Vertical Pipe," Jet Propulsion

' Center, Report No. I-59-I, Purdue University, May 1959.

Chien, S. F., and W, Ibele, "Pressure Drop and Liquid Film Thick-
~ness of Two-Phase Annular and Annular-Mist Flows," Journal of
Heat Transfer, Trans. ASME, Series C, vol. 86, 1964, pp. 89-96.

Coogan, C. H. Jr., and W. E. Hilding, "A Study and Analysis of the
Problem of Condensing the Maximum Amount of Steam in Small
Diameter Long Tubes," Report to Pratt & Whitney Aircraft,
Division of United Aircraft Co., June 17, 1952, 35 pp.

Coogan, C. H. Jr., and W. E. Hilding, "Heat Transfer Studies on
Steam Condensation in Small Tubes,'" Final Summary Report to
Pratt & Whitney Aircraft, Division of United Aircraft Co.,
from the University of Connecticut, October 1952.

57



(11)

(12)
(13)

(1)

(15)

(16)

a7

(18)

(19)

(20)
(21)

(22)

(23)

58

Coogan, C. H. Jr., and W. E., Hilding, "Hedt Transfer Studies on
Steam Condensation in Small Tubes," Final Summary Report to
Pratt & Whitney Aircraft, Division of United Aircraft Co.,
from the University of Connecticut, November 1953.

Dukler, A. E., "Dynamics of Vertical Falling Film Systems," Chemi-
cal Engineering Progress,vol. 55, No. 10, 1959, October 1959,
pPp. 62-67.

Dukler, A. E., and 0. P. Bergelin, "Characteristics of Flow in
Falling Liquid Films," Chemical Engineering Progress, vol. 48,
1952, pp. 557-563.

Dukler, A. E., M. Wicks, III, and R. G. Cleveland, "Frictional
Pressure Drop in Two-Phase Flow: Part B, An Approach Through
Similarity Analysis," A.I.Ch.E. Journal, vol. 10, No. 1, 1964,
p. 44,

Dussourd, J. L., "A Theoretical and Experimental Investigation of
a Deceleration Probe for Measurement of Several Properties of
a Droplet Laden Stream," Sc.D. thesis, M.I.T., October 1954,

Fauske, H., "Critical Two-Phase Steam Water Flow," Heat Transfer
and Fluid Mechanics Institute, 1961.

Gazley, C. Jr., "Co-Current Gas Liquid Flow, III. Interfacial
Shear and Stability," Heat Transfer and Fluid Mechanics
Institute, 1949, pp. 29-40.

Hilding, W. E., et al., "Final Report on an Experimental and
Analytical Study of the Heat Transfer and Pressure Drop of
Vapor Condensing at High Velocities in Small Straight Tubes,"
Report to NASA from the University of Connecticut, October 31,
1963, 265 pp.

Hilding, W. E., et al., "Experimental Determination of the Quantity
of Liquid Particle Entrainment in the Vapor Core in Annular
Two-Phase Flow," Interim Progress Report to NASA from the
University of Connecticut, June 1965, pp. 6-11.

Hughmark, G. S., "Heat Transfer in Horizontal Annular Gas-Liquid
Flow," Chemical Engineering Progress Symposium Series, 57,
vol. 61, 1965, p. 176.

Jacowitz, L. A., "An Analysis of the Geometry and Pressure Drop for
the Annular Flow of Gas-Liquid Systems," Doctoral Dissertation,
Ohio State University, 1962.

Jakob, M., Heat Transfer, vol. I, John Wiley and Sons, New York,
1949,

‘Keenan, J. H., and F. G. Keyes, Thermodynamic Properties of Steam,

John Wiley and Sons, New York, 1952.



(2w)
(25)

(26)
(27)
(28)
(29)
(30)

(31)

(32)

(33)

59

Kegel, P. K., "Two-Phase Flow in a Vertical Column," B.Ch.E. thesis,
University of Delaware, 1948.

Kutateladze, S. S., Fundamentals of Heat Transfer, Second Edition,
English Translation, Academic Press, New York, 1963.

Levy, S., "Theory of Pressure Drop and Heat Transfer for Annular
Steady-State, Two-Phase, Two-Component Flow in Pipes," Second
Midwestern Conference on Fluid Mechanics, Proceedings, 1952.

Levy, S., "Steam Slip-Theoretical Prediction From Momentum Model,"
Journal of Heat Transfer, Trans. ASME, Series C, vol. 82, 1960,

D. 113.

Levy, S., "Prediction of Two-Phase Pressure Drop and Density Dis-
tribution From Mixing Length Theory," Journal of Heat Transfer,
Trans. ASME, vol. 85, Series C, 1963, pp. 137-152,

Lockhart, R. W., and R. C. Martinelli, "Proposed Correlation of
Data for Isothermal Two-Phase, Two-Component Flow in Pipes,"
Chemical Engineering Progress, vol. 45, 1949, pp. 39-48.

Powell, C. K., "Condensation Inside a Horizontal Tube With High
Vapor Velocity," Masters thesis, Purdue University, 1961.

Robson, F. L., and W. E. Hilding, "Experimental Measurements of the
Wave Characteristics of Condensing Flow in a Horizontal Tube,"
Part I of Final Report to NASA from the University of Connecti-
cut, December 1965, 119 pp.

Schlichting, H., Boundary Layer Theory, Fourth Edition, McGraw Hill,
New York, 1960.

Shapiro, A. H., The Dynamics and Thermodynamics of Compressible
Fluid Flow, vol. I, The Ronald Press, New York, 1953.




APPENDIX A

ENMPIRICAL EXPRESSIONS FOR THE PHYSICAL PROPERTIES OF

SATURATED VAPOR AND OF SATURATED LIQUID

For the two-phase system with condensing pure vapors, it was assumed
that the two phases present were continuously in equilibrium at the satu-
ration state of the respective phase. For a rapidly expanding vapor
near the entrance of a condenser tube this assumption may not always be
true. It is well known that a dry saturated vapor may expand well into
the saturated region before condensation begins at the so-called "Wilson
Line." In the normal condenser tube this condition of supersaturation
may or may not exist near the entrance to the tube. The qualititive ex-
perimental evidence observed during this investigation indicated that the
region of supersaturatibn will usually constitute a very short section
near the mouth of the condenser tube, and therefore a detailed examination
of this very local phenomenon was not included in this investigation.
After condensation has begun, the presence of liquid droplets as fog or
mist in the vapor tends to insure a continuous, near equilibrium state for
the saturated vapor.

For the liquid layer on the inside tube surface, it 1s necessary that
a temperaturé gradient exist in the direction normal to the tube surface.
The degree of subcooling in the liquid layef will depend on the thickness
of the layer, the rate of heat transfer, and the degree of turbulence in

the layer. Since the physical properties of the liquid are not sharply
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affected by small variations in pressure or temperature, the effect of
subcooling on the physical properties in the iiquid layer has been
neglected.

By plotting the available data on logarithmic graph paper it was
discovered that simple empirical functions could be used to represent the
physical and thermodynamic properties of the pure saturated vapor and
liquid over moderate pressure ranges with satisfactory accuracy. The
various properties have been expressed as simple power functions of the
saturation pressure in each case. The value of the resulting pressure
exponent for a particular property is not necessarily constant over é
large range of pressures. Examination of such exponents, plotted in
Figs. 27 through 29 for H20 and Figs. 30 through 34 for potassium, in-
dicates that no significant error will be incurred ' over the range of
pressures encountered in any normal condenser tube by use of a mean value
of the empirical exponent for the particular range of pressures involved
(see also the discussion on page 18, Chapter II). The necessary functions

are listed below.

(1) Specific Enthalpy of Saturated Liquid

Assuming the empirical function

h. =C,P (18)
therefore,

hL/hLe

= P/Pea = an (28)
where the term ¢ has been introduced as the non-dimensional local pressure

(¢ = P/Pe). Equation (2A) may also be written in the form

h. = h. ¢%

L Le¢ (34)
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- By introducing the non-dimensional constant

h
. L
n = -—-——e (L"A)
V2 . .
ve

it is possible to obtain the useful ratio

h
L
— = n¢? (58)
V2
ve
(2) Specific Enthalpy of Saturated Vapor
Assuming the empirical function
_ b
h, = C.P \ | (6A)
therefore,
_ b_ b
h /b, =P/P~ =4 (74)
or
_ b
hV = hve¢ (88)
Introducing the non-dimensional constant
hVe .
€ = — (94)
v2
ve
leads to
h
...._.._.V = g ¢b ( 1 OA)
V2
ve

(3) Latent Heat of Evaporation of Saturated Liquid

Assuming the empirical function

h -h =nh g = C3/P (114)
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therefore
_ -c
hfg/hfge = (P/Pe) (124)
or
h
h. = _fge (134)
fg ¢c

Introducing the non-dimensional constant

hf
A = —=BS (14A)
V2
ve
results in
h - h h
Y Lo fE L C (154)
V2 : V2
ve ve

(4) Density of Saturated Vapor

Assuming the empirical function

P, = cqu (164)
therefore
P/ Pye =‘P/Pej = ¢j , (17A)
or
Py T pve¢j (184)

Introducing the non-dimensional constant

g = pve/pL (194)

where pL,the density of the liquid, is very nearly constant in the range

of temperatures normally encountered in a condenser tube,



therefore

(5) Viscosity of Saturated Vapor

Assumirs the empirical function

_ n
uv = CSP
therefore
u
v - P/P n . ¢n
u e
ve
or
_ n
Hy = Hygt

" (8) Viscosity of Saturated Liquid

Assuming the empirical function

therefore

or

Hp, = uLe¢
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(214)

(224)

(234)

(24A)

(254)

(26A)



APPENDIX B

THE DIFFERENTIAL EQUATIONS FOR CONTINUITY OF TWO-PHASE

STEADY FLOW IN A STRAIGHT TUBE

Assumptions  (see Fig. 2, page 6):
(a) Flow is steady and one-dimensional in each phase.
(b) Pressure is constant across the tube at any point, i.é., at
any radius.
Applying the continuity equation first to the liqﬁid phase and then
to the vapor phase at any axial posifion-leads to
v

LPL, (1B)

i"

(liquid) W

AV o ~(2B)
v VvV

u

(vapor) WV

Differentiating equations (1B) and (2B) logarithmically, dividing by
the differential length dL and assuming the liquid density comstant,

equations (1B) and (2B) become:

and

14w, 1 dA 1 oar 1 dp

v
S A AU, AP 4R
Woar CE da Tva tooa@ (43
v v \4 v

The continuity equation applied to the length dL, requires that

= = 5B
W, Wk W wL + de + wV + AW (5B)
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dWL = - dwv (6B)
and similarly for the tube of constant cross-sectional area
A=AL+AV=AL+c1AL+AV+dAV (7B)
therefore
dAL = - dAV (8B)
Combining equations (6B), (7B), and (8B) into (3B) leads to
AL/Av dVL . AL/Av.dwv i} E__dAv . (55)
V. dL W dL A_dL
L L v
Rearrangement of (4B) results in the form
1 dp, 1 4dv 1 dWV 1 dAV
cTEotvaE Cwa tra (108)
v v v
Adding equations (9B) and (10B) leads to the continuity equation in
differential form for combined liquid and vapor flow
AL/A, dVL+i_dVV+ AL/AV—L dwv+i_dpv: . 113
\ dL V_dL W W | dL p__ dL
L v L v v

In order to write the

form, the following su
X = L/D (Lo

therefore,

combined continuity equation in non-dimensional

bstitutions are now made in equation (11B)

cal tube length to diameter ratio) (12B)

dL = DdX (13B)
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From Appendix A, equation (20A) is given as
- I 2 g4 :
P /P =(0 /)87 = o¢ (14B)
Differentiating (14B) logarithmically leads to
dp /e, = 3(d¢/¢) (15B)

Introducing a non-dimensional variable for the local average velocity in

the annular liquid layer as follows:
a =V Vo (16B)
By differentiating equation (16B) logarithmically, one obtains
av, /v, = da/a | (17B)

Introducing a non-dimensional variable for the local average vapor

velocity in the vapor core

B = Vv/vve (18B)
therefore
dVV dp
T = i (19B)
v

Introducing a non-dimensional expression for the local, total vapor

quality
g = WV/WT : (20B)
therefore

U
= (21B)
v
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Combining equations (1B) and (2B) results in the relation

A /A = wvaVv - (WT - WV)pVVV
L'v vaLVL Wop,.V

5 (22B)
vLL :

Now substituting from the non-dimensional equations (17A), (19A), (16B),

(18B), and (27B) leads to the ratio

_ 1 -6 oBé?
AL/AV = 5 m (23B)
Equation (22B) may also be written in the form
AL/Av pvvv
T T W oV (24B)
L v L'L
Combining equations (23B) and (2u4B) leads to the useful expression
3
AL/Av i i—-_ E_. oB¢ . (258)
W T '
L v v

By making use of the several expressions developed above, equation (11B)
can now be written in non-dimensional form as a function of the four
dependent variables o, B, 8, and ¢ as follows:

_ 3 3 .
}___Q__G_B_Ld_d_’_ld_ﬁ_.*_l g_§.¢_._j_ g’.g.q.;]_'.-d.'_?-:o
8 02 dXx B dX 6 | a dx ¢ dax

(26B)

Equation (26B) is then the normalized general form for the combined con-
tinuity equation in annular two-phase flow with mass interchange between

phases.



APPENDIX C

THE DIFFERENTIAL EQUATIONS OF MOMENTUM FOR TWO-PHASE STEADY

FLOW IN A STRAIGHT TUBE WITHOUT GRAVITY FORCES
Vapor Phase Analysis

Summation of forces acting in the axial flow direction for the vapor
core (Gravity forces neglected, other assumptions same as in Appendix B,

see Fig. 35.):

Positive Forces Negative Forces
1. PAV 1. (P + dP) (AV - dAv)
2. WvVv 2. (WV + dwv) (VV + dVv)
3. V.. (aw.) ‘ (10)
vi L

4. (P + 4pr/2) (dAv)

5. Tvﬂ(DV - de/27dL

Summing up the positive and negative forces, eliminating differen-
tials of higher order,and dividing throughout by dL leads to the differ-

ential equation for vapor momentum:

dWL de dVV dp
Vvi dL + Vv dL + WQ dL + Av EE‘= - TVﬂDV (2¢)
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Liquid Phase Analysis

Summation of forces acting in the axial flow direction for the

annular liquid layer  (see Fig. 36):

Positive Forces Negative Forces
1. PA_ . i
L 1. (P +dP) (A +dA])
2. LA 2. (wL + dWL) (VL + de)
3. (Vvi) (dWL) 3. TwﬂDdL (3C)

4, (P + dP/2)dAL

5. Tvn(DV - dDV/2)dL

Again summing up the positive and negative forces, eliminating differ-
entials of higher order, and dividing throughout by dL results in the
following expression:

dVL dp dWL dWL

L thEtiE e Wy T ™D (1)

In the above equation, VVi is the time average axial component of
the velocity at which the condensed liquid particles or diffusional vapor
molecules leave the vapor core and enter the liquid layer. This velocity
could be ;nywhere between the vapor velocity in the core ceﬁter and the
- interfacial liquid velocity. In this analysis it has been assumed that
this interfacial velocity has a value of the order of magnitude'of the-
time average interfacial axial liquid velocity. The chief support for

this aésumption is based on the fact that the diffusional molecules

leaving the vapor core and entering the liquid layer could only travel a
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distance of one mean free path since their last molecular impact in.
the vapor. For saturated steam vapor at 2126P, the mean free path of
the vapor molecules is about 2 x 10_6 inches.

The experimental evidence shown in Figs. 3 and 4 indicates that
liquid layer wave amplitudes are of the order of 0.020 inches or
greater at vapor axial Qelocities of 300 to 1000 feet per second.
Comparing the liquid wave amplitude to the mean free path of the vapor
molecule, it is seen that the vapor molecule would suffer a minimum of
10,000 molecular impacts if it traveled strictly in a radial direction
through this interfacial region of wave activity before entering the
liquid layer. Considering these facts, it seems reasonable to con-
clude that the diffusional vapor molecule entering the liquid layer
does so with an axial component of velocity of the same order of mag-
nitude as the interfacial liquid wave velocity.

For want of more exact knowledge of the interfacial wave velocity,

the following relation has been used:
V . = 2V (sC)

where VL is, of course, the time and area average liquid layer velocity.
A more precise evaluation of the interfacial velocity V&i remains to be
accomplished. Since the time average vapor velocity is of the order of
one hundred times greater than the similar liquid velocity the exact
value of VVi may not be of critical importance in equation (4C).
Defining an interfacial vapor friction factor by the expression
T

fv =__ v (8C)
2
vaV/Q
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then making use of the relations

dW, = -dw (6B)
L v
Av = WV/pVVV (7C)
and
2 -
7D% = LA =4V /pve ve (8C)

also introducing the non-dimensional constant

N= P /o V2 (sc)

again introducing the necessary non-dimensional terms of Appendix A, it
is possible to write equation (2C) for vapor momentum in the form
d8+(s-2) d® SN.fii:-zfss/Z/e_ﬁ (10C)
dx dx  B¢7 dx v
- where all terms are non-dimensional and are as previously defined.
Adding equations (2C) and (4C) leads to

av dv dw dp

L v v _
WE W, a T Vo -V gg t A g T T, (11C)

dL
which can then be expressed in the non-dimensional form

dg

de d¢ _
ax t + (B ~a) ==+ N ~LNY (12¢)

(1—6)—-+e = I =

This is the combined differential equation for momentum change in non-
dimensional form where ¥ = TW/Pe and ¥ is a non-dimensional wall shear
stress. The other non-dimensional terms are as previously defined.

If a wall friction factor is defined by

= 2
fW = QTw/pVVV (13C)
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then equation (12C) can be written in the form

gy de g8 o) 2,y do L op g24]
(1 9) dX+edX+(B o) dX+NdX' 2fw8¢ (140)

Equation (14C) is the same as (12C) except that the non-dimensional wall
shear stress Y has been replaced by the more common wall friction factor
f .
W
Either the vapor momentum equation (10C) or the combined momentum
equation (14C) may be used as one equation in the system of four funda-
mental equations necessary to find a solution to the values of the flow
properties over the condensing length. The choice of equations will de-

pend on the quality of the available empirical data for the local friction

factors £ or £ .
v w



APPENDIX D

THE DIFFERENTIAL EQUATION OF ENERGY TRANSFER FOR STEADY HIGH

SPEED ANNULAR TWO-PHASE FLOW IN A STRAIGHT TUBE

The total flow rate of energy E of the two-phase stream at any
position L in the flow direction may be expressed by

WvV.2 wv?
E = L L + vy + WLh

+ Wh (1D)
vy

2 2 L

This equation can be rewritten in non-dimensional form by dividing

through by WTvve’ thgs

E 1-0 882 b b, :
= a2 4 ——+ (1 - 8) ——+ § — (2D)
W V2 2 2 V2 v2
T ve ve ve

Differentiating with respect to the tube length L and introducing
1 1 .
dE/dL = Q, where Q is the energy abstracted per unit length of tube at L,
leads to the non-dimensional différential equation for energy transfer

, ) da ds 82 - o h - h|de
- DQ /W V- =a(l - 8) —+ B8 — + + —
Tve ax ax 2 V2| ax

1 - gjdh 8 dh
k L

+ + z (3D)
L v2  |dx V2  dx
ve ve

But from Appendix A

— = n¢ _ (SA)

83
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therefore
1 dh d¢
— L = an®t (uD)
vZ 4ax dx
ve
Also from Appendix A,
h
A €¢b (124)
V2
ve
therefore
1 dh d¢
—_ T be¢b"1 —_ (5D)
vZ 4ax dx
ve
Again from Appendix A
h -h h
v L - fg - A/¢c (154)
V2 V2
ve ve

Introducing a non-dimensional expression for the rate of heat transfer

through the tube wall
1 2 ’
H =DQ /W Ve, (6D)
and substituting from the above terms into equation (3D), leads to

do

(1“6)“‘@‘+939£+ %+1/2(62-oc2) as
dx ax |é 1%
bed an(l - 8)| d¢ _
i ¢(1 - 5L -2 ax =~ H (7D)

This is the normalized differential equation for energy change with
axial distance in the total two-phase flow. Note that the term H is
usually variable. If such is the case, an expression H = H(X) must be

introduced to make possible a solution to the equation set.



APPENDIX E

THE DIFFERENTIAL EQUATION RELATING THE VELOCITY PRESSURES

IN THE LIQUID AND VAPOR FLOW REGIMES

Experimental invéstigation of the variation in both stagnation and
stream (static) pressure iﬁ the interfacial region between the liquid
and vapor phase in annular two—phase flow, indicated that in the radial
direction normal to the axial streamline, no discontinuity in the dynamic
préssure occurred asthe pressure probe passed from the vapor core into
the annular liquid layer. Fig. 37 shows the radial variation in the
dynamic pressure across the diameter of a 0.550 I.D. condenser tube
measured by a hypodermic pressure probe. The evidence of Fig. 37 indi-
cates that no sharp change in the quantity (Po - P) occurred as the probe
was moved in a radial direction from the vapor core across the inter-
facial region into the liguid layer and toward the tube wall.

Thevdetermination of the relative magnitudes and variation of the
quantity (PO - P) across the condenser tube is an important factor in the
development of the mathematical model for this annular flow system. When
the evidence cited in the previous paragraph is compared with the inde-
pendent analysis of the wall sheaf stress and velocity distribution in the
liquid layer as developed in Appendix I, it is possible to construct a
physical model for the annular two-phase system which leads to a mathe-
matical treatment that can be incorporated with the system of equations of
heat, mass,and momentum conservation already developed in Appendixes B, C,
and D.

85



- DYNAMIC PRESSURE, Po - P, IN RS.L

86

‘[.L TUBE |D. = 0.550 inches ;}
10 T ] T T T T T T T | L
o8 _.l le— Liquid Layer Thickner = 0.050 Inches —y |
: - . o) -1
| P
0.6 / |
: ° |
04 : :
_ 1 Test 32453
0.2 ! |
1
0 : 1 1 1 i 1 1 |
DATA FOR TEST 32453
W, = 265 Iby/hr W, = 100 Iby/hr 'V, = 200 f1/sec
VL = 145 fi/sec. P = 520 psio Quality @ = 38%
1.6 Lk ) 1 1 T 1 1 1 T 1 HIRI L_
—> }‘— Liquid Layer Thickn}n = 0.040 Inches
1.4 = ' o] l -
| 1
1.2 lo o : -
o !
1.0 r
08 4
| {o
|
06 | i\
Test 33053 !
0.4 P14
l
0.2 ]
: j
0 ] ] 1 1 ] ] 1 11 _
0275 02 Ol 0 0.l 02 Q275
RADIAL DISTANCE FROM TUBE CENTER IN INCHES
DATA FOR TEST 33053
Er = 270 Ibg/hr _V_I_V = 115 lby/hr Pitatic = 280 psia
vv = 400 ft /sec VL = 1.64 ft/sec Quality 6 = 43%
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Annular Two-Phase Flow in a 0.550 Inch I.D.
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In accordance with the information reviewed in the two previous
paragraphs it is now considered that the magnitude of the velocity pres-
sure (PO - P) in the annular two-phase system decreases without disconti-
nuity in the radial direction from the axial center line of the tube to
zero at the inside tube wall.

For a vapor flowing at moderate velocities of up to several hundred
feet per second, a form of the Bernoulli equation can be used to repre-
sent the relation between the stagnation preésure PO and stream pressure

P as follows:

V2 P P .
N -] (1E)
2 PP
which may be written
P - P = pV%/2 (2E)

Equation (2E) 1is therefore an expression for the velocity pressure
for incompressible flow. For incompressible flow, the ratio

PO - P

— = ] (SE)
pV2/2

will be'exact. Therefore, up to a vapor Mach number of about M = 0.3 the

velocity pressure of the liquid and of the vapor at the annular interface

may be related with sufficient accuracy by the expression

1

2 - 2 LE
pLVLi pvvvi (, )

where VLi and VVi are the time and mass average interfacial liquid and
vapor velocities repectively.

Considering the experimental measurements of wave speeds and wave

heights reported by Robson and Hilding (31), it appears that the effective
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liquid layer thickness should be taken at the crest height of the liquid
waves at a particular axial location. The wavy annular interface may be
likened to the wall of a corrugated pipe witﬁ respect fo the vapor flow.
The mass average vapor velocity in the vapor core will then be determined
by the available cross section area between the liquid wave crests.
Because of the severe fluid turbulence generated by the interfacial waves
" in both the liquid and vapor regions, it appears that except at the tube
wall, there is no sharp radial variation of the mass average axial veloc-
ity of either vapor or liquid in its respective layer. This condition
would appear to imply that a sharp discontinuity between vapor and liquid
velocities must exist at the annular liquid-vapor interface. Such a
discontinuity would be impossible in a uniform continuﬁm. The actual
interface, of course, consists only of the peak of a traveling liquid.
wave; the peak of this wave having zero axial width. In the trough
between the waves is a region of greatly reduced vapor velocity which
serves as a kind of boundary layer to the vapor core and so evidently
permits the existence of a mass average vapor velocity at the wave crest
considerably in excess of either the wave velocity or the mass average
liquid vélocity at thatrlocation;

The analysis of Appendix I strongly indicates that for turbulent
flow, i.e., s 2 1, the mass average velocity in the liquid layer is vir-
tually comstant for a radial traverse from the liquid-vapor interfaée,
i.e., wave crest, to the very thin laminarbsublayer Qf y+ = 1; thus
V.. v V..

Li L

Introducing the constants

c, = vLi/vL and C_ = Vvi/vv : (5E)
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* where CL 2 1 and CV < 1 are assumed to vary insignificantly relative to

changes in the average axial velocities VL

and Vv" and substituting in

~ (4E) leads to .

pL(CLVL)2 = p'V(CVVV)Z (6aE)

which may be written in the form

<

C ' »
- L _ v ‘
Kp ST "pv/pL (BbE)
‘ v L
. VL; n _
If C = —-3-& 1 then KX = =~2= 1. Values of the ratio K have been
L VL _ P CV , P

‘plotted against thé7total liquid fractioh (1 - 8) over the condensing
iength for.the several different tube sizes in Fig. 38. It should be
noted that because of the Wide‘differences between the.density of the
vapor and of the liquid, rather small errors in the experimental deter-
mination of the average velocity of the vapor will be reflected in quite
large errofs in the‘resulting determination of the average velocity in
the liguid layer. Such errofs are magnified even more at the start‘of
condensation when the liquid layer is very thin. Fig.>38 givgs rather
inconclusive support to the assumption of a constant ratic of Kp over
the condepsing length of a particular condenser tube.

Assuming the liquid density to be nearly constant and differenti-
ating (6bE) logarithmically leads to the expression

24V dp 2dv

= b o— ' (7E)
L v v

Again, introducing the non-dimensional expresslons of Appendix A for the-

above variables in eguation (7E) leads to the form

1do 148 3 d¢ _ :
adX B dX 2¢ dX ~ (8E)
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Equation (8E) is the'nofmélized differential equation relating
vapor and liquid velocity pressure at the interface between the two-flow
regimes for low subsonic vapor velocities (M < 0.3).

Equation (8E) and its compressible form (28E) have been applied in
the analysis of the flow characteristics in the region of fully develop-
ed vapor and liquid turbulence. For the region of the developing laﬁi-
nar annular liquid léyer at the beginning of vapor condensation, a
different analytical approach has been followed. For the analysis of
the developing laminar annular liquid layer, see Appendix F.

For compressiblevfluids, the ratio

Po - P

oV2/2
will increase steadily from unity as a function of the Mach number. The
ratio has been plotted in Fig. 39 as a function of the Mach number for

saturated steam vapor. The values of Fig. 39 were calculated from data

taken from the tables of Thermodynamic Properties of Steam by Keenan

and Keyes (23). Isentropic compression from saturated vapor at the
stream pressure P, to the stagnation pressure Po’ is assumed in this
calculation.

In order to relate the velocity pressures of a liquid and a com-
pressible vapor, it was expected that it would be necessary to represent
the curvé of Fig. 39 by an empirical polynomial function of the. vapor
Mach number and then to incorporate this function into the differential
equation derived from the expression for equal velocity pressures. It
was discovered, however, that an expression derived from perfect gas re-

lations would accurately describe the actual ratio for saturated steam

vapor up to quite high pressures or densities (see Fig. 38). Starting



P

Pv Vv /2

25

24

23

2.2

2.1

20

1.6

.5

1.0

92

1 ] 1 ] 1 LI T I 1
o
k/k-1
Pp-P _ _2 [H_k-IMZ "] _
- PV2/2 kM (1+55 ) -
«=== FROM ABOVE EQ. FOR k = 13|
» o FROM STEAM TABLES FOR SAT. -
— STEAM AT 10 PSIA
FROM STEAM TABLES FOR SAT.
= X — STEAM AT 100 PSIA -
- .
e ‘ -
! 1 ! 1 1 1 I 1
(o] 2 4 .6 .8 0 L2 14 16 1.8 20
M- MACH NUMBER OF THE VAPOR
. Figure 39. Non-Dimensional Dynamic Pressure in Saturated

Vapor Versus Mach Number



93.

from the well-known relation for isentropic flow of a perfect gas, a
functional relation has been derived for a compressible vapor. For

isentropic flow of a perfect gas

P/P=(1+ ]-5—-:——1—M2)k/k'1 (9E)
o 2

or
P =Pl + ]—‘-—;—1 u2yk/k-1 (10E)

where k is the isentropic exponent and is not necessarily constant for
. A

all pressure ranges of the pure vapor. Subtracting P from both sides

and also dividing by P results in the equation

P -P
o

P

k-1 k/k-1
—t

2
7 M)

= {(1 + -1 (11E)

For a perfect gas M = %3 where the sonic velocity C = vkRT; therefore,
M2 = V2/kRT. Now dividing both sides of equation (11E) by M2 and also

substituting the perfect gas equation P = pRT leads to the equation

P -P 2
= = (1 +

2 2

o V2/2 kM

}—<--5--5‘=-M2)k/k"1 -1 (12E)
By use of 1l'Hospital's rule, it is easily shown that when M > 0,
equation (12E) reduces to

_ P~ P
' . — =1 » (3E)
o,V /2
which is identical to equation (8E),as is required, Values of the ratio

P -P
o _
2
| vav/Z
have been calculated by equation (12E) for saturated steam vapor up to

M = 2,0 for a pressure P = 10 psia and also P = 100 psia (see Fig. 39).
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The agreement is surprisihgly close between the values calculated from
steam table data and by use of the perfectvgas based equation (12E).
Evidently equation (12E) gives a satisfactory expression for the velocity
pressure of pure saturated steam vapor up to a Mach number of 2 and a
vapor pressure of at least 100 psia.

Again making use of the experimentally observed phenomenon of the
equality of velocity pressures across the liquid-vapor interface in

‘annular two-phase flow (see Fig. (87), thus
(Po - P) (liquid phase) =-(Po - P) (vapor phase). (13E)
For the incompressible liquid

- D = 02y2
Po P pLCLVL/2

and also substituting from equations (5E) and (12E) into (13E), leads to

the expression

2
p.C2v2 = p c2v2 [— [(1 + k-1 )

k/k;i—i}
LLL vVVvYy kM2 2

(14E)

where the constants CL and Cv are defined the same as before and are
assumed to vary insignificantly relative to the time average velocities

VL and VV over the condensing length.

Considering the terms C Cv’ Py, and k as constant and differenti-

L’
ating (14ﬁ) logarithmically results in the equation

v, dp av_ 2 k(L + 5—5—1 M2)1/k-1 yau
25— =3 LA e (15E)
L v v (1+k;1M2)k/k—1_1

The vapor Mach number, M, as defined previously is

\

; ) . |
z 16E
M= 5 (16E)
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where C is the sound speed in the vapor. Differentiating (16E) logarith-

mically gives

v
which also may be written
vV av vgdc
MdM = —Y . (18E)
c2 c3

Substituting (18E) in (15E) leads to

2dav. dp 2dC k(1 + }-‘—-:—--1--M2)1/k'1 vV av Vzdé]
L _ v 2 v v v

el t ot - 3__| (19E)
L v (14X ; 1 Mz)k/k-1_1 c o

Fig. 40 shows the variation of sound speed versus pressure in dry

saturated steam. This curve can be approximated by the function

¢ = 1432p0- 030 (20E)

where C is the velocity in feet per second and P the saturation pres-
sure in psia. From a pressure of 1 psia to a pressure of 100 psia, this
expression (20E) has a maximum error of about % 4L feet per second or

* 0.25 percent. In general, therefore,
C = BP (21E)

where B and t are constants.

Differentiating equation (21E) logarithmically gives

dc _ . dp _ . d¢ '
Fete st 7 | (22E)

where ¢ is the normalized pressure as defined in Appendix A.
‘ v

Making use of the definition M = EZ leads to the identity
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VvdVV/02 = M2 %E (23E)

where B = Vv/vve and is the normalized vapor velocity.

Equation (22E) may also be written in the form

v‘zrdc/c3 = tM2 ‘-i—‘ﬁ ‘ (24E)

Again drawing on the empirical property functions of Appendix A for
the vapor density,

_ 3
P, = pve¢ : (174)

where Poe is the particular inlet vapor density. Differentiating (17A)

logarithmically yields

_ . a¢
de,/p, =] 3 (25E)
For purposes of simplification, it is useful to define a secondary
variable 1
k(1+k-2-1M2)k-1 | .
S = (26E)
l'-(1+———k;1M2)k/k'1- 1]
Now substituting equations (23E), (243), (25E), and (26E) into
equation (19E) results in the normalized form
2de _ ., d¢ . . do 2E18 dﬂ
=2 - 522 A4 Sl & 27E
, o S ig t2 g+ SM -t } (27E)
Rearranging (27E) and dividing through by dX where X = %3 the local
length to diameter ratio for the tube finally results in
2 ' -
2 de  gM” dB  |SM2t - 2t - j| d¢ _
2l ] ; ax = (288)

The quantity SM2 is a secondary dependent variable which is a function
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of the local vapor velocity and the particular isentropic exponent of
the vaﬁor. For saturated pure vapor, the isentropic exponent may be
taken at an average value over the range of pressures encounféred in a
particular condenser tube. By use of l'Hospital's rule, it can be shown
that at low velicities M -+ 0) the variable SM2 reduces to SM2 = 2. The

differential equation (28E) then reduces to
- =-S5 =0 (8E)

This is identical to equation (8E) derived at the beginning of this
~Appendix for an incompressible vapor.

Equation (28E) must be applied in the analysis of two-phase flow
characteristics for fully developed turbulent flow whenever the vapor
velocity is such that the ratio

Pc> - P
0

is significantly greater than unity.



APPENDIX F
INITIAL LIQUID BOUNDARY LAYER EQUATION

Assuming that liquid condensate flows in an annular cross section

with an area AL and a thickness §, then

=T 2 _ - 2
A =g E) (D 26)] (1F)
which reduces to

Ap = 7(D§ - 82) = (D - §)8 (2F)

The rate of flow of liquid condensate W. can then be expressed

L

WL = 7(D -~ S)SpLVL | (3r)

Differentiating (3F) logarithmically and assuming oy, varies insignifi-

cantly results in

aw as§ av ds
___Ez —_— L - - (ur)
WL § VL (D - 8)
When 8 is small relative to D, i.e., 8<<D, (4F) reduces to
dw dsé dv
L L

The following: - well-known non-dimensional universal distri-

bution functions are now introduced:

. )
y = (y/uL) er/pL (6F)

99
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and
+ —

In the present analysis the upper limit of y+ will be y+ = §" at y =8,

where § is the local liquid layer thickness for the annular liquid layer.

In Appendix I it is shown that y+ = VZ up to y+ v 1. For the region
where y+ = 6+ = 1, therefore
v, = " T » (8F)
Li My

where VLi is the time average interfacial liquid velocity. This linear
relation (8F) requires that the time and area average liquid velocity
v equal one-half the time average interfacial liquid velocity. VLi

L

for the very thin laminar liquid layer, thus

VLi = 2VL (9r)

The laminar liquid boundary layer thickness may, therefore, be expressed.

by
2u. V
§ = —==& (10F)
T
W
Differentiating (10F) logarithmically gives
ds dVL dTw
A (11F)
L R .
Equation (11F) may be substituted into (5F) to obtain
aw av dt
WL:QVL—TW (12F)
L L w

At the beginning of vapor condensation the total liquid flow WL is a

very small quantity with virtually negligible momentum. In this region,
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therefore, it may be assumed that Ty T T If the vapor flow begins to
develop a boundary layer in either laminar or turbulent flow after inlet
to & condenser tﬁbe, the vapor friétion factof may be expressed in the
form |

£, = C/(Re  )° (13F)
where Cf and ‘s are particular constants and the length Reynolds number
is Re&x= vavL/uV. The wall shear stress may then be expressed in terms

of the vapor friction factor as follows:

= = 2 '= 2 S
T = Ty fvvaV/Q CfvaV/Q(Revx) (14F)

Differentiating (14F) logarithmically and neglecting the variation in

dynamic viscosity leads to the expression

dTW dVV dpv . dL
— = (2 -8) 57—+ (1 -8) — -5 — (15F)
T v o) L

W v v

Now substituting (15F) into (12F) gives

av, v, do_ L
2 T (2 - g) T oW (1 -8) ——=-5 T (16F)
L v L Py :

Again normalizing the terms of (16F) and dividing by dL vresults in the

differential equation

2de _(2-s)d8 1 d6 (1 -s)dd_ _ s (L7F)

In most cases the region of the developing laminar annular liquid
layer is so short, i.e., several diameters or less, that the variation
in vapor velocity and density over this length may be neglected. Equa-

tion (17F) may then be simplified to the form

(18F)
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If the initial vapor boundary layer develops in laminar flow. from tﬁe
»tube‘entranée,.the constant s has the value s = %. If the vapor layer
develops in turbulent flow, s = 1/5. ‘

If the vapor flow enters the condensing region in fully developed
laminar or turbulent flow, the initial boundary layer equation will take
still anéther form. Burbank and Hilding (4 ) have deri&ed an expression
for the liquid boundary layer equation for fully developed laminar or
turbulent vapor flow.. For the turbulent flow of steam in smooth pipgs

at moderate pressures, the equation given is

2da _1.75d8 1 d8 (0.732) d¢ _ (19F)

For fully developed laminar vapor flow at the beginning of condensation,

the liquid boundary layer equation given is

2de _ 148 1 de _
X g tTT-eax - | (20F)

If the variation in stream pressure and vapor velocity are neglected
over the short length of the developing liquid boundary layer, equations

(19F) and (20F) both simplifiy to the form

N
[aH
Q

Y

de _
o 0 B (211) -

Except for the right-hand term of (18F), equations (18F) and (21F) are
identical. In equation (18F), the term ;-plays a strong role since the

value becomes infinite at the tube entrance where X = %-= 0.

For the integrated solutions presented in this paper, equation

(17F), with %%-E 0, has been used for the region up to st = 1. The

value s = % has been assumed for a laminar development of the flow in
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the vapor core starting ét zeyro tube length. For turbulent development
of the vapor core the value s = 1/5 has been used.

Either form of the initial liquid boundary layer equation must be
limited in application to the region of developing iaminar liquid flow,

i.e., st < 1. In the numerical solution of the system of equatioms,

it is necessary, therefore, to determine the axial position at which the
liquid interface will begin to become turbulent. From this point, the
equation of equal interfacial velocity pressures may be employed (see

Appendix E).

Rearranging equation (6F) and, since y+= s at y = &, then

(22F)

At the start of condensation a linear development of the velociiy
distribution in the very thin liquid layer has been assumed. Thus equation
(9F) gives Vti = 2VL

ness with the average liquid layer velocity as follows:

and equation (10F) relates the liquid layer thick-

§ = 2uLVL/TW - : (10F)

In addition, the continuity equation for the very thin annular liquid

layer, equation (3F), may be simplified to

, n X
wL w nDGpLVL (23F)

Combining equations (10F), (22F), and (23F), the local 1liquid flow

rate can be expressed as a function of the dimensionless liquid layer

thickness 6+ , thus

W= ﬂDuL(6+)2/2 ' (24F)
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An expression for the local liquid flow rate as a function of the
axial tube length after start of condensation is given in Appendix G, as

follows:
]
Q AL
AW, = (2G6)
2
hfge+ Vve/-2J A
Assuming this equation holds with sufficient accuracy over the first

few diameters of the condensing length, i.e., WL = AWL in this region,and

equating (24F) and (2G) leads to the equation
X = L/D = m (sT)%(n + v2 /2J)/2Q' (25F)
L fge ve

Equation (25F) may be solved for the initial dimensionless distance X
over which the developing liquid layer remains in a laminar flow. The

value §7 = 1 has been used in the solutions presented in this thesis.



APPENDIX G

CALCULAT:ON OF INITIAL CONDITIONS NECESSARY FOR DIGITAL COMPUTER

SOLUTION OF THE DIFFERENTIAL EQUATIONS OF CHANGE

A direct analytical integration of the system of non-linear
differential equations of change developed in this inveétigation and -
summarized in Table II, page 20, is not known. However, it is possible
to find approximate solutions of sufficient accuracy by employing numer-
ical methods of solution. Beginning with dry saturated vapor'at thé
entrance of a condenser tube, the system of equations of Table II may be
solved numerically by use of a digital computer. The following informa-
tion must be specified to permit programming a solution for a proposed
condenser tube:

1. Tube I.D. (D)

2. Local heat transfer rate per unit length (Q')‘

3. 1Inlet static pressure of saturated vapor (P)

4. Inlet average steam velocity or total mass floﬁ rate (WT)

5. A suitable correlation for determining the local interfacial
shear stress (Tv) or local wall shear stress (TW)

6. Empirical data on the thermo-physical properties of the parti-
cular saturated vapor and its saturated liquid

Examination of the equations of Table II veveals that singularities

in the values of several of the coefficients will exist at the beginning
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of condensation when the.fotal quality is unity (6 = 1) and the liquid
velocity is zero. This situation presents no difficulty for a direct
integration process, but cannot be handled with a numerical solution on
a digital computer. It is éossible to avoid the problem of coefficient
singularities by eStablishiﬁg finite values of these coefficients at a
very short length increment after the beginning of condensation by.the
method outlined below. It should be pointed out that ordinarily it is
not possible to begin the numerical solution in the middle of a condenser
tube since the values of the normalized dependent variables are always
related to the conditions at a total quality of unity at the onset of
condensation. A condenser tube which is expected to receive wet vapor
may, of course, be designed from the point at which the expected total
inlet quality corresponds to the quality of the analytical solution.

In order to establish finite coefficients at the start of the
numerical solution process, the equation of energy conservation is
applied to the process of condensation of a small fraction of saturated
inlet vapor, thus

2 _ 2
Vve VL

' .
Q AL = AW (hVe - hL) + o7 (16)

L

where Q' is the heat transfer rate per unit axial tube length and AL is
a small but finite increment of length usually a tenth of a diameter or
less. Solving for the condemsed liquid fraction results in

Q'AL
L y_ 2

ve
Dege ¥ 727

e

(26)

AW

where hfge is the latent heat of condensation taken at the inlet satu-

ration pressure. The local quality 6 at AL will , therefore, be
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, W= W Q AL
e:-W—-z—-—-—-—-——=1" (SG)

ve
T fge + 2J )

From the equation of continuity

erViAL = WL (46)

and for the thin annular liquid layer near the tube entrance the cross

section area is

N .
AL v D6 (5G)

For the developing laminar liquid layer,
— (6G)

Assuming a linear development of the velocity in the very thin liquid

layer at the beginning of condensation, the mean liquid velocity is

Vmean = VL = VLi/2 ' (76)

where VLi

is the time average interfacial liquid velocity and, therefore,
2V_/§ (8G)

If it is assumed that a laminar vapor layer begins to develop from the
leading edge of the tube mouth, the local interfacial vapor shear stress

can be expressed as

Vveuve VvepveAL
T_ = 0.332 (9G)
v AL Y
ve

At the start of condensation the small amount of low velocity liquid has
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virtually negligible momentum and, therefore, T Y T,

Combining equations (4G), (5G), and (8G) leads to the following

expression for liquid velocity:

1
WLTw :
AV = | —— ) (10G)
L 2ﬂDpLuL

The normalized local velocity in the developing laminar liquid layer

may then be represented by

%
\ 1 W1t
L L'w
o = = (11G)
Vve Vve 21TDpLuL

As indicated above T, YT this quantity is given by either equation (9G)
or whatever equation is suitable for the starting vapor shear stress.
The mass flow rate of vapor 1ls expressed by the equation

pVAVVV = Wv = WT - WL (126)

The vapor core cross section is related to the tube cross section area by

AV = A - AL . (136)

It is, therefore, possible to find an expression for the local vapor

velocity in its normalized form, thus

3 = Vv = wT _ WL = WT _ WL (14@)
Vee vavVve pvvve(A - AL)

Acfually the vapor velocity changes very little over the very short in-
crement near the tube entrance, i.e., B ¥ 1.

For a developing laminar vapor layer near the tube entrance, it may
~ be shown by simple integration that the averagé shear stress over an
interval beginning at zero length"is twice the local value, thus

Vu va L

T =20 = 0.664 ——V Yy (15G)
v v AL uv

Writing the momentum equation over the short increment AL, leads to

- - = = - | 16
(Pe PL)A TVnDAL WL(VL vve) (16G)
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This expression neglects‘any small changes in the vapor velocity over the
small incfement AL.
Solving equation (16G) for the normalized pressure ¢ leads to

o - EE.- - 4FDTVAL . WL(VVe - VL) (176)
P T P A P A .
e e e

In order to establish a numerical value for ¢ from equation (17G) it is

first necessary to evaluate ?V numerically by use of equation (15G).

For a very shorf, finite, initial increment AL, eguations (3G),
(116), (146),-and (i7G) may be used to establish finite values for the .
nérmalized dependent variables a, B, 6, and ¢. The coefficients of
each term of the several differential equations of change given in
Table II will then have-finite vaiues,and the numerical solution may
be started on a digital éomputer.

If the vapor is in fully developed laminar or turbulent flow at the
start of condensation, a similar analysis can be made using the proper
expression for the.interfacial vapor shear stress at the beginning of

_condensation.



APPENDIX H

ANALYSIS OF EXPERIMENTAL DATA FOR HIGH VELOCITY

STEAM CONDENSATION IN SMALL TUBES

Most of the useful experimental data gathered during this
investigation, as well as the information calculated from the data, is
included in Tables IV through XVII, at the end of this Appendix. The
data were recorded for the condensation of water vapor entering the con-
denser tube at pressures from about 20 to 100 psia in the saturated
vapor state. The vapor was usually condensed to liquid water at exit
pressures of about one atmosphere or higher. Condensing test data are
included for condenser tubes of 0.190, 0.550, and 1.025 inches I.D. (see
Table III for complete dimensions). The required length for complete
condensation Qaried from about 5 to 20 feet. Vapor velocities up to and
in excess of sonic velocity in saturated water vapor were calculated.

For each test, experimental data on locai pressure and temperature
measurements over the condensing length are reported for the condensing
vapor. Also, temperature measurements in the cooling water over the
condensing length are given,as well as the flow rates of both condensate
and cooling water. From the heat balance on the cooling water taken at
axial interyals along the condensing length, the total energy removed
from the vapor . QL’ up to each axial position L, was calculated.

From the primary experimental data described above,a number of

secondary calculations were made to determine local values of the

110
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desired variables. The details of these computations are described in
the following pages. A list of the recorded and computed data is given

on the following page.
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Recorded and Computed Data

_For the experimental tests conducted on condensing steam, the
following datawere recorded in most tests:
1. axial distance along tube from onset of condensation (L)
2. local static pressure (P) |
3. local stagnation pressure (Po)
L4, 1local condenser tube wall temperature (Tw)
5. local cobling water temperature (Tc)
6. total.flow fate of condensate at exit (WT)
7. total flow rate of cooling water (Wc)
From the above data the following informatién ﬁas.computed for
most tests:
1. local heat transfer rate (Q')
2. local ligquid flow rate (WL)
3. local vapor flow rate (WV)
4. local vapor velocity (Vv)
5. local average liquid velocity (VL)
6. local vapor cone cross sectidn (Av)
7. local liquid layer thickness (§)
8. local interfacial vapor friction factor (fv) and shear stress
(1)
9. local superficial wall friction factor (fw) and shear stress (Tw)
10. local vapor Reynolds number (Rev)
11. local superficial vapor Reynolds number (Re;)
12. local: surface coefficient of heat transfer of the condensing

vapor (hi)
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Method of Computation

1. Local Vapor Velocity - (VV)

For the lpcal saturation pressure P the local saturated vapor
enthalpy hV is determined from the steam tables of reference (23).
Assuming iszntropic compression of the saturated vapor in the mouth of
kthe stagnalion pressure probe from the static pressure P to the
stagnation pfessure Po, the stagnation ehthalpy hvo is then determined
at Po. The equation of énergy conservation may be solved explicitly

for the vapor velocity, thus

vV = /QJ(hVO - hv) (1H)_

This then is the local vapor velocity obtained from the pressure probe
measurements.
2. Local Vapor Flow Rate - (WV)

From the law of energy conservation

v2
= = -
Ep = Wrhyoe = WpBp # W, By + 53 + O (2H)
where E_ is the total energy rate of the steam at the condenser tube
i
entrance hvoe is the stagnation enthalpy of the supply steam and QL

is the total rate of heat removed up to L feet. From the principle of

conservation of mass

WT = WL + WV (3H)

and since WT is a measured quantity, Wv is given by
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W_(h -h)-Q
W o= T voe L L _ (uH)

v 2
hv - hL + VV/QJ v

which may be written in the form

W..(h - h -
T( voe L) QL
W = (5H)
v h ~-h

VO L

Equation (4H) has been used to determine the local vapor flow rate Wv

of the remaining vapor in each case.
3. Local Vapor Cone Cross Section - (Av)

From the equation of continuity
W =p AV , (6H)
v vvv v /
solving for the vapor area AV gives
AV = WV/pVVV (7H)

4. Local Liquid Flow Rate and Local Liquid Cross Section Area - (WL
and AL)
The quantity WL can now be determined directly by rearranging

equation (3H)
W. =W, ~-W (3H)

and the local liquid cross section A_ is calculated by use of the

L

relation

AL =A-A (8H)
v
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5. Local Mean Liquid Velocity and Local Thickness of the Annular
Liquid Layer (VL and §)
Solving the equation for the mass flow rate of the liquid ex-

plicitly for VL gives

VL = WL/ALpL (3H)

Equation (2F) may also be solved for the local thickness of the annular

liquid layer, and can then be written in the form

D - V/DZ - 4AL/n v
2

The necessary information for evaluating equations (9H) and (10H)
is given by equations (3H) and (8H) above.
6. Local Interfacial Vapor Friction Factor - (fv)

The vapor friction factor is defined in Appendix C by the

expression T
£ oz X (6C)

v 2
pvvv/2
Solving the vapor momentum equation (2C) explicitly for the vapor fric-
tion factor fv results in the expression

-1 W V. -V, dw dVV 1 4p

v v i A2 :
Fo=— » — 11H
v oV TV W a tat oV dT (11H)

In order to compute local values of either the interfacial shear
stress T from equation (2C), or fv from equation (11H), from experi-
mental data, it is necessary to determine each of the terms occurring
in the above equation from the experimental data. The method of evalu-
ating local flow properties has been outlined earlier in this Appendix.

The local derivatives of the same properties must be found by graphical

means from suitable plots of the several properties or by curve fitting
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approximation equations from which the derivatives can be found by
differentiation.
7. Local Superficial Wall Friction Factor - (fw)

The superficial wall friction factor is defined in Appendix C by
the expres:.ion

T
W

fw z — (13¢C)
2
pvvv/?

Solving the combined momentum equation (11C) explicitly for the
superficial wall friction factor fw , leads to the expression

-2 dv dv aw dp

L v v
= — — A - — — oH
£ Sl tha t O, -V gt A gy 0
ﬂDpVVV

Computation of T and/or fw from experimental data must be done by
the same methods as used in computing the interfacial friction factor.
8. Local Vapor Reynolds Number - (Rev)

The local vapor Reynolds number is defined by the expression

Rev = VVDVpV/uV (13H)
The quantities on the right-~hand side of this equation are taken

from the computed local flow properties and from tables of the physical

properties of saturated vapor taken at the local static pressure.

3. Local Superficial Reynolds Number - (Re;)

The local superficial vapor Reynolds number is defined by the

expression

1

Re = V. Dp_/u, (14H)

This definition is identical to the definition of the ordinary vapor

Reynolds number except that the inside tube diameter has replaced the
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vapor cone diameter. This definition,used by many earlier investigators,
is written as though the vapor fraction flows in the condenser tube

without the liquid being present, thus

ReV' = GVD/uV (15H)

In this definition the quantity GV is the average local vapor mass flow
rate per unit area, based on the tube cross section. In most experi-
mental work conducted by other investigators,no attempt has been made
to measure the actual vapor velocity and so no alternative to the use
of the above Reynolds number definition (14H) was possible.
10. The Local Heat Transfer Coefficient of the Condensing Vapor - (ﬁi)

Two methods were used for computing the local coefficient of heat
transfer ﬁi for the condensing vapor; The first method, which will be
called the direct method, requires measurement of the outside surface
temperature of the inner or condenser pipe. Only heat exchangers No. 2
and No. 4 were Instrumented so as to measure this temperature directly.
The local rate of heat flow in the radial direction at any point along
the pipe was determined by taking the product of the cooling water flow
rate in the annulus and the local axial temperature gradient of the
cooling water. The axial gradient was determined graphically and/or by
a curve fitting technique from the recorded experimental data on the
vtemperature of the.cooling water. Using the.well~known equation for
radial heat flow through a cylindric wall, the temperéture drop ATcu
across the wall was calculated. Adding the drop in temperature across
the wall to the measuredroutside wall temperature gives the inner sur-

face temperature of the condenser pipe.
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1
Using the local heat transfer rate per foot of tube Q as deter-

mined by the method outlined above, the local surface coefficient of

o 3

heat transfer ; was then derived from the defining equation

[} ogs

Q = hinDi(TV - Tw) (16H)

ots

"~

Solving for hi gives

1
b= 9 (174)
T @.(T_-T)
1 v w

Note that Q, is the local radial heat transfer flux in BTU per hour,
foot. Di is the inner diameter of the condenser tube, Tv is the local
saturation temperature of the condensing vapor, and TW is the local in-
side wall temperature determined by the method outlined above.

The second method,which will be called the indirect method, requires
the calculation of the temperature drop across the cooling water film on
the outside of the condenser tube. The local temperature drop across
the cooling water film was determined by dividing the local rate of

)

radial heat flow per foot of tube by the local outside cooling water

surface coefficient of heat transfer ﬁo' (See succeeding paragraphs for

)
”

the method of determining ho.) Having indirectly determined the outer
surface temperature of the condenser tube, the procedure is then identi-
cal with that of the direct method of calculation described above.

For the two condenser heat exchangers (Nos. 1 and 3) not insfru—
mented with condenser tube surface thermocouples, it was necessary to
experimentally determine a correlation for the outside surface heat
transfer coefficient ﬁo' For these two heat exchangers, tests were con-
ducted using hot water in the condenser tube cooled by cold water in the

annulus between the inner and outer tubes. It was assumed that the
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dimensionless correlation for a hot liquid flowing inside the circular
condenser tube was known with good accuracy. For example, in turbulent

flow in a tube the correlation
Nu =.o.027(Re)0'8°(Pr)1/3(u/pi)°‘14 (18H)

is well documented (22) for the conditions encountered in this test. The
local rate of radial heat flow can be determined from either the heated
or cooled stream, since the flow rate of both streams as well as the
local axial temperature distribution in each stream was recorded. Em-
ploying the common expression for fluid-to-fluid heat transfer through

a circular wall, the local coolant surface coefficient was calculated.

The equation is as follows:

v 'n(Th - T;)
Q = (19H)
1 1n(DO/Di) 1
7 T t =5
D 2k D
[o o] W 1 1

.
w

Solving for the outside cooling surface coefficient ho results in the

expression

b3 1
h = (20H)
. 'n(Th - Tc) i 1n(DO/Di) i 1

O 1 v

Q 2kw D.h

’ k3
For the correlation of the outside surface coefficient ho the j
factor or Colburn number was used. This dimensionless heat transfer

number is defined by

0.14

co =3 = (hrvoe) @) P )%™ = vy (2w

where [ is taken at the outside wall surface temperature of the condenser

tube. The equivalent diameter is D, = (D2 - Do), where D, is the inside

2
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diameter of the outer tube of the annulus and Do is the outer diameter

of the condenser tube.



Test 71052

Counterflow coolant

TABLE IV

Test Data

Condensing length = 11.1 ft.

121

0.550 inches I.D. Tube
Coolant rate = 2.40 lbm/sec.

L X Tc P Po uv uL
DIST L/D TCooL PSTAT PSTAG VPVISC LQvisc

{FEET) (DEGF ) (PSIA) (PSIA) (LBF=SEC/SQFT)
04000 04000 105420 36040 44487 0e2733E=Q6 Oeb@84E=0D5
Oel25 2e727 104611 35499 44485 0s2731E=06 0s4498E=05
0e250 5455 103405 35458 44478 0s2728E=06 Oe4512E=Q5
06375 8s¢182 102402 35417 4l a66 Qs2725E=06 Qs 4527E=QE
06500 104910 101+00 34475 44449 Qe2722E=Q6 0e4542E=Q5
0750 164365 99403 33491 44403 Ce2716E=06 Qe 4573E=Q5
14000 214820 97¢14 33406 43443 0e2709E=06 0e4606E=CS
16250 274275 95432 32418 42471 0e2706E-06 0e464QE=05
14500 324730 93456 31629 41490 Qe 2696E=06 0e4677E=05
1750 384185 91485 30e38 41a01 0es2688E~06 Qe 4716E=05
24000 434640 90418 29844 40408 0s2681lE=Q6 Qe 4T758E=~0OE
20250 494094 88456 28849 39410 0e2673E«0¢ 0s4802E=0E
24500 544549 86+96 27451 38411 0e2664E=06 044849E=0Q5
24750 604004 85440 26¢52 37al0 0e2655E=06 0e4900E=05
34000 654459 83486 25450 36409 0e2646E=06 0¢4955E=05
34500 764369 80s84 23843 34410 0s2626E~06 0e5075E=02
43000 874279 7787 21433 32418 0e2603E=06 0e5214E=Q5
48500 984189 74495 19421 20836 0a2579E~06 0a5374E=0%
54000 1094099 72406 17414 28464 De2553E=06 0e5555E=05
54500 1204009 69422 15415 27403 0s2526E=06 0s5760E=05
64000 1304919 66642 13430 25450 Qs2497E=0Q6 0+ 5985E=05
60500 1414828 63470 1le67 24403 Qe2469E=Q6 Qe6224E=Q5
60750 1474283 62438 1095 23432 0e2455E~06 0e6343E=Q05
74000 1524738 61.08 10632 22462 Qe2443E~06 0es6457E=QE
74250 1584193 59482 9478 21493 0e2432E=06 0e6553E=0Q5
7¢500 1632648 58461 9835 21e24 0e2422E=0Q8 Os6654E=05
74750 1694103 57644 9403 20457 Qs2415E=06 Qe 6724E=QE
8e¢000 1744558 56433 8484 19490 Qs2411E=Q6 0e6758E=QE
84250 180s013 55429 902 19425 Qe2415E=06 Qeb726E~05
88500 1850468 54431 10665 18461 Qe2450E~06 0e639TE=D5
88750 1908923 53641 1140 17499 De2464E=0Q6 0e6266E=QE
94000 1964378 52461 12402 17440 0s2475E=06 0e6168E=05
94250 2014833 51490 12452 16483 Qe 2484E=D6 0e6094E~Q5
94500 207288 51431 12492 16431 0s2491E~06 0e6037E=Q5
94750 2124743 50683 13425 15484 Qs2496L=06 0e5992E=05
104000 2184198 50649 13452 15443 042501E=06 0e5956E=05
100250 2234653 50430 13475 15410 Qe 2504E=06 0e5926E=05
104500 2294108 5025 13498 14487 0e2508E=06 0s5898E=02
104750 2344563 50418 1420 14476 0e2511E=06 0e5870E=0CS

110000 2404017 50s16 l4e46 14475 - -



~. Test. 71752

422

TABLE V
..  Test.Datd .- -

0.550 inches I.D. Tube

Counterflow coolant . Coolant rate = 2.52 lbm/sec.

Condéﬁsihg leﬁgfh = 9.7 ft.

P,

‘ .Tc : P : o L Yy,
- DIST. . L/D TCQOL - . 'PSTAT PSTAG VPVISG - LQVISC
(FEET) ’ (DEGF) APSIA) - (PSIA) (LEF=SEC/SGFT)

" 0000 04000 94400 . 26880 . 364470 0e2658E=06 Qe4886E=D5
0el125 24727 92458 ° 26476 34469 0e2657E=06 0e4BBEE=D5
0e250 54455 91424 26471 T34,467 0e2657E=06 0e4B890E=05
0e375 84182 89497 T 26459 - 34460 0e2656E=06 0eb4P96LE~05
04500 104910 88e77 ‘26040 . 34450 Del654E~-06 0s49086E=05
06750 . 164365 . 86457 . 25460 34419 0e264TE=0D Qet349L=05
14000 214820 64460 - 24495 . B3TT 0e2640E=05 0es786E~0S

. 16250 274275 82484 C b 16 © 33,25 De2633E=06 065033E=05
1e500° . 324730 8le26. 23433 32465 002624E=06 045C52E=05
1750 384185 . 79483 22451 21497 . 042616E=06  0s5134E=QS
24000 434640 7853 . 21470 31422 0e2607E-06 QeB5l88E=0S
24250 454094 7733 . 20489 30643 - 042599E=06  Qe5246E=05
285007 544549 - 76023 - 20408" 29459 . 042589E-05 0e52067=05
24750 . 604004 75418 19426 28472  042580E=06% 0e537CE~0S
34000 654459 74419 - 18445 27484 0e257QE=06 0e5437E=~05
34250 700914 73624 (17664 26494 - 042560E~06 0e5509E=~05
~3¢500 764389 72431 16483 . 26404 0s2549E=~06 0e5585E=05
34750 8le824 71638 16401 - 25415 - Ce2538E=0€ 0s5E666E~0°
49000 874279 TOe46 15020 .. 24226 .. 042526E~0¢€ 0s5754E~05
44500 . 984189 6858 13458 . 22456 . 0e2502E~06 0e5249E=05
5¢000 1094099 66862 - 12420 20697  0e2478E=06 0e6141E=05
156250 1144554 -~ 65460 (12412 20024 0e247TE=05 0e6153E=05
54500 1204009 4955 12415 - 19a54 0e2478E~05 0eb6148E=D5
5750  125s464 63448 12e20. 18¢89 042478E=06 Oedl&lE=DS
64000 1204919 62439 12026 - 1Be29 ° 042479E~06 0e6132E=05
60250 . 1366374 6le28 . 12433 17474 - " Qua248lE=06 = Qe6122E=0F
64500 1414828 60e16 - 12e41. ‘17423 De2482E-06 0eb6110E=0"
69750 1474283 59604 Y251 16678 . 0u2484E=06 De60965=05
74000 1524738 57493 12462 16437 De2486E~06  (e6NTFE=0S
7¢250 1584193 56¢84 . : 12475 16401 0e24BBE=06 0eb60GLE=DE
74500 1634648 "55478 12690 . 15470 -0s2490E=C6 0+6040E=05
Te750 1694103 54077 13406 15044 0s2493E~06 0eE01BE=DS
84000 ' 1744558 53483 13423 15421 0s2496E~06 0e5994E~0F
8250 1804013 52297 ‘13442 15403 0s2699E=0¢€ 0e59655=05
84500 1854468 - 52422 13461 14488 0s2502E~06 0e5944E=08
84750 1908923 .51e59 13481 14476 - 042505E=06 0e5%19E=CH
Se000 1964378 51e12° 13499 14467  0s2508E-06 0e5895E=05
94250 2014833 50e82" 14417 14459 Qe2511E=Q6 0s5874E=05
94500 207.288 5072 l4s3l . 14453 092513E=0¢ De5857E=0F
94625 2104015 14437 14450 - -

50e70
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TABLE VI

Test Data

Test 71852
Counterflow coolant

0.550 inches I.D. Tube
Coolant rate = 2.33 1b /sec.
Condensing length = 7.1 ft. "

P

P

c ° M, ¥
DIST L/D TCOOL PSTAT PSTAG VPV1ISC LQvisc
(FEET) ({DEGF) {PSIA) {PSIA} (LBF=SEC/SQFT)
08000 0s000 86433 1861 24458 042572E~06 0s5423E=05
Qel25 26727 84456 18455 24457 002571E=06 0e5428E=05
08250 54455 82494 18447 24456 0e2570E=GE Qe 5436E=05
06375 84182 8le45 18435 24454 Cs2569E=06 Qe 5445E=05
04500 10s910 80408 18822 24449 Qe2567E~0Q6 CeB457E=05
0e625 136637 78483 18406 24441 Qs2565E=06 Qe 5471E~DS
0750 164365 77468 17488 24433 042563E~06 0e5487E=05
08875 19092 76464 1769 24424 0s2560E=06 0s5504E=~05
14000 214820 75468 17649 24416 0s2558E=06 Qs 5522E=05
1s125 244547 74480 17428 23496 Qs2555E=06 Qe5542E=05
1s250 274275 74400 17405 23874 0s2552E=06 Qe5563E=05
14375 304002 73426 16483 23850 Ce2549E~06 0e5585E=05
14500 324730 72458 16459 2324 0s2546E=06 0e5607E=05
16625 354457 71695 16436 2296 0e2543E~06 QeB5631E=05
18750 384185 71437 16413 22467 0s2540E-06 0e5655E=05
1e875 404912 70483 15489 22837 0s2563E=06 045679E=05
24000 434640 70632 15467 22207 Qa2533E~06 Qe5703E=02
2125 468367 69684 15644 21675 0e2530E~06 Qe5727E=05
28250 494094 69439 15422 21443 Cs252TE=06 QeBT751E=05
24500 548549 68852 14481 20479 0s2521E~06 0eB5798E=05
24750 60004 67470 14643 20415 0s2515E=06 Qe5B4L2E=05
34000 654459 566489. 14810 19452 0e2510E=0D6 0e5882E=05
34250 70s914 66407 13483 18491 Qs2506E~-06 0e5916E=CB
36500 764369 65422 13660 18434 Cs2502E=06 0e5945E=~05
34750 8le824 64432 13444 1780 0s2499E~Q6 Qe 5966E=05
44000 87279 63437 13433 17431 Qe2498E=06 0e598LE=05
44250 924734 62637 13628 1686 Ce2497E~06 0e¢5987E=05
44500 984189 61432 13428 16647 0e2497E=Q6 04¢5987E=05
4e750 1034644 50823 13434 16412 0s2498E~06 0e5980E=05
53000 1094099 59411 13443 15482 0s2499E=06 0e5968E=0E
54250 1144554 57498 13456 15457 Qs2501E~0¢€ 0s5951E=05
56500 120009 56487 13471 15436 042504E=06 0e5932E=05
58750 1254464 55480 13487 15418 0s2506E=06 0eB5911E~05
6¢000 1304919 54481 14403 15402 0e2509E~06 0e5821E=05
68250 1364374 53495 14418 14489 Qe2511E=~06 0e5873E~05
68500 1414828 53424 14429 14476 0e2513E=06 0e5859E~05
68750 1474283 52476 14435 14462 0s2514E=06 0e5852E~C5
74000 1524738 52454 14836 l4e46 0s2514E=Q6 Qe5850E~05
74250 1584193 52453 14838 14426 - -
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TABLE VII
Test Data

Test 80652
Counterflow coolant.

0.550 inches I.D. Tube
Coolant rate = 1.10 lbm/sec.
Condensing length = 10.4 ft. '

T

T

P

c o Po uv uL
DIST TCOOL TOUTWALL PSTAT PSTAG VPVISC LQvisc
(FEET) (DEGF) (DEGF) {PSIA} (PSIA) ({LBF~SEC/SQFT)
0s000 1224000 2124000 204900 254000 Qe2599E~06 Qe5245E-Q5
0125 12142190 2114472 204839 244999 ‘Qe2598E=06 085249E=05
08250 1204413 2104955 208762 244985 Qe2597E=«06 0s5255E=05
0375 1194610 2104450 208669 244953 0e2596E=06 Qe5262E=0Q5
0500 1184800 2094954 206564 244905 042595E=06 0e5269E=05
08750 117162 2084987 208315 244767 0s2592E=Q6 Qe5288E~Q5
14000 1154500 2084046 204026 2445176 0e2589E=0¢ 0s53LCE=Q5
16250 1134815 207123 194703 244338 Qs 2585E=Q6 0e5335E=05
1500 112109 2066210 194354 244060 042581E=06 0s5362E=Q5
1750 1104383 2054301 183986 236747 Qs2577E~Q6 0s5392E«05
20000 1084639 2044387 184605 234403 Cs2572E=QE Oe5424E~QE
2250 1064878 2034464 18s216 234034 0s2567E=Q6 Ce545T7E~0S
24500 1054102 2024523 174826 224645 Qs2562E=06 0e5492E=05
28750 1034314 2014561 17438 228239 Qs2557E=06 0e5527E~05
34000 1014514 2004570 174057 2le822 Qs2552E=Q6 Qe5563E=05
34250 99706 199.547 164685 214396 0e2547E=06 Q0e5599E~05
34500 974891 1984486 166327 206967 0e2542E=Q6 Cs5634E~05
34750 966072 1974382 154985 208536 0s2538E=«Q6 Oe5669E=Q5
44000 944251 196,233 154660 204107 0s2533E=06 Qs 5703E=CS
48250 924431 1954034 154356 194683 0s2529E=Q6 O0e5736E=Q5
44500 90615 193,783 154073 196267 Qe2525E~Q6 0e5768E=05
44750 884805 192475 144813 184861 Q82521E=~06 0s5797E=05
54000 874003 1914110 144577 188467 Qs2517E=Q6 0e¢5825E~05
58250 854215 189.684 144364 184088 0e2514E=Q6 0e5850E=05
58500 834441 1884196 144175 174724 0s2511E=«Q6 0e5873E=Q5
5750 81ls686 1864644 l4e0Q11 - 17377 0e2508E=~06 Q0e¢5893E~05
64000 794953 1854028 134870 17049 0e¢2506E=06 Q0e5911E=(5
64500 764566 1814600 134658 168449 0s2503E=06 0s5938E=C5
74000 734310 1774910 132532 154930 0e2501E=Q6 0e5954E=(05
74500 704215 173.964 13,483 154491 04 2500E~06 Q0s59615=05
8s000 674313 1694772 134501 154128 0+2500E=06 0s5958E~Q5
88250 658945 1674589 134531 14972 Qe2501E=Q6 0e5955E=05
84500 644639 1654351 134573 144832 0s2501E~06 0s5949E=05
8s750 638398 1634062 134626 144706 0e2502E~06 0e5942E=Q5
94000 624228 1604725 134688 144591 0s2503E~06 0e5934E=05
98250 61s134 1584343 13757 140487 082504E=06 Q0e5925E=05
9500 604119 1554921 134832 144390 0s2506E=Q6 Qa5916E=05
9750 594190 15364463 134913 144297 0s2507E=06 0e59065=05
10s000 584351 150974 134996 144206 0s2508E=06 0e5895E~05
104250 574608 1484460 144082 ibellé Qs Os
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TABLE VIII
Test Data

Test 81352
Parallel flow coolant

0.190 inches I.D. Tube
Coolant rate = 0.101 1b /sec.
Condensing length = 10.2 ft. "

P

P

L X Tc o 2% ML
DIsT L/D TCOOL PSTAT PSTAG VPV1ISC LQvisc
(FEET) {DEGF ) {PSIA) (PSIA) (LBF=SEC/SQFT)
0000 08000 56450 39420 45450 Qe2T752E=0Q6 0e4393E~05
0el25 72896 61485 38477 45408 0e2750E~06 Oe4406E~05
02250 154793 67414 38428 44459 0s2746E=06 Qe4422E=05
0375 234689 72435 37473 44405 0s2743E-0Q6 0s4440E=05
04500 314586 77649 3714 43447 Qe 2739E=06 Qe 4459E=Q5
08750 474378 8747 35483 42.18 0e2730E=06 0s4504E=Q5
14000 634171 9703 34444 40479 Qs2719E=(Q6 0e4554E~05
14250 784964 106411 32499 39433 0a2709E=06 0e4609E=~0Q5
14500 944757 114,68 31453 37483 0s2697E~06 Qe466TE=QS
1750 1104550 122470 30810 36432 0s2686E~06 Qe4728E=0Q5
20000 1268342 130416 28471 34284 Qs 26T4E=0Q6 0e4792E=05
20250 1424135 13704 27839 33638 0es2663E~06 Qe 4856E=~(05
28500 1574928 143434 26815 31897 0s2652E=06 0e4920E=05
20750 1734721 149407 24499 30462 O0s2641E=06 0s4983E=05
34000 1894514 154423 23493 29434 Cs2630E=06 0s5046E=05
34250 2054306 158484 22495 28413 0e¢2621E=06 0e5106E=Q5
34500 2214099 162493 22407 26499 Qs2611E=06 Qs5163E=05
3750 2366892 166452 2127 25892 Ce2603E~06 0s5218E=05
43000 2524685 169464 2055 24492 0s2595E=06 0e527CE=05
44250 268Be478 172432 19491 23899 Cs2587E=06 0s5319E~05
48500 2844270 174461 19433 23813 Q12581E=06 Qe 5364E=05
40750 3004063 176455 18481 22832 0e2574E=06 0a5407E=05
54000 3154856 178416 18435 21458 0s2569E=06 Oe5446E=QS
54500 3472442 180662 17454 20825 0s2558E~06 0e5518E=05
68000 3794027 182433 16486 19410 Qe2550E=06 Qe5582E=05
68500 4104613 183460 16428 18410 0e2542E=Q6 Qe5639E=(Q5
Te¢000 4424198 184672 15677 17424 0s2535E=Q6 0e5692E=05
74250 4574991 185430 15455 16486 0e2531E~06 0¢561€6E=05
Te500 4732784 185492 1534 16450 0+2528E=06 Ce5738E~05
Te750 4894577 186459 15416 l6s18 0s2526E=06 0e5758E=05
Bs000 505370 187434 15400 15489 0s2523E=Q6 0e5776E=Q5
88250 521.162 188416 14486 15464 0s2521E=06 Qe5792E=(5
84500 5364955 189404 14475 15241 042520E=06 0e5804E~05
84750 5524748 189497 14467 15422 0s2519E~06 0e5814E=Q5
94000 5684541 190494 14462 15405 0¢2518E=06 0e582C0E=05
9250 5848334 191492 14459 14492 Qe2517E=06 Qe5823E~=05
94500 60041256 192485 14458 14481 Qs2517E=06 0e582E8E=05
9475Q¢ 6154919 193469 14452 14473 0s2516E=06 Qe583LlE=Q5
104000 6314712 194438 14450 14467 Cs2516E=06 Q0e5835E=D5
104125 6394608 194465 14449 14464 Os2516E=06 0e¢5836E~05
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TABLE IX
Test Data

Test 81452
Parallel flow coolant

0.190 inches I.D. Tube
Coolant rate = 0.206 1b /sec.
Condensing length = 4.5 ft. m

T

P

c o uv uL

DIST L/D TCOOL PSTAT PSTAG VPVISC LQVISC
(FEET) (DEGF ) (PSIA) (PSIA (LBF=SEC/SQFT)

04000 0000 54420 29420 34440 0s2679E=D6 0e4769E=05
0e¢125 74896 56657 29e11 34427 Qs 2678BE=Q6 0e4773E=05
04250 154793 58482 29400 34,401 0e2677E=0Q6 0s4778E=0Q5
Qe375 234689 60695 28463 33464 Qs26T74E=Q6 Qe4795E=05
08500 314586 62498 28812 33417 Qs 2669E=06 0e4819E~05
0e625 394482 64492 27453 32463 0e2664E=06 0e4849E~(Q5
0e750 476378 66078 26487 32402 0e2658E=0Q6 Qe48B82E=05
0875 55275 68655 26417 31e35 Qe 2652E=06 Qe491EE=QE
14000 634171 70626 25445 30465 0¢2645E=06 0e4957E=05
1s125 71le068 7le91 24473 29492 Qe2638E=06 0e4998E=(Q5
14250 786964 73451 24401 29418 0e2631E=0Q¢ 0e5040Q0E=05
1e375 864860 75406 23431 28642 0s2624E-0Q6 0¢5083E=Q5
14500 944757 76456 22864 27466 0s2617E=Q6 Qe5126E=05
1625 1024653 78403 21898 26690 Cs2610E=06 Qe5169E=0Q5
1¢750 110550 79447 21436 26815 042604E~-06 Ce5212E=0Q5
1e875 118e446 80eC8 20876 25642 0¢2597E=06 0e5255E=05
20000 1264342 82627 20419 24470 0e2591E=06 0e5297E=05
28125 1344239 83464 19465 244301 0s2584E=06 Qe5339E~05
2e250 1424135 85400 19414 23433 0e2578E=06 Qe5379E=05
2375 1504032 B6e364 18e66 22468 Qe2573E~06 Q0e5419E=05
28500 1574928 87467 18420 22406 06256TE=~Q6 Qe5459E=0Q5
20625 1654824 859400 17677 21446 Qs2561E=0Q6 0e5497E=05
2¢750 1734721 90631 1736 20489 Qe2556E=06 Qe5534E=05
26875 1814617 91462 16498 20834 Q0s2551E=Q6 0e557CE=Q5
34000 1894514 02493 16e62 19482 0s2546E=06 045605E=05
38125 1974410 94423 16428 19433 042542E=06 0e¢5639%E=05
34250 2054306 95452 15498 18486 0e2537E=0Q6 0e567CE=05
34375 2134203 964890 15670 18441 0e2533E~06 0e57005=05
34500 2214099 98407 15445 17499 0es253Q0E=06 0e5727E=05
30625 2284996 99434 15823 17458 Qs2527E=06 0e5751E=~05
38750 2364892 100459 15404 17420 Qe2524E~06 0e5772E=05
34875 2444788 101682 14488 16484 042522E=~06 Qe5789E=05
44000 2524685 103404 14476 16449 0s2520E=06 0e58Q3E~05
44125 2604581 104423 14467 16417 Qe2519E=06 0e5814E=Q5
44250 2684478 105439 14461 15,486 0s2518E=06 0s5821E=05
46375 276374 106452 14458 15458 0e2517E=06 0« 5824E=05
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TABLE X
Test Data

Test 82852
Parallel flow coolant

0.1390 inches I.D. Tube
Coolant rate = 0.253 1b /sec.
Condensing length = 12.0 ft. m

T

P

P

c [¢] uv uL
DIST L/D TCOOL PSTAT PSTAG VPVISC LQVISC
(FEET) {DEGF) (PSIA) (PSIA) {LBF=SEC/SQFT)
0e000 06000 53450 87400 99450 04297QE~06 0e3545E=05
Qel25 74896 57404 85456 9Le61l 0s2965E=06 Q0e3561E~05
04250 154793 60848 84408 97454 042960E~06 0e3577E=05
Q8375 234689 €382 82458 9€+30 0s2955E=06 Q0e3594E=(5
0s500 314586 67607 81405 94494 0s2950E=06 0e3612E=05
0s750 47378 73430 77493 91489 . Qe2938E=06 0e3649E=05
14000 634171 79s18 T4e76 8857 0s2927E~06 003690E=05
14250 786964 84473 71856 8411 0s292QE=06 Q0e3733E=05
14500 944757 89497 68437 8ls63 Qe2901E=Q6 0s3778E=«Q5
14750 1104550 94490 65421 78420 0a42888E=0Q6 0e3826E=05
24000 1264342 99456 62409 T4 691 042875E=~06 0e3877E=05
23500 1574928 108407 56406 68190 Qs 2847E«Q6 0es3985Em05
34000 189514 115463 50839 63482 Q0e281BE=Q6 0e4101E~05
34500 2214099 122433 45416 59470 0e2789E=0Q6 Qe&4225E=05
44000 2524685 128427 40041 56841 0s2760E=06 Qe 4356E=05
44500 2844270 123454 36416 2475 Ce2732E=06 Qe4492E=Q5
54000 315,856 138422 32640 51449 0s2704E=06 Ceb632E~05
54500 3474442 142640 29411 49435 04 2678E=Q6 Qe4T7T73E=(5
64000 3794027 146413 26425 47413 Qe2653E=Q6 Qe&4914E-~0S5
68500 41045613 149447 23478 4& 462 Qe2529E«06 Q0e5054E=(Q5
68750 4264406 151402 22468 43423 0e2618E~06 0e5123E=05
74000 4424198 152449 21666 41473 Qs2607E~06 Qe5191E=Q5
76250 4574991 153488 20671 40412 Ce259T7E=Q6 0e52595=05
76500 4734784 155421 19482 38s4l 0e2586E=06 QeB5325E=DS5
Te750 4894577 156448 19400 36459 0e2577E=06 0e5391E=05
84000 5054370 157468 18424 34469 Q0a2567E=06 Ce5455E=05
84250 521le162 158483 17453 32272 Q0e2558E=0Q6 0e55185~05
88500 5364955 159493 16487 3071 0s2550E=06 0e5580E=05
84750 5524748 160497 16026 2867 Qe2541E-Q6 0e5641E=05
94000 5684541 161497 15470 26464 0e2534E=06 Qe5699E=Q5
94250 5844334 162492 1536 24064 Qe2529E=06 0e5T736E=05
94500 6006126 163482 15400 22471 0e2523E=06 QeS5T7765E=05
Se750 6154919 164468 14460 20889 0s251T7E=Q6 0s5822E=05
104000 6316712 165449 14420 19421 0e2511E=«0Q6 Qe5870E=05
108250 6474505 166426 14400 17469 0s¢2508E=~056 0e5898E=05
106500 6634298 166497 13480 16438 Qs2505E~06 0s5920E=05
104750 6792090 167664 13464 15629 Qe 2503E~06 Qe5940E=05
11s000 6944883 168426 13452 144,46 Qe2501E=06 Qe 5956E=05
114250 7104676 168482 13649 13489 0s2500E=06 Qa5960E=05
114500 7264469 169433 13847 12460 - -



Test 82952

Parallel flow coolant

Condensing length = 11.7 ft.

TABLE XI

Test Data

128

0.190 inches I.D. Tube
Coolant rate = 0.281 lbm/sec.

L X TC P Po H, UL
DIST L/D TCOOL PSTAT PSTAG YPVISC LQvIsSC
(FEET) (DEGF ) (PSIA) (PSIA) (LBF=SEC/SQFT)
04000 0s000 57450 99630 111460 0s30C9E=~Q6 Qe3425E=Q5
0esl25 74896 58627 97658 110451 0s3004E~06 Oe3440E=0Q5
08250 154793 59408 95483 109632 08 2999E=06 Qe3457E=05
0375 234689 59694 94404 108403 04 2993E=06 Qe3474E=~05
0s500 316586 60e85 92e22 106465 0s2987E~06 Q0e3492E-05
0e750 47378 62681 88e52 103468 Qe2975E=06 0e3529E=05
1+000 636171 64094 84676 100s49 0s2963E~06 Qe3570E=05
12250 784964 67424 8098 97415 Qu2949E~Q6 0s3591E=05
14500 94757 69468 77420 93472 Qe 2936E=06 0e3658E5=0Q5
14750 1104550 72627 73445 90425 Qs 2922E~D6 Qe3707E=05
28000 1264342 74499 69876 86a81 0s2907E=06 Qe3758E«0Q5
26500 1570928 80479 62462 8Qsl2 0e2877E=Q6 0s3B68BE=DS
34000 189514 86499 5589 72493 0a2846E=06 0e3988E=05
36500 221066 93451 49,466 68438 Qs 281l4E~Q6 Qe&4ll8E=Q5
49000 2524685 100625 43498 63459 Qe 2782E=06 Qs4256E=05
44500 2848270 107414 38888 59457 Qe2750E~06 Qe44Q3E=05
56000 3154856 114,06 34434 56431 Qe2719E=06 0e4557E=05
56500 347s442 120095 30634 52673 Qe2688E~06 Qe4a718E£~05
66000 379027 127469 26684 51475 0s2658E~06 Oe48B84E=Q5
60250 3944820 130498 25827 50694 0a2643E=06 Qa4968E=05
68500 4106613 134421 23480 5024 0s2629E=06 Qeb053E=05
68750 4264406 137:34 22844 49463 Qe2615E=06 Ce5139E=05
74000 4422198 140439 21817 49409 0e2602E=06 Qe5225E=05
78250 4574991 143433 1999 48462 0s2588E~06 Q0s5312E=05
76500 4736784 146014 18490 48819 0e2576E=Q6 Ce53995=05
Te750 489577 148483 17489 47680 Qu2563E~06 0e5486E~05
83000 5054370 151437 16496 47 44 Qs2551E=Q6 Ce5572E=Q5
88250 5214162 153476 16ell 47510 0s2539E=06 Ce5657E~05
84500 5364955 155498 15432 46278 0e2528E=06 Qe5740E=05
88750 5524748 158401 14461 46448 Qe2518E=~Q6 0e5821E=05
98000 5684541 159485 13497 46819 08 2508E=06 0s5898E=05
Ge250 5B4e334 161+49 13e42 45493 Qe 2499E~06 0s5970E=05
94500 6008126 162490 12494 45488 0s2491E=0Q6 Q0eb6034E=05
9750 6154919 164408 12455 45484 Qs2485E=06 0e6089E=(Q5
104000 6314712 165401 12826 45480 0s 2480E=06 Q0e6131E=05
106250 6474505 165468 12408 4570 Qe 2476E~06 Ce6158E~05
108500 6635298 166408 12403 42450 04 2475E=06 026167E=05
106750 679090 166419 1210 43560 Qe 2477E~Q6 0s6156E=05
114000 6944883 16621 12460 30400 Qe 2485E~06 0s6082E=05
116250 7108676 166823 14450 1450 - -
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TABLE XII

Test Data

Test 62364 » 1.025 inches I.D. Tube
Counterflow coolant Coolant rate = 3.03 lbm/sec.
Condensing length = 17.8 ft.

L T T P 14

c o o
DIST TCOOL TOUTWALL  PSTAT PSTAG
(FEET) (DEGF) (DEGF) (PSIA) {PSIA)
04000 1254500 204.000 194710 234032
0s125 1254104 2034843 194708 234025
0e250 1244703 2034683 194706 234018
0375 12644297 2034520 194704 233011
0s500 1234886 203.354 194701 234004
14000 1224194 2024659 194630 224976
14500 1204430 201916 194421 224955
24000 1184598 © 2014125 194138 224923
24500 1164704 2004285 184805 224871
34000 114,752 1994397 184442 224796
34500 1124748 1984461 184068 224697
44000 1104696 1974476 176696 224571
44500 1084603 1964443 174340 224419

54000 1064472 195,362 174008 228240
54500 10443210 194,232 164707 223036
64000 1024120 193,054 l6e441 216807
64500 994909 191,828 164215 214556
74000 974680 1904553 164029 214285
74500 954440 1894230 154884 204996

84000 934194 187.858 15776 206692
84500 904945 1864439 154704 208377
94C00 884701 1844971 15,664 "204055
9¢500 86465 1834454 154653 194729
104000 844242 181,889 154665 194402
104500 82,4038 1804276 154695 194079
11,000 794858 178+.614 154739 18763
114500 772707 - 1764904 154791 18e458
124000 754590 175.146 154848 18¢167
124500 734512 173,340 154906 17894
134000 114478 1714485 154962 174641
134500 694493 169,581 164013 176412
144000 674563 1674630 164059 17207
144500 654691 1654630 lesl0l 174030
154000 634884 163,581 164141 164882
154500 628147 lel.485 164183 168762
162000 60+484 1594340 164233 166671
164500 584901 157.146 164300 164608
174000 574402 1544904 164395 169572
174500 554994 152,614 168532 164560

174750 552225 1514541 l6s621 164562



Test 70764

Counterflow coolant

TABLE XIII

Test Data

1.025 inches I.D. Tube
Coolant rate =
Condensing length = 16.8 ft.

3.03 lbm/sec.

L T T P P
c o o
DIST TCOOL TOUTWALL PSTAT PSTAG
(FEET) ({DEGF) {DEGF) (PSIA) (PSIA)
02000 1194000 2044139 21s000 230490
Q0sl25 1184491 2044056 200967 234496
04250 1174984 2034966 200933 236498
0s375 1174476 203.868 203898 238497
0500 1164970 2034763 206863 234493
14000 1144950 2034272 204710 234450
16500 1124940 2024670 208546 234365
2000 1100940 2014961 208375 238245
24500 1084950 2016148 204200 234095
34000 1064970 2004236 206024 228922
34500 1054001 1994228 194850 228729
43000 103e042 1984128 194680 224522
44500 1014092 1964941 194517 228304
54000 994153 195.669 196363 224081
54500 97224 1944317 194220 £1s854
64000 954305 1924889 194089 216629
68500 S34397 1914388 184971 21406
74000 914498 1894818 184868 21a191
7500 894610 1888184 184780 204983
84000 87s732 1864489 184709 204786
84500 854863 1844737 184653 206602
9s000 84,4005 1824931 18613 20e430
94500 824157 1814077 184590 208273
10s000 800320 1794177 184581 200131
104500 788492 177235 184587 200004
11000 764675 1754255 184607 194892
114500 748867 1738242 184639 194795
124000 734070 1714198 18a681 196713
124500 71283 1694129 18732 198643
134000 694506 167.037 187590 194584
134500 676739 1644927 18852 19¢536
144000 654983 162.802 184916 190495
144500 648236 1604666 188978 194460
154000 62500 158524 196036 19¢428
154500 604773 1564378 194087 194395
164000 596057 1544233 194126 194358
164500 574351 1524093 194150 196314
174000 554655 1494962 194155 194258

©130



Test 72064

Counterflow coolant
Condensing length = 17.1 ft.

TABLE XIV

Test Data

1.025 inches I.D. Tube
Coolant rate = 3.40 lbm/sec.

L T T P P
c o o
DIST TCOOL TOUTWALL PSTAT PSTAG
(FEET) {DEGF) (DEGF) (PSIA) {PSIA)
0s000 1724000 2524000 608400 644380
0el125 1704568 2514837 608379 644385
0s250 1694939 2516677 608349 648378
0s375 1684914 251519 60311 644360
0500 1674892 2514363 60265 €48332
l1+000 1634836 2504755 604016 &44125
14500 1594832 2504166 594686 634799
24000 1554881 2494588 59¢304 634385
24500 1514981 2494010 588894 £24913
34000 1484135 2488421 588476 62e407
34500 1444340 2474814 584067 614888
44000 1404598 2474177 574680 6€1e372
44500 1364908 2464501 574326 60873
54000 1334270 2454776 574010 60e403
5¢500 1294685 2444993 564738 594968
64000 1268152 2445141 56511 594573
64500 1224671 2434210 568331 598222
74000 1194242 2428192 564195 58s915
74500 1154866 2414076 564100 58s652
84000 1124542 2394852 566043 584430
84500 1094271 2384511 564017 588246
94000 1064051 237043 564018 584095
94500 1024884 2354437 564040 574972
10.000 99769 2334685 564076 574871
104500 964707 231e777 56s121 57787
11,000 936697 2298701 568170 57e714%
114500 90.739 2274450 568217 BTe647
124000 874833 2254013 568261 57+581
124500 844980 2224380 564298 574514
134000 828179 2194542 564329 5T7e442
134500 794430 2164488 564355 574365
144000 768734 2134209 568381 574284
144500 744090 2094695 568413 574202
154000 T1le498 2054937 56459 574123
154500 684958 2014924 56533 574056
164000 664471 1974647 568651 574012
164500 644036 1934096 564831 574003
17000 614653 1884261 574097 57047
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Test 72164

Counterflow coolant

TABLE XV

Test Data

1.025 inches I.D. Tube
Coolant rate =
Condensing length = 15.9 ft.

5.51 1b_/sec.
m

L T T P P
C O o

DIST TCOOL TOUTWALL PSTAT PSTAG
{FEET) {DEGF) (DEGF) {PSIA) {PSIA)
0000 1314500 2516200 606300 658460
0s125 1304678 2514118 606277 654416
04250 1294859 2514019 608244 654364
0e375 129¢044 250903 606201 654306
04500 1284231 2506772 60s149 654242
1+000 125.016 2504102 594865 644933
14500 1214853 2494235 594489 €44555
24000 1184744 2484208 594054 644130
24500 1154688 247,058 588591 634675
3000 1124686 2454816 586122 “ 634205
34500 1096736 2444507 576668 626733
44000 1064840 2434154 576243 624268
44500 1034997 2414776 564859 614818
54000 1014207 2404386 568523 614389
58500 984471 2384993 566240 £€0s983
64000 954787 2374604 564012 60e¢504
64500 934157 2364218 556838 €0e253
74000 904580 2344833 554715 59,928
74500 884056 233442 554639 594628
84000 854586 2324032 556605 594353
86500 834168 2304588 556605 594098
9+000 804804 2294089 554632 584861
94500 784493 2278511 554680 56639
104000 760236 2254825 554742 580429
104500 744031 2234998 554809 584226
114000 714880 2214993 554878 586035
114500 694782 - 2194769 558944 574847
124000 676737 2174278 568004 574665
124500 654746 2144473 564058 57488
134000 634807 2114297 56107 574319
134500 616922 207693 564157 574160
" 144000 £04090 2034598 564215 574018
144500 584311 1984945 569293 £649500
154000 564586 193,662 564406 564814
154500 544913 1874673 568574 560773
164000 534294 1804900 564821 568791
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TABLE XVI

Test Data
Test 72764 1.025 ‘inches I.D. Tube
Counterflow coolant Coolant rate = 5.61 lbm/sec.

Condensing length = 17.2 ft.

i

L TC To P PO
DIST TCOOL TOUTWALL PSTAT PSTAG
(FEET) (DEGF) (DEGF) (PSIA) (PSIA)
0es000 1204000 234,000 404290 452120
O0el25 1194276 2338435 40289 = 454087
0e250 1184561 2324885 4Qe276 54051
0e375 1174855 2344349 406251 454010
0e500 1174157 2314827 40sll% L4a966
le000 1144446 229871 396972 LbeT54
14500 1114862 2284111 394607 “4e488
24000 1094396 2264527 3%9e155 444180
29500 107044 2254097 388645 “3e837
34000 1044798 2234801 38el15 H3e464
34500 1024651 2224618 374577 4340068
4000 1004598 2214527 374054 “20656
44500 984632 220507 36560 420233
54000 966745 2194538 364107 41803
54500 944932 2184597 354703 416373
6¢000 934187 217665 354353 400945
6500 914502 2164721 354059 406525
74000 89871 2154743 344823 4Qell5
74500 884287 2144711 340643 294719
84000 866745 2134604 344515 394339
84500 858237 . 2124401 344435 384977
94000 834756 2114081 340397 286636
9500 829298 209623 344396 380317
104000 204854 2084007 344423 284020
104500 79+418 2064211 340474 376747
11000 774984 2044215 344537 376497
114500 764545 2014997 344611 374270
12.000 750095 199,537 344689 274066
124500 736627 196.814 344767 368863
134000 724135 1934807 344841 366720
134500 70612 1904495 344912 366575
144000 69¢051 1864858 344979 3604645
144500 670446 182.874 354046 360329
154000 654791 1784522 * 350119 366222
154500 644079 1734782 35207 364121
164000 €24303 1684633 356323 366022
164500 60e457 1634053 354482 354920

174000 584534 1574023 354704 35814



Test 82764

Counterflow coolant

TABLE XVII

Test Data

1.025 inches I.D. Tube
Coolant rate
Condensing length = 17.0 ft.

6.94 1b /sec.
m

L T T P P
C o - o]

DIST TCOOL TOUTWALL PSTAT PSTAG
(FEET) (DEGF) (DEGF) {PSIA) {PSIA)
06000 524500 2154000 408350 464027
0el25 524896 2144932 404301 464025
06250 534292 2144867 408247 464023
08375 534688 2144804 406187 464020
Cs500 544083 21lb4e 744 404123 464017
14000 554667 2144526 394825 454896
1500 576250 2144336 394484 454638
24000 584833 2144166 398119 454290
24500 606417 2144006 384749 444879
34000 624000 2134847 384389 Lbegl2b
36500 634583 2134679 384051 434945
44000 654167 213493 374743 434458
44500 664750 2134280 37472 424975
54000 684333 2134031 376242 424506
54500 698917 2124735 378056 . 424061
64000 714500 2124384 368912 41e646
64500 734083 2114969 368811 L1le264
74000 T4 4667 2114479 368750 406917
74500 764250 2104906 368724 £0e608
88000 774833 2106241 368730 408336
84500 79417 2096473 364763 408099
94000 814000 2084595 368816 394895
54500 828583 2074595 368885 39721
104000 844167 2064466 364964 394572
104500 854750 2054198 374048 394446
114000 874333 203.781 278133 294338
11500 884917 2024205 374215 394243
124000 904500 2006463 378292 394158
124500 $24083 1986544 378364 394079
134000 934667 1964439 374430 394003
134500 954250 1944139 376493 384928
144000 964833 191.634 374558 388853
144500 98 417 1884915 374632 38e778
154000 1004000 1854973 378724 380703
154500 1014583 1824798 374846 388633
164000 1034167 1798382 384015 384571
164500 1044750 175714 384248 386525
174000 1064333 1714785 388568 384503
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APPENDIX I

DETERMINATION OF THE LOCAL INTERFACIAL

AND WALL SHEAR STRESS

In order to obtain useful analytical solutions to the system of
differential equations of change developed in Appendigés B through E, and
summarized in Table II, page 20, it is necessary to introduce heat tfans—
fer and flow friction data which correspond closely to the physical con-
ditions which would be eﬁcountered in the condenser tube. A discussion
and analysis of the input‘heat transfer data and correlation is given in
Appendix J of this paper. In this appendix, a discussion and analysis of
the correlation of flow friction data for a condenser tube is undertaken.

For the flow of fluids in tubes or channels, it has been customary
practice to correlate the wall shear stresses generated in the system by
meané of the Fanning friction factor function. The friction factor is a
dimensioniess quantity which usually relates the average wall shear
stress or overall pressure loss encountered in the tube to the velocity
préssure of the fluid flowing in the tube; thus f = 21/oV2. In calcula-
.ting the velocity pressure the cross sectional average velocity of the
fluid is used.

Work has been done by a number of investigators on the problem of
flow friction determination and the prediction of pressure loss in two-
phase flow; Most of the experimental data repofted in the literature has

been for two-phase mixtures such as air and water and other gas-liquid
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systems with no interphase mass transfer. Correlation parameters commonly
vused are friction factors with liquid and vapor Reynolds numbers using
velocities calculated by use of the total tube cross section for both the
liquid and the vapor calculated independently. Per unit area mass flow
rates calculated in this fashion are obviously fictitious; consequently,
Reynolds numbers calculated from such quantities are commonly referred to
as fictitious or superficial. Dukler,et al. (14) derive a two-

phase Reynolds number from similarity considerations. However, they then
define a local friction factor which considerS'onlyvthé local pressure
~gradient in a system where the velocity.aﬁd,therefore,the momentum of both
vapor and liquid may be changing. In condensing annular flow, the trans-
fer of méss from vapor to liquid involves a sharp local change of momentum.
~ This momentum change has been considered in the derivation of both equa-
tions (2C) and (11C), which give explicit expressions for the interfacial
vapor shear stress T, and the wall shear étress T respgctively.

In a high velocity condensing system, several factors enter into the
picture which make it clear that those methods of correlation which have
so far been reported in the literature cannot give satisfactory results
for eithér the correlation.or prediction of pressure losses in such a
system. Some important differences between'the adiabatic two-phase multi-
component system and the high velocity single componeqt condensing system
are listed below:

1. The momentum change of the condénsing vapor plays a Significapt‘

role in both equation (2C), the vapor momentum equation,and in

equation (11C), the combined liquid-vapor momentum equation. Thus,
this momentum force enters into the determination of both the ipter—

facial shear stress Tv and the wall shear stress Tt The momentum
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force resulting from the change of phase is not ordinarily present
in adiabatic, two-phase, two-component flow.

2. In high velocity condénéing flow, the vapor velocity and the
static pressure may both rise and fall along the condensing length
(see Figs. 11 through 18). The local derivatives of these flow
properties may therefore be both positive and negative at different
axial locations. It is not surprising then that considerable
variation of both the interfacial and wall shear stfess may occur
over the length of a single condenser tube. For this reason, the
use of overall average axial fléw properties‘and overall pressure
drop in correlating the average shear stress or the average friction
factor for a condensing system must lead to incoﬁclusive results for
correlations based on such quantities.

3. In condensing two—phase flow, it has been observed that under
certain conditions it is possible to have boundary layer flow sepa-
ration occur on the condensing surface with a resulting local up-
Stream or reverse flow of the liquid at the tube wall. This condi-
tion will exist when rapid deceleration of the vapor results in a
local momentum induced pressure rise in the axial flow direction
(see Figs. 17 and 18).‘ Since no significant pfessure gradient ex-
ists in the radial direction, a corresponding pressure rise in the
annular liquid layer must occur at the same axial location. The
rate of liquid velocity deceleration necessary to support the same
pressure rise that occurs in the vapor core sometimes results in é
reverse flow in the‘liquid layer close to the tube wall. The net

or avexjage liquid velocity remains positive since the liquid carried

forward by the interfacial liquid waves and any entrained liquid
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fraction in the vapor core dominates the total liquid flow. A local

reverse liquid flow at the tube wall results in a reverse wall shear

stress T and a corresponding negative ﬁall friction factor fw at
that axial location. Such a condition will not ordinarily be en-
countered in adiabatic two-phase, two-component flow except possibly
with veftical upflow at low gas velocities. It is obvious that the
cofrelation of negative,local wall friction faétors would be diffi-
cult by any method of correlation. It should be noted that the
local interfacial shear stress quantity T, apparently does not en-
counter such a sign reversal during the condensation process.

In the mathematical development given in Appendix C, equation (2C)
gives the interfacial shear stress T, @s an explicit fﬁnction of the sev-
eral vapor flow variables and their derivatives. This result is possible
because of the se&eral simplifications of the physical system which have
been made in constructing the mathematical model disscused earlier on
page 10. Rather than a smooth conicai interface the actual physical in-
terface consists of an interfacial region that extends from the bottom of
the wave troughs to the wave crest. It is possible that the interfacial
shear stfess at the wave trough is less than that at the wave crest; how-
ever, no attempt has been made in this investigation to compare the rela-
tive magnitude of these quantities - either experimentally or analytically.
The value of T, which has been calculated from experimental data by use of
equation (2C) muét therefore be a time average quantity at each particu-

lar axial location.
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Two-Phase Friction Factors

It is possible to define two-phase friction factors in several

different forms; for example, the following friction factors:

= 2
wa - 2Tw/pLVL D
= 2
fw - 2Tw/pvvv (21)
= _ 2
£, = QTV/pV(VV VL) (31)

Since usually VL <<Vv, it is convenient to simplify equation (3I) to

the form

= 2
fV 2Tv/pVVV (1)

Other definitions for two-phase friction factors have been employed;
for example, sometimes the liquid and vapor velocities used are purely
fictitious quantities calculated without regard to the actual vapor or
liquid cross section area of flow. Equatioms (2I) and (4I), have been
used in this investigation for all work involving the use of friction
factors.

Because of the physical nature of the condensing system, a small
variation in the input of local flow friction data has a cumulative
and magnified effect on the downstream values of stream pressure and
vapor velocity. Figs. 11l through 14 have been included in order to
demonstrate the marked effect which a small divergence in input value
-of either friction factor has on the analytical solution of the system

of differential equatiomns.
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Figs. 17 through 19 compare the computer determined solutions of the
four independent diffevential equations (1), (2), (4), and (6) of Table
II, page 20, with data calculated from experiﬁental measurements. For
these analytical solutions the friction factor data for fV was arbitrarily
controlled (programmed) so that the Qapor velocity determined from the
solution of the four equations agreed closely with the vapor velocity
calculated from experimental measurements. This procedure was necessary
since empirical correlations of sufficient precision for the local inter-
facial vapor friction factor fv do nbt exist, Thus, in effect, the
system of four independent equations was used to analytically determine
the local values of the four dependent variables, P, VL’ Wv’ and fv'

The method of stepwise, numerical solution of the fourvdifferential equa-
tions was -straightforward except for the necessary arbitrary input of |
the values of fv. The analyticélly determined values 6f the abo?e vari-
ables show fairly good agreement with the experimental values (see Figs.
17, 18, and 19). The agreement between fhe analytical and experimental
data is in fact quite gratifying,considering the rigor of the test con-
ditions chosen for analytical examination. For example, for the experi-
mental case analyzed, the test data (see Figs. 17 and 18) show that the
vapor acceleratés sharply to slightly supersénic velo;ity, then deceler-
ates rapidly to the low liquid velocity at exit. This is accompanied at
first by a sharp fall in static pressure,followed by a pressure rise to
the exit pressure.

The analytical solutions described above.demonstrate that an analyfi—
cal solutioh of the system of the four equations used will agree well with
the experimental data if the input frictiop factor data for fv can be

determined with sufficient accuracy from an empirical correlation. To
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date no such correlation appears to be available. .HoweVer, the favorable
results obtained certainly.démonstrate the general validity of the mathe-
matical model which has been proposed and»the>equations which have been
developed therefrom. This is not to imply that & more precise model and
accompanying aﬁalysisfcannot be found. Indeed, it is expected that even-
“tually one must'consider'the presence of entrained liquid droplets in the
vapor as well as the mechénics of the interfacial wave activity before a
completely satisfactory aﬁalytical solution to the problem of higﬁ speed
vapor,gondensation can be,found;

Cénsiderable effort was expended in attempts to find empirical corre-
‘lations for the two‘locﬁl friction factors fvband fw in terms of the local
flow properties. of vapbr and liquid. Such correlation methods as those
uséd by Chien and Ibele‘(B), Kegel (iA), Bergelin, et al. (2) were tried
without much success.

An explicit expression for the interfacial friction factor has been

given in Appendix H as. follows: ‘
1 . '
-1 [w. T3V -v, aw. av 1 df
v v i v v :

£ = » + o— = (118)
v Vv ﬂpVVV Wv dL dL pVVv dL '
and, similarly, for the wall friction factor:
£ = =~ L + W Ezz-+ v -V.) Eﬂ3’+ A & (128)
w prVé L dL v dL v L’ dL dL

It is possible to split each of the two friction factor quantities as

follows: v
= = 51
) £, = E +t E t £y = Fgpy (51)

and

fw = fwe.+ fwa + fwB + fw¢ = fwea6¢ , - (8I)

where the four subscripts 6, u;'B, and ¢ relate to the term that includes
one of the respective four derivatives de[dL, dVL/dL;vdVv/dL, and dp/dL.

Using only the last two of the terms from equation (11H) results in the
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partial friction factor

o Lo
-1 [ W % lav 1 dp
v V-

£ = o |- + 5TV I (71)
vy

vRé VV ﬂpVVv dL

This fraction of the interfacial vapor'friction factor has been plotted

in Pigs. 41 and 42. These figures also show the local variation of the

component fractions of the_friction factor over the condensing length.
A similar treatment of thé‘wall friction factor fW as expressed by

equation (12H) leads to the partial’friétion factor

2 [ oav, av,  ap
f 3 e W, ——+ W —t A — (81)
OB app vz | Tan VoaL dL |

Values of the partial wall friction factor are plotted in Figs. 43 and
44, Note that in equation (8I) the derivative dVL/dL relates to the
partial friction factor fwa which usually plays a minor role in the com-

posite quantity fw = It is observed that the condensation rate

fwa6¢e' ‘
derivative dWV/dL appears in each of the explicit shear stress equations
(2C) and (11C), as well as the resulting friction factor‘equatiohs (11H)
and (12H). Examiﬁation of tﬁe magnitude of the partial frictioﬁ factor
quantities plotted iﬁ Figs. 41 and 44 indicates thaf the partial friction

factors fv and fwe, which are direct functions of the rate derivative

6
dWV/dL, make significant contributions to the respective total friction
factors fv and fw.’ It should be noted here that the rate derivative
de/dL is mainly a function of the local radial heat transfer rate. The
local heat transfer rate, in turn, is usually affected by external factors
, such as the temperature of the cooling fluid and the external heat trans-
fer resistance as well as the internal heat transfer resistance of the

condensing system. It seems appabent, therefore, that a successful em-

pirical correlation of the loecal friction factors fV and fW must include
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the local heat transfer rate or the local condensation rate as one
independent variable in such a correlation.

Figs. 41 through 44 have been presented in order to demonstrate the
relative magnitude of the several local momentum and pressure forces act-
ing on the two-phase condensing system. They show, for example, that a
rapid deceleration of the vapor can result in a boundary layer separation
in the anﬁular liquid layer at the wall, Whatever radial distribution of
the axial velocity occurs in the two-phase systeﬁ, will obviously be
a result of the interaction of these several forces. The velocity gradi-
ent in the‘iiquid at the wall will, of course, determine the wall shear
stress, which evidently may act locally either in opposition to or in the
axial direction of flow. It should be understood that there was no inten-
tion to suggest the possibility of individual empirical correlation of
the partial friction factors presented herein.

The introduction of the idea of partial friction factors was intend-
ed to emphasize the complexity of the problem of determination of the
value of the local friction factor of local shear stress in high speed
condensing flow. The interaction of variable heat transfer rates with
increasing and/or decreasing velocities and pressures presents the pic-
ture of a problem whose complete solution will be difficult. The re-
marks of McManus in his discussion at the end of reference (8) are of
interest. McManus points out the inadequacy of the current correlations
of friction factors for two-component, two-phase flow over wide ranges
of fluid variables and tgbe diameters. The situation with regard to
the correlation of friction factors for high velocity condensing vapors
is in a worse state. Evidently there has been no‘empirical correlation

available that can be used with confidence to predict the local friction
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factors in high velocity condensing flow.

Local Wall Shear Stress Determination by

Velocity Distribution Analysis

The anzlysis of the velocity distribution in the annular liquid
layer appears to be a more enlightening and rewarding approach to an
adequate understanding of the mechanics of two-phase flow than the more
empirical friction factor correlations attempted heretofore. It is
possible, for example, to express the mass flow rate of liquid in the
liquid annulus in terms of the radial distribution of the time average
axial velocity of the liquid. If a satisfactory approximation of this
velocity distribution can be established, inclﬁding that in the laminar
sublayer, then it is possible to calculate the local wall shear stress
indirectly from the distribution‘function. In the following paragraphs
a relationship between the mass flow rate of condensed liquid. WL’ and
the wall shear stress Tw’ is derived for two different universal veloc-
ity distribution functions.

The 1liquid flow rate in a layer of differential thickness may be

expressed by the relation

dWL = pLVLdAL (91)

where V, = VL(y). The differential cross section area dA; is given by

the equation

dA, = D - 2y)dy (101)

Substituting equation (10I) into (9I) and dividing by the circumference

leads to

1
aw. = pKVL(i

. - Wyay (111)

D
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Liquid
dA

D (Tube I.D.)

Liquid Layef
Thickness = §

Cross Section_Sketch of Model

By integrating equation (11I) implicitly over the liquid layer thickness
§, the following function is obtained

y=6
1

W. =

L = P, YL(y) (1 - %X)dy (121)

y=0 ,
\
where WL represents the total mass flow rate of liquid per unit periphe-

ry. At this point the dimensionless quantity y+, sometimes called the

friction Reynolds number, is introduced and defined by

yVv
gyt = LI (131)
\’L .

&
+

where V;W has the units of velocity, e.g., feet per second, and has been

called the wall friction velocity, defined by

o

VLw = VTw/pL - (1w

where the  term T is . the local wall shear stress. The quantity y+

is a linear function of the normal wall distance y and thus when y = §,
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equation (13I) becomes

§' = : (151)

Now also introducing the dimensionless velocity function

v_(y)
VA CA IR e (161)
v
Lw

and substituting from equations (13I), (15I), and (16I) into (12I) leads
to the very useful dimensionless equation

+_ o+
y_.

! _ +, + 26/D + +
Wo/up = VL(y ) |1 - ==y | d (171)

+ L 8 i

y =0
If the universal velocity distribution function VZ(y+) is known or can
be approximated over the liquid layer thickness then equation (17I) can

be integrated over the range 0 < y+ < 5? resulting in the relation
' +
WL/uL = £(§) (181)

Equation (18I) can sometimes be solved explicitly for 6+, thus cbtaining
the functional form

+ o !
8§, = Gu(WL/uL) : (191)

where the subscript u has been used to signify that the friction Reynolds
number GZ has been determined from a universal velocity distributiocn
function Vz(y+). The wall shear stress T can then be calculated
directly from the friction Reynolds number 6; if the thickness of the
liquid layer is known. The thickness of the annular liéuid layer for a
wide range of two-phase flow conditions is included in the calculated
experimental data of Tables IV through XVII. These data have been uti-

lized in the analyses of this section in calculating the local wall
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shear stress t__ .
wu
For the highly turbulent flow of a homogeneous fluid over a flat
surface or in a tube, von Karman, after the earlier work of Prandtl,
Nikuradse, and others, established the following universal velocity dis-

tribution functions:

VI = y+ for 0 < y+ <5
Vi =5.01ny - 3.05for 55y <30 (201)
VE =2.51ny" +5.5 for 30 <y g &

By introducing equation (20I) into equation (17I) and integrating, the
following three functions are obtained:
1. TFor the range 0 < §¥ <5

1]
G /up

S0 ® |3 we/B (211)

2. For 5 s & < 30

W /u.-12.5 = 67 |5 1n 6'-8.05426/D (2.775-2.5 1n 5+-10.2/a+2) (221)
L'L u u v u u

3. For 30 < 6+

W/ +64 = 6|2.5 1n sT+3 0-28/D (2.125 1n 6+-574.6/6+2) (231)
L'"L ul® u u u

Note that an explicit equation for 6: can not be obtained from
equations (22I) and (23I); however, a numerical value for 6: is easily
obtained from these equations by a simple iterative ﬁrocess.

Analytical values of 6; have been calculated by use of either equa-
tions (21I), or (22I), or (23I) — whichever equation applies to the

liquid flow rate in question — for the three condenser tube sizes (0.190,
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0.550, and 1.025 inches I.D.) for which data were available. The

experimental data include the local liquid flow rate W., as well as cal-

L
culated values of the liquid layer thickness §6, at each axial position
over the condensing length. This information is necessary for each
solution of equations (21I), (22I), and (23I), and for the evaluation of
the local wall shear stress L. from the value of 6: found from each
solution. Note that TWu = pL

lated have been compared with values of 6; and Tom® 28 calculated from

+ 2 +
(GuvL/6) . Values of 6u and Ty S° calcu

the combined momentum equation, equation (11C), for the same experi-

mental test conditions, for all three tube sizes, and by the equation
+ .
Gm = (S/VL) erm/pL (241I)

Fig. 46 is a plot of the ratio Twﬁ/Twu versus the total liquid fraction
(1 - ) present. For the very thin laminar liquid layer near the start
of condensation (8 1) it is seen that the upper curve of Fig. 46, which
is derived from equations (20I), approaches unity, i.e., T Tig:  WheD
the condenser tube begins to f£ill with liquid at the other end (8 = 0),
agéin T T

The condition rwm/rwu+1 might be expected to exist at the beginning
and the end of condensation since the von Karman equations (20I) have
been shown to hold fof the full pipe flow of a single homogeneous fluid,
as well as for a thin laminar sublayer such as the thin liquid film
which occurs at‘the start of condensation. The trend of T S at the
two end states is considered to be a partial confirmation of the validity
of both the experimental data and the analytical methods which have been

used to calculate the wall shear stress Ty by the two entirely indepen-

dent means.
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Further examination of the upper curve of Fig. 46 shows that the
ratio Twm/Twu has a value of from 100 to 1000 over the major portion of
the condensing length. It was discovered dufing this investigation that
the wide divergence between the two values of Tm and T over the
middle range of the condenser tube could be reduced by approximately a
factor of 100, by adopting in place of thevvon Karman functions a much
flatter universal velocity distribution function with a smaller range of
the laminar sublayer. Fig. 45 is a comparative sketch of the two
different universal velocity distribution functions which have been used

+

for calculéting T and Gu. The flat velocity distribution is repre-

sented by the following functions:

vz =yt for 0¢y <1
(25I)
v{ =1 for 1<y <o

Introducing equations (25I) into equation (17I) and integrating yields

the following two functions:

6+

1. For the raﬁge 0= <1
t
st = e’ | (261)
u 3 - 4(3/D)

which is the same as equation (21I).

2. For 1 < st

! _ ot 1 18/D 1
WL/pL = (Su(l ~ 6/D) + -'3-' 5'*' > (27I‘)
u

+ ey =
Equation. (27I) can be solved explicitly for Su, but it is more conven-
ient to leave it in the above form and to obtain analytical data by a
simple iterative program.

Analytical values of 6Z and T Were calculated by use of equations
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(26I) and (271) for the same test conditions used with the von Karman
based functions (21I), (22I), and (23I). Examination of these data,
plotted as befqre on Fig. 46, shows plainly fhat the flat velocity dis-
tribution function represented by equations (25I) gives analytical
values of the wall shear stress. Tﬁu very much closer to the experi-
mental data represented by fwm' than do -the von Karman functions.

Fig. 47 has been plotted to show the relationship between the
analytically derived friction Reynolds number 6: and the experimentally
based quantity 6;. The objective, of course, is to find a universal
velocity distribution function which will give perfect agreement between
the analytical and experimental quantities. By examination of Fig. 47
it is seen that the flat velocity distribution funcfions (equations
(25I)) come much closer to.giving this agreement than the von Karman
distribution functions (equations (20I)). It should be observed again,
for Fig. 47 as it was for Fig. 46, that the von Karman based curve tends
toward perfect agreement at the curve ends, which correspond virtually
to the beginning and end of condensation respectively.

One further important observation which may be found by examination
of Fig. 46, is that the flat distribution functions (eéuations (251))
vpredict local wall shear stresses much too high near the end of conden-
sation. This condition must be expected since the laminar sublayer
thickness of y+ i 1 used in this velocity distribution is much too small
for the full pipe'flow of the liquid which occurs at fhis point. On the
other hand, it is seen that at the start of condensation the trend is to;
ward perfect agreement for the same curve at this point. Since the von
Karman distribution and the flat distribution both incorporate the same

+

function for the region 0 < &8 < 1, both must predict the same shear
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stress in this region. It shouild be noted that it is very difficult to
obtain experimental data in this region, so that it is necessary to rely
on the extrapolation of the two curves toward the point of zero liquid

fraction to demonstrate the convergence of the curves at this point.

A Universal Correlation for Local Wall Shear Stress

By using the ratio between the mass average velocity VL in the
%

annular liquid layer and the wall friction velocity V;w it is possible

to define a non-dimensional velocity parameter for the liquid layer,

thus

_+ — % —

Vi, = VL= VL//Ewm_m‘; . (281)
Equation (28I) can also be written in the form

. _fz -,
1/VL = 'rwm/pLVL (291)
+2

thus it is seen that VL is essentially an inverse friction factor

function based on the mean liquid velocity. Note that the experimenta-
1ly derived quantity Tom has been used in the definition of VZ} For
thé purpose of empirical correlation of the wall shear stress Tom the
friction Reynolds number ‘6: at y = § (liquid-vapor interface) was
chosen as the second parameter. TFor this comparison the quantity 6:, as
derived from the flat functions of equations.(261) and (27I), is plotted

+
in Fig. 48 against V.. Data for three different tube sizes and a

L
density variation range of about five to one are included. The vapor
core Reynolds numbers include values from about 10* to 6 x 10°.
Because of the considerable scatter of points found in Fig. 48 a

third correlation parameter was needed to 'make the correlation useful.

Such variables as vapor Reynolds number and the liquid layer thickness
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to diameter ratio &8/D were tried with no success. In addition the
interfacial friction Reynolds number was also tried as a possible
correlation parameter. The interfacial friction Reynolds number, of

course, incorporates the interfacial shear stress. T, and is defined by

§vt_/p
s v L (301)
v L ;

st
1

The interfacial shear stress T, is a fundamental term in the
third correlation parameter used by Dukler (12) in his analysis of this
problem. Neither the interfacial friction Reynolds number nor the
Dukler parameter gave a fully satisfactory correlation of the wall shear
stress. The parameter which is apparently necessary to bring order to
the correlation is the ratio KP.‘ This Quantity approximates the square

root of the ratio of vapor tc liquid dynamic pressures, thus

o T
K2 (311)
PLVL

Values of the parameter Kp are given alongside each data point on Fig.
48, By the technique of alternating the parameters KP and 6: and cross
plotfing back and forth it was possible to establish a whole family of
curves fof the parameter Kp froﬁ the data of Fig. 48 . Fig. 49,which Is
the result of this work, shows lines of constant KP. The data points
for the path of a typical condensing test are also shown on Fig. ug.
The test points given cover about 93 percent of the condensing length
for the pérticular test.

In order to make use of Fig. 49 to predict the local wall shear
stress it is necessary to know the local liquid flow réte as well as
both the local liquid and vapor average ve}ocities and densities. 6:

can then be evaluated from equation (26I) or (27I). KP is then



= * = — | :

+

|00_ ¥ - LR ERERRES i 1 L LR B 1 T 1R ELELE B I T T 17T 17111} 1 L llllli

B = . CURVE OF NON DlMENSlOttAL MEAN
[ o o —TYPICAL| PATH OF CONDENSATION ¥E%%"‘TY %TAT,ES PR T Vo KARMAN

ie . .
P~ ——
T ANALYTICAL VALUES FOR Su CALCULATED 3
" BY USE OF THE FLAT VELOCITY . .
- DISTRIBUTION FUNCTIONS OF Kp=9S . 3
- EQUATION (25 ) 94/.1.1009
-~ ) 51 Kp=|0 n& -
i Rw —
Kp = |——r o
10 AV, — _[Kp=20 °
- : = — o
L . ’ O
- / ] Lo
i — ‘i%Kw kp=50
! T T I | +
V=72 V=2 8 FOR 0<8 I
0.l L4114 [ N 1t 1 3 1111 [N N IR R A I R
ol 10 10 102 10°® 1ot

+
8,= (8/v )V Ty, / P -ANALYTICAL FRICTION REYNOLDS NUMBER

+
Figure 49. An Empirical Correlation of VL as a Function of 8: and Kp for Condensing Flow

(Interpolated From the Data of Figure u48)

97



162

+
calculated from equation (31I). The value of VL can then be found from

Fig. 49, and the shear stress Twﬁ finally calculated by the following
equation, . |
-] _+2
Tom - pLVL/VL (321)
which is a form of equation (28I), rewritten to be explicit in L

The method of determing Tum described above can be used only with
the typé of stepwise solution where the condensation process is followed
analytically or empirically from the start to the end of condensation.
In such a process the necessary local flow properties are determined at
each axial location. This permits the evaluation of Tom at each point
from Fig. 49 of its equivalent mathematical representation.

The third parameter KP, which was found necessary to give a
successful correlation of the experimentally determined wall shear
stress, includes the quantity pV73 which, at moderate velocities, is
approximately twice the dynamic pressure of the vapor. Examination of
the curves of Fig. 49 indicates that the dynamic pressure of the vapor
plays a major role in determining the wall shear stress in condénsing
fiow. The functional relationship between the wall shear stress Tm
~and the‘dynamic vapor pressure is approximately linear, except at very
low vapor velocities where other forces may contribute more signifi-
cantly to the determination of Tom'

The strong role of the dynamic vapor pressure in the correlation
of Fig. 49 suggests the possibility of using the vapor friction factor -
£, = 2?W)p;73 in conjunctioﬁ with one of the several non-dimensional
liquid layer variables as a basis for correlation. For example, a form

of correlation similar to that of Bergelin, et al. (2), but using the

actual rather than the apparent vapor velocity.in the vapor Reynolds
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number, with the friction Reynolds number for the liquid layer as a
third parameter, might be successful.

No empirical friction correlation pfesented to date has included a
parameter which takes into account the effect of the momentum forces
resulting from local accelerations or decelerations of the vapor or
liquid or frem the condensation process itself. The several terms of
equation (11C) demonstrate that the above mentioned forces enter signi-
ficantly into the determination of the wall shear stress Ty and should
not be neglected. In addition such factors as wave heights, lengths, and
velocities,as well as liquid entrainment in the vapor core, all add
complexities to the actual physical model of annular two-phase flow.
Considerable experimental information about interfacial wave activity is
already available,and experimentai studies of the liquid entrainment in
the vapor core have been made. Eventually this information must be in-
corporated into a coherent analytical treatment of the model of wavy

annular-mist flow with condensation.
Turbulence Intensity in the Liquid Layef

It may be observed from Fig. 48 that the majority of the experi-

+ S+
mental values of VL fall in the range of 0.4 g VL < 2, If, according to
equations (25I), VE v 1 for 1 g y+ < &7 then from equation (16I)
P
VL(y) vVoe VL . (331)

over the major portion of the condensing length.
In the region outside the laminar sub-layer the fluid shear stress

Tyx may be represented by the equation

T du v utv' (341)

yw o "Ly T T fL
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Note that for convenienceAthe notation used by Schlichting (32) has been
adopted temporarily, where u' and v' represent the turbulent or fluctu-
ating components of the velocities u and v in the x and y directions
respectively. In the turbulent region the Reynolds or turbulent
stresses usually far outweigh the viscous components and therefore equa-

tion (34I) may be simplified to

Tyx = - pLu'V' (35I)

If the flat distribution functions of equation (25I) are approxi-

mately correct for annular condensing flow, then

T n T = - u'v! ' (361)

W< Oyx °L

Equation (36I) may now be substituted into the expression for the wall

friction velocity, equation (14I), which leads to

vV [T (371)

Lw

Now combining equations (16I), (33I) and (37I) results in the interest-

ing relation

A |
v Ly L 41 (381)

L % :
Viw v ekl

The level of intensity of turbulence IT in a homogeneous isotropic

fluid is sometimes defined by the quantity

‘/%- (u'? + v'? + w'?) ~

oc

where U_ is the main stream or free velocity of the fluid. If in the
annular liquid condensate layer the fluctuating velocity components u',

v! and w' are of the same order of magnitude, then the equivalent equation
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for turbulence intensity in the liquid layer is

—r———

u12

I, %

T ° (401)

<

» L
Now c§mparingvéQuations (38I) and (40I), it may be concluded that the
'intensity of tufbulenée across the ahhular liquid layer is often of the
order unity énd greafef; exﬁept, of course, in the vefy thin laminar
| : X i over tﬁe major portion of the con-

T

deﬁsing length. This means that fhe‘fluctuating velocity components are

sublayer. Thus in most cases I

-of the same order of magnitude as the mass average axial liquid velocity.
For the flow of isotropic fluids in wind tunmnels, the background
turbﬁlence inténsity is often of the order of 1 to 3 percent. For the

flow of a homogeneous fluid in the vicinity of a smooth,flat surface,

a magnitude of I, = vV u'2/u ¥ 10 percent is usually observed. By

T
comparisog with such'systems it ié obvious that a wavy condensing liquid
layer deVeiops;ah unusually intensévleVel of turbulence from near the
tube wall to the liqﬁid?Vépor7intérface. It is interesting to note that
turbuléncé:intensities of thelbrdér of unity have alsd been measured at
the edge of a free jet involving a single homogeneous fluid. It should
‘be understood that the analysis givén inthis section is strictly an

order of magnitude'stﬁdy of the turbulence intensity in a wavy, somewhat
inhomogeneous, non-isotropic liquid layef.

No evidence has been presented in this paper which would indicate
the level of»intensity of turbulence in the vapor core. The experimental
data préseﬁted by Kegel (2u) aﬁdehien and Ibele (8) exhibit very
high wall friction factors when plotted against the gas Reynolds number.

The values given are equivalent to the flow of a homogeneous fluid in a
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ery”rougb pipe. In-this Connecfion, Schlichting (32) has cited an
- éxampie_§f the_e#tremély high.roughﬁess equivalence of relatively small
annularrib—iikecbrrugétions’in‘pipevflow. |

| The“bédial travepsenmasuremenh;offhe axial dynamicvpreésure of
fhigh velbcity Vapor surrounded by an annular liquid layer, given in Fig.
. 37, show Vefy 1ittle vaPiatioﬁ of the dynamic vapor pressure across the
: ,vapof coré;; Thiéfresult in&idateé a nearly constant vapor Qelocity
aéroés tﬁé;éore‘diameter +¥virtually up to the wavy liquid vapor inter-
'wfaceﬁ _The'above information indirect;y.indicates that the level of
furbulénce‘in‘thé-vapgr.cobe iéivery high, but‘no numerical figure can
.béigi§en; Data on the turbulence intensity invthe vapor core would be a
useful éddifion to the available information on the mechanics of two-

 phase fléw.



APPENDIX J

CORRELATION OF LOCAL HEAT TRANSFER SURFACE COEFFICIENTS

IN HIGH VELOCITY CONDENSING TWO-PHASE FLOW

Depending on the external resistance to heat transfer froﬁ the
condenser tube, the internal or condensing layer resistance plays a
lesser or greater r@le in determining the flow characteristics in the
tube during condensation. Fof the case of low external resistance to
‘heat transfer, it is necessary to determine the internal local surface
coefficient accurately. |

Very little experimental data on localrheat transfer coefficients
for high velocity condensing flow have been found in the literature.
Several investigators have proposed methods for correlating surface heat
transfer coefficients in two-phase condensing flow.

Powell (30) proposed a method to predict average coefficients of
heat transfer in two-phase flow with condensation on the basis of a
weighting or equivalent flow proceduré..

Carpenter (6) suggested a method whereby the local liquid Nusselt
number is given as a function of the liquid Prandtl number and the
liquid "friction Reynolds number" where the inside tube diameter is the
length dimension required. Carpenter's correlation; when applied to the
conditions of high velocity vapor developed in this investigation, pre-
dicted surface coefficients about 70 percent lower than the experimenta-

1lly determined values.

167
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In a lengthy analysis of the turbulent condensate film, Kutateladse
(25) developed an expression for the local surface coefficient for the
condensation of a high velocity vapor in a pipe. This expression is

approximated by the following equation:

0.

N, & 0,125 ppOc* (ReL)'O‘1 (1J)

where,in terms of the current nomenclature,

N = - (27)
X C Vii
PrLini
e
pr, = 2L (33)
L™k
L
and .
-
Re, ¥V 8/v, (4J3)

Kutateladse did not use this expression to compare analytical and experi-
mental values of the local heat transfer coefficient. He did, however,
use équation (1J) to obtain an expression for the average coefficient
over the condensing length. Experimental values of the average surface
coefficient for condensing steém were found to average about 25 percent
higher that those determined from the resulting semi-analytical expres-
sion.

In an earlier investigation (18) the author used the well-known
technique of dimensional analysis to arrive at the following empirical
equation for the local coefficient of heat transfer for the condensation

of high velocity steam:
h.At '
i _ -8/9 3/8 1/6 13/9
-——_—-fEaeV (ep)*/® (v vt o6y (51)

where
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! DpvVv
Re = — (6J)
v M,
and
§p. .V
Re, = —= L (79)
L My

Fig. 50 shows experimental data for high velocity steam condensing in
0.190 and 0.550 inch I.D. tubes. In Fig. 50 the left side of equa-
tion (5J) is the ordinate and the wright side 1is the abscissa. It
is seen that the functional relationship between the two terms is not a
simple power function. Obviocusly this correlation applies specifically

0 vapor and may be unsatisfactory for other vapors. The

N

to condensing H2
necessary data on the local heat transfer and local flow characteristics
of other vapors is apparently not available at the present time.

It is interesting to compare the role of each variable as found in

the equation (1J) of Kutateladse (25) and the authors equation (5J).

The Kutateladse equation may be written in the form

* -1/10 1/2 3/10 1.0 -1/10 1/2 -2/5 7/5
For equation (5J) the expanded form is
® ' 5/9 -1/14 1/9 3/8 5/18 5/24 8/9 -3/8
h,At ~ f(D,/ s, P, P Vo Vis u‘_” M, ) (9J)

It is observed that the two expréssions tend to agree on the role of
some terms, but disagree sharply on others. The positive role of the
vapor velocity in determing the heat transfer coefficient is confirmed
by both expressions. Both expressions indicate that the liquid layer
thickness & has a negligible effect on the surface coefficient.

Evidently the deep wave penetration into the liquid layer with resulting
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" high liquid layer tﬁrbulence overcomes any incfgése in resistance to
heat transfer due to increasing liquid layer thicknéss,

The details of the method of'defermining thé exponents of the
correlation, eipressed by equation (5J),.will be described briefly. 1In

order to derive the desired exponent values from the available volume of

experimental data,

_ a b c ' z ]
X0 = C (X11) (x12) (X13) vee (Xln)°
' - a b [od zZ
Xp0 = C (x21) (x22) (x23) ceo (in) (10J)‘j
o a b c z
X0 —C(gm) (gﬂ) (%ﬁ) veo (gm) |

the following equation set was established:

where m = n + 1 since there are n unknown exponents and also one unknown
constant. Eliminating the constant C from the m equatidns by dividing
~the first equation by the second, the first by the'third, and so on

leads to the following set of n equations:.

a b c Z

Yo _ %11 %12 K5 K
X00 Fo1 %90 o3 Xon | |
' . (110)
a b c A
%o %11 X1z %483 Kin
m0 Xmlv Xm2 Xm3 }an _

Taking the natural logarﬁthm of both sides of all equations résults in

-the following equation’set:_

. = -1
X X - X, X, . X
in A0 a in —11-+ b in _EE_+ ¢ 1n RS- + z :Ln-—}—Il :
%20 R %29 %03 : Xon
o (129)
X X X X : X
in —19-= ain —1—-+ b in —22-+ ¢ in A3 ase 4 7z 1in _in
X X X . X - X
m0 ml m2 m3 mn

In this system of équations, X quantities represent the experi-

mental data, The equatioh set (12J) consists of a set of simple linear
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algebraic equations with unknowns a, b, ¢, d, ..., z and with
coefficients determined from experimental data. Using a digital com-
puter program available at the Univeréity of Connecticut Computer Center,
in conjunction with a sub-program written to evaluate the natural loga-
rithms, it was possible to solve for the desired exponents on an I.B.M.
1620 computer,

As indicated previously, the results of this work are shown in Fig.
50. In addition, Figs. 51 and 52 have been plotted to show the wide
variation in local surface coefficients which ave encountered in high
velocity condensation of steam vapor. Since the data plotted in Figs.

51 and 52 were the source information used in obtaining the correlation
presented in this Appendix, it is not surprising that ?aiues'of the
local surface coefficient calculated by use of the empirical equation
(5J) give close agreement with the experimental data.

It should be noted that the necessary data to obtain a satisfactory
correlation for the local surface coefficient for condensing steam in-
clude: 1) The local mean thickness of the liquid layer (&§); 2) The
local mean liquid layer velocity (VL); 3) The local vapor velocity (VV);
and 4) fhe local surface to vapor temperature difference (At), plus the
local physical properties of the liquid aﬁd vapor. Experimental data on
the value of these local flow properties arve difficult to obtain. No
other investigators known to the author have made the necessary experi-
mental meésurements to permit determination of these local flow proper-
ties. However, such data will probably be necessary in order to obtain a
general correlation for local heat transfer surface coefficients for con-

densing vapors in high velocity two-phase flow.
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DATA

TEST 81452
TUBE 1.D. = 0.190 INCHES
TOTAL FLOW RATE = 40.8 LBy, /HR.
HEAT TRANSFER RATE= 2.25 BTU/ FT. SEC.
STAGNATION PRESSURE AT INLET= 34.4 PS.LA.
EMPIRICAL CORRELATION OF FIGURE 50
o o EXPERIMENTAL POINTS
A d | . | I ] \

0

| 2 3 . 4
LENGTH FROM START OF CONDENSATION, L, FT.

Figure 51. Variation of Local Heat Transfer Coefficient Over

Condensing Length-0,190 Inch I.D. Tube



174

L
°
o7
i'u: 20,000 I T T T T T T T T T
¢
~ |8, = -
>
-
@ 16, - -
xS
'_" |4’ - =
Z
L
o 12, - -
L
T8
& 10,000} -
O
o
o> T T
2]
% DATA
" & I st 7082 7
TUBE I.D. = 0.550 INCHES
- 4 | TOTAL FLOW RATE = 474 Lb,/HR. -
ﬁ ! HEAT TRANSFER RATE = {2 BTU./FT, SEC. :
I STAGNATION PRESSURE AT INLET = 44.9 PSIA 4
-<" & EMPIRICAL CORRELATION OF FIG. 50 .
8 o o EXPERIMENTAL POINTS
< 0 ] 1 1 1 I 1 1 1 1 I
0 l 2 3 4 5 6 7 8 9 10 |
LENGTH FROM START OF CONDENSATION, L, FT.
‘Figure 52. Variation of Local Heat Transfer Coefficient Over

Condensing Length-0.550 Inch I.D. Tube



APPENDIX K

NUMERICAL TECHNIQUE FOR THE COMPUTER SOLUTION OF THE SIMULTANEOUS NON-
LINEAR FIRST ORDER DIFFERENTIAL EQUATIONS OF CHANGE FOR HIGH SPEED,

TWO-PHASE FLOW WITH CONDENSATION IN SMALL STRAIGHT TUBES
Summary of Method of Solution

The one independent variable occurring in the system of equationms
given in Table II is the dimensionless distance X from the start of con-
densation in diameters (X = L/D). At the initial value of X all values
of the dependent variables (o, B, 8, ¢) must be known or calculated by
the methods given in Appendix G. The four unknowns which must be eval-
uated by the simultaneous solution of four algebraic equations are the
four derivatives do/dX, d8/dX, d6/dX, and d¢/dX. The required algebraic
equations are obtained by evaluat%ng the five coefficients of each of
four applicable equations selected from Table II. Both the combined con-
tinuity equation (equation (1)) and the combiﬁed energy equation (equa-
tion (4)) are used in every solution at all times. Either the vapor mo-
mentum equation (equation (2))vor the combined momentum equation (equa-
tion (3)) may be used, depending on the accuracy of the available infor-
mation about the wall shear stress or interfacial shear stress functionms.
The shear stress function may be represented in these equations in the
form of a friction factor or in terms of a boundary layer distribution
function if the latter representation turns out to be more dependable.

In addition either the velocity pressure equation for compressible flow
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(equation (6)) or the initial liquid boundary layer equation (equétion
(7)) must be used in this system of equations.

Following is an outline of the steps normally followed in obtaining
an analytical solution to these equations:

1. The flow conditions at the start of condensation must be

known or calculated. These include: (1) vapor velocity Vv;

(2) 1liquid velocity VL; (3) total steam rate W; (4) static

pressure P; (5) vapor density S (6) total quality 6 (usually

h_ : and (8) inside

8 ¥ 1 near start); (7) -enthalpies h_, hL’ £

tube diameter D. In addition the local heat transfer rate Q'
must be known as a function of the distance X. A complete dis-
cussion of the method used to calculate entrance conditions is
given in Appendix G.

2.. The numerical Valﬁes of all constants (e.gg A; €, N, O, etc.)1
must be calculated for the particular case under consideration.
3. Decide which four equations will be used and under what con-
ditions over the condensing length. These conditions have been
discussed above and also in Appendix F.

4, Calculate the first values of the coefficients of the four
equations chosen for the start of the.solution — see Appendix G.
These coefficients are put in a 4 x 5 matrix which is operated on
by a cénventional technique to solve for the four unknowns, i.e.,
the four derivatives dw/dX, dB/d%, d6/dX, and dé¢/dX. The numer-
ical values of the four dependent variables . a, B, 9, and ¢ and
their derivatives are nowfknown at a very small but finite value

of X in the condenser. New values of the variables,'a, B, B,

1See nomenclature for definition of these constants.
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and ¢ are now calculated at the position (X + AX) by applying

the derivatives over the small increment AX of the condenser

length and adding the resulting change of variable,e.g., AX to

the original value of X. All other properties have been ex-

pressed in terms of the four fundamental variables, e.g., vapor

density Py is represented as a function of the pressure P, and
may now be evaluated at X + AX also.

5. With these new values of a, B, 6, and ¢ at the new position

of X + AX,1it is possible to repeat the cycle of calculations

again for another increment of AX. This cycle of calculations

must bé repeated as the solution advances incrementally over

the condensing length until all vapor has been condensed. At

this point the overall pressure drop for the condensation pro-

cess may be determined as well as the required condensing

length.

Higher order integration techniques may be used if desired, but for
this simple first order equation system it appears to be just as econom-
ical in the use oflcomputer time to use the system described above with
rather short incremental distances for each step — e.g., a fraction of one

1

tube diameter (AX < 1).

An Explanation of the Computer Program Used

On the IBM-7040 Computer

A copy of one of the computer programs that have been developed to
solve the two—phaselflow equations is given at the end of this Appendix.
The program follows the method of solution outlined in the five steps

above. This program is set up to run on an IBM-7040 digital computer.



178

An outline of the function of the major sections of the program is given
below:

The seétion of the program up to statement 20 reads and prints out
the initial data.

Statements 20 up to 80 calculate the constants of the system.

Statements 80 up to 90 calculate the coefficients of the combiﬁed
continuity equation.

Statements 90 up to 100 calculate the coefficients of the combined
energy equation.

Statements 100 up to 200 calculate the coefficients of the vapor
momentum equation,

Statements 200 up to 400 allow the use of both the vapor and
combined momentum equations.

Statments 400 up to 500 calculate the coefficients of the combined
momentum equation. |

Statements 500 up to 700 calculate the coefficients of the velocity
pressure equation for compressible flow.

Statements 700 up to 800 calculate the coefficients of the initial
liquid layer equation.

Statements from 800 through 910 rearrange to 4 x 5 matrix of the
coefficients A(1,1) through A(4,5) that have been calculated, and
operate according to a diagonal elimination technique to solve for the
four unknown derivatives do/dX, dg/dX, de/aX, and d¢/dX which are given
the symbols DX(1), DX(2), DX(3), and DX(4) respectively.

Statements 1000 up to 1050 apply the derivatives over an increment
in order to calculate the new variables at X + AX.

Statements 1050 up to 1100 calculate the output data at position
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X + AX.

Statements from 1100 through 1250 print-out the data corresponding
to the new variables that have been calculated, and then refer the
computer to statment 70 in order to repeat the cycle of calculations at
the new value of X.

(Program on Following Page)
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PROGRAM FOR SOLUTION OF TWO=PHASE FLOW EQUATIONS

INTEGER TESTBLEQG

REAL NDDISTsNDLQVLsNDVPVLsNDVPFLINDPRESSLQFLILQSVOLsLQREYNSLQVISC
1sLQVLsLQAREASLQTHIKsLQDENsNDDEN ¢ NPRINT s NPRNT

DIMENSION A(445)sDX(4)9X{4)9FRVPE(30)sFRWLE(30)

READ(595) TESTsVPVLEsPRESESTOTFLIHFGEsHVPEsHLQOE sAJ9sAKsBBsDIAM,
1VMUXP s XP s LQSVOL s NDVPVL 9y NDVPFL s NDPRES s SHF s AAAsBK9BS» TToNDDIST,
2VPSVOLsNDLQVL s VPVISC,yLQVISCsMOMVAP s MOMCMB s BLEQsMOMBTHs Ny DELTAX s COU
SNTRsNPRINT

5 FORMAT(I5+6F7e29FB8e292FT702/FT0492F5e346F845/23FBe594E12¢5/E12459513
19E124592F941) :

READ (546 ) ({FRVPE(LY,FRWLE(L))pL=1sN)

& FORMAT (6E10s+3)

WRITE(6910) TESTsVPVLEIPRESEsTOTFLsDIAMIHFGEsHVPE sHLQE sVPSVOL
1LQSVOL s VPVISCsLQVISCyMOMVAP s MOMCMBs BLEQsMOMBTH s NDVPVL s NDVPFLsNDPRE
2S9sNDDIST +BByVMUXP s XP s SHF s AAASBKsBSs TTeNyDELTAX s COUNTR

10 FORMAT(14HOINPUT DATAsee //132H TEST VPVLE PRESE TOTFL ©DIAM

1 HFGE HVPE HLQE VPSVOL Lasvol VPVISC LQvIs
2C MOMVAP MOMCMB BLEQ MOMBTH /16sF842+sF8433sF8e29F7e493FB8e2sE124
359F8e592E1245914917016917//126H NDVPVL NDVPFL NDPRES NDD1S
4T BB VMUXP XP SHF AAA BK BS TT

5 N DELTAX COUNTR /3F9e5+E13e59FBe2sFTa39sF6e393FFe504FB8e5913
69E12459F9a1)

20 CHEQ=(T778¢28%32174%LQVISC*#3e14159%HFGE*2540)/(2e¢%*AJ)
DIST=CHEQ#DIAM
WRITE(6+30) CHEQsDIAMSDIST
30 FORMAT(40HO0 CHEQ DIAM DIST //E12¢532E1445)
60 VPDEN=1ls/VPSVOL
LADEN=1+/LQSVOL
VES=1le/ (VPVLE*%2)
Be(32e 174 #DIAMRVES*#3600e) /{TOTFL*124)
PRESF=PRESE*144,
NDDEN=VPDEN/LQDEN
, D=32¢174*PRESF*VES/VPDEN
AM=225031 s 02%HFGE*VES
EPL=25031602%¥HVPE*VES
ETA=25031,02#HLQEH*VES
CONTR=040
NPRNT=040
DELU=5, .
TTAREA=(3414159%(DIAM%X%2)) /576,
70 HO=AJ+AK#NDDIST
H=HO*B
COMBINED CONTINUITY EQUATION (ALWAYS USED)
80 A{1ls1)=NDDEN*NDVPVL¥(NDPRES*##¥AAA)}*(1e=NDVPFL)/(NDVPFL*{NDLQVL*%2)})
A(ls2)=14/NDVPVL
Alle3)=( (NDDENXNDVPVL* (NDPRES*#AAA) ) /NDLQVL~=14e) /NDVPFL
Atls&4)=AAA/NDPRES
Alls5)=0s
COMBINED ENERGY EQUATION (ALWAYS USED)
90 A(3s1)=(14=~NDVPFL)*NDLQVL
A(3¢2)=NDVPVL*NDVPFL
Al(393)=AM/ (NDPRES##SHF )+ ( (NDVPVL) #¥*2=(NDLQVL)*¥%¥2} %045
A(394)=((1+~BK)¥EPL®NDVPFL)/ (NDPRES**BK)+((1s=BS)¥ETA*(Lle~NDVPFL))
1/ {NDPRES*#BS)
A(395)=~H
IF (MOMVAP} 4004+4004100
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VAPOR MOMENTUM EQUATION

A{2+1)=0,

Al2s2)=NDVPFL

A(243)=NDVPVL=2+%#NDLQVL
Al{294)=(NDVPFL*D)/{(NDVPVL* (NDPRES*#AAA})
L=1

FRVPaFRVPE (L)

Al295)1 =224 % {NDVPVL##1,5) % { (NDVPFL¥(NDPRES*¥XAAA) ) #%0 45} %FRVP
IF (NDDIST=CHEQ) 2002105210

IF (BLEQ) 210+210+700

IF (MOMCMB) 5004500300

USING BOTH MOMENTUM EQUATIONS
Al4sl)=A(2s1)}

Alb4s2)=A(242)

Alb4e3)=A(293)

Al4a4)=A(294)

Al4s5)=A(2y5}

COMBINED MOMENTUM EQUATION
A{2s1)=14=~NDVPFL

A(2s2)=NDVPFL

Al2433=NDVPVL=NDLQVL

A{2s4)=D

I1F (NDDIST=CHEQ1420+4209410

IF (FRVPE(1})430+4304420

L=l :

FRWL=FRWLE{(L)

GO TO 4490

CALL SHEAR {(LQFLsDIAMsLQVISCeLQSVOLsLQTHIKsLQVL sVPVLsVPSVOLDELUST
LAUWLUs TAUWL s FRWL.)

IF (DELU=154)4314431,4432

FRWL=04006

GO TO 44¢

IF (DELU=304)4333433,440

FRWL=04008

A{295)==2 ¢ *¥FRWL¥NDVPVLENDVPVL* (NDPRES##AAA)
IF (MOMBTH) 500+500+800

IFI(NDDIST=CHEQ) 7006003600

EQUALITY OF INTERFACIAL VELOCITY PRESSURE EQUATION
Al4sl)=24/NDLQVL

. SON=BB* (NDPRES*PRESE ) #*TT
CAM=NDVPVL*VPVLE/SON

DUM=1 e+ ( XP=1 ¢ ) *¥CAMXCAM/ 24
XPO=1les/(XP=1s)

XPK=XPO#XP :
SS=(XP¥DUM**XPQ ) / (DUM#*XPK=]14}
Al492)==SS*CAMKCAM/NDVPVL

Al4s3) =04

Alb4sb)={ SSHCAMACAM*TT=24*TT=AAA) /NDPRES
Al4e5)=00s

GO TO 800

INITIAL LIQUID BOUNDARY LAYER EQUATION
Al49li=2e/NDLQVL

Al442)=0s

Alb4e3)=1s/(1le=NDVPFL])
Aldsbi==0 4 5%AAA/NDPRES
Al4s5)==14/{2+4%NDDIST)

METHOD OF DIAGONAL ELIMINATION

Kel
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810 DO 850 I=144

IF (I1~K) B820+850+820
820 P=A(IsK)/A(KsK)

DO 830 J=1,5
B30 AllsJI=A(IsJ)=P*A(KsJ)
850 CONTINUE

KaK+]1

IF(K=5) 810+900+900
900 DO 910 I=1s4

DX(IY=A(T145)/7A(1s1)
910 CONTINUE _

NUMERTICAL INTERGRATION SCHEME
1000 NDDIST=NDDIST+DELTAX

NDLQVL=NDLQVL+DELTAX*DX(1)

NDOVPVL=NDVPVL+DELTAX*¥DX(2)

NDVPFL=NDVPFL+DELTAX#DX(3)

NDPRES=NDPRES+DELTAX*DX (&)

DIST=NDDIST*DIAM/12.

1050 LQVL=NDLQVL*VPVLE

VPVL=NDVPVL*¥VPVLE
VPFL=NDVPFL*TOTFL

LQFL=TOTFL=VPFL

PRES=NDPRES*PRESE

CALL STEAMT(TEMPsPRESsT793sSsVPSVOLyH)

LQTHIK-(DIAM-SQRT(DIAM**Z-(LOFL*LQSVOL*0.04)/(3.14159*LQVL)))/2.
VPAREA=(VPVL¥VPSVOL}/(VPVL#*36004)

DIAMVP=DIAM=LQTHIK*2,4
VPREYN=(VPVL%¥DIAMVP) /(VPVISC*VPSVOL*¥124%324174)

PERMTR=3414159% (DIAMVP+DIAM)

LQAREA=TTAREA=~VPAREA

HYDIAM= (484 %LQAREA) /PERMTR

LQREYN=(LQVL*HYDIAM) /(LQVISC*¥LQSVOL*324174)

IF (NDDIST={DELTAX+CHEQ))1100+110041070

1070 CONSQ=LQSVOL¥{VPVL*%2) %2 % ( (DUMX%XPK})=1le}/ (XPH¥CAM*CAM*¥VPSVOL*(LQVL
1%x%2))

CONST=SQRT{CONSQ) .

1100 IF(CONTR=(NPRINT+304)112155115041150

1150 IF(NPRNT=NPRINT)120051210+1210

1200 NPRNT=NPRNT+140

GO TO 12490

1210 NPRNT=140

1215 WRITE(691220)DX(1)sDX(2)sDX{(3)sDX (&)

1220 FORMAT{15H=-0UTPUT DATAsee//52H DELNDLQVL DELNDVPVL DELNDVPF
1L DELNDPRES /4E1345)

WRITE (691230) DISToaNDDISTsVPVL sNDVPVL »LQVLsNDLQVL sVPFLaNDVPFLHLQF
1LsPRESINDPRESSTEMP 4 VPSVOL s LQSVOL s VPAREAYLQAREAZLQTHIKs FRVP 3 VPREYN
2FRWL O LQREYNyCONTRsDELU» TAUWLUW s TAUWL » CONST

1230 FORMAT(121HO DIST NDDIST VPVL NDVPVL LQvL ND
LQve VPFL NDVPFL LQFL PRES NDPRES TEMP VPSVOL
2//72E13459FTe29FFe59F Te29EL12059F9039F9e5sFBe23F742sF8s59FT029E1245/
3/105H LQSVvOL VPAREA LQAREA LQTHIK FRVP
4 VPREYN FRWL LQREYN CONTR /E13e53T7E12e59F8e2/ /44
5H  DELU TAUWLU TAUWL CONST /FT7el9E13a542E1204)

1240 CONTR=CONTR+140

IF(COUNTR~CONTR)13004130091250

1250 IF (VPFL)} 13004130070

1300 CALL EXIT

END
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