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THE PROBLEM

The mechanism of heat removal from a superheated vapor as it ap-
proaches a surface below the dew point of the vapor is not entirely
understood. Experimental studies reported in the literature on the con-
densation of superheated vapors outside horizontal tubes are meager. A
theoretical approach to the condensation of superheated vapors is needed
to predict the behavior of superheated vapors at extreme conditions of
low pressures and high superheats. Determination of the conditions un-
der which the condensing surface is no longer wetted with a film of con-
densate is of special importance for the proper design of superheated
vapor condensers. The condensation of superheated vapors is studied on
the outside of a horizontal tube. Experimental heat fluxes are presented
in a form useful in engineering design. The general theory for the inter-
phase transfer of mass and energy is applied to the analyzed results to
correlate experimental condensing loads and calculated interfacial vapor
film coefficients. The behavior of superheated vapors is interpreted

satisfactorily by interphase transfer theory.
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SUMMARY

A review of the literature on the condensation of superheated vapors
indicated meager information for superheated vapors condensing on the out-
side of a horizontal tube and a general lack of understanding of the be-
havior of superheated vapors under widely different conditions.

The condensation of superheated Freon-114 and steam was investigated
on the outside of a plain 0.750-inch-diameter horizontal copper tube housed
in a 6-inch-diameter shell. Experimental data with measured wall temper-
atures were obtained for superheated Freon-11lLk condensing at pressures of
43.7 and 77.0 1b per sq in. absolute and for superheated steam condensing
at 9.16, 23.3%5, 23.87, and 44.09 1b per sq in. absolute.

It was observed that superheat in the vapor caused a lowering of the
tube surface temperature. Studies indicated that this was related to a
lowering of the condensate surface temperature as well. A general lower-
ing of the heat flux as much as 23.4 per cent below that of the saturated
vapor was obtained with increasing superheat. This lowering of the heat
flux was explained and correlated with the condensing load. The overall
performance obtained with the condensation of superheated vapors under
various conditions of pressures, superheats, and tube surface temperatures
was explained by the relative importance of interphase, and intraphase
processes of mass and energy transfer.

The general theory of interphase mass and energy transfer was applied
to explain the condensation of superheated vapors by a mechanism of mass
and heat transfer through the vapor-liquid interface. The behavior of

superheated vapors under widely different conditions was predicted by in-



terphase transfer theory. The theoretical equation was modified and used
to correlate satisfactorily the experimental condensing load and the cal-
culated temperature and pressure conditions at the interface with the de-
gree of superheat. The applicability of the correlating equation to pre-
dict condensing loads and interfacial film conditions for fluids other
than Freon-114 and steam was discussed.

The calculated condensate surface temperatures were used to deter-
mine the temperature drop through the interfacial film. Interfacial film
coefficients were calculated and correlated with the temperature drop
through the interfacial film and the temperature and pressure conditions
at the vapor-liquid interface. The variation of the interfacial film co-
efficient and heat flux in the region close to the "dry point" was ob-
tained by extrapolation of the calculated interfacial film coefficients.
The prediction of the "dry point" for a given application was presented
and illustrated in a method correlating the interfacial film coefficient
with the free convection and radiation film coefficients at the "dry
point."

Condensate film coefficients calculated by the conventional method
used for the design of superheated vapor condensers were evaluated by
comparison with the experimental results. The limitations of this pro-
cedure were pointed out. The equation correlating the results from the
filmwise condensation of superheated Freon-11lh and steam was used in the
outline and illustration of a basic procedure for the design of conden-
sers involving the filmwise condensation of superheated vapors outside
horizontal tubes. The applicability of this method for peculiar condi-
tions of low pressures, high superheats, and high condensate surface tem-

peratures was discussed.
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INTRODUCTION

The condensation of superheated vapors is an important process en-
countered frequently in industry. Compounds prepared by gas or vapor-
phase reactions yield the product in the form of a superheated vapor
which is subsequently condensed into the liquid or solid state. The
manufacture of titanium tetrachloride is a typical example. Superheated
refrigerant vapors are condensed in refrigeration units. Superheated
steam used extensively in power plants may sometimes be condensed in the
superheated state.

A superheated vapor in contact with a surface at temperatures below
the dew point of the vapor will form a film of liquid condensate on the
surface. The heat extracted from the vapor passes through the liquid film
much as in the condensation of saturated vapors. The differences in the
condensation of superheated vapors from the process for saturated vapors
lies in the removal of the superheat from the vapor at a short distance
from the surface of the liquid film and the effect which this process has
on the temperature of the liquid at the vapor-liquid interface.

The proper design of a superheated vapor condenser requires a know-
ledge of the effect of superheat on important variables such as the con-
densing load, condensate surface temperature, and the corresponding tem-
perature drop at the vapor-liquid interface. A generalized correlation
of these variables for all fluids is necessary as a fundamental method

for the design of a superheated vapor condenser. This requires also the



formulation of a theory whereby the behavior of superheated vapors may be
predicted for a wide range of pressures and superheats in order to anti-
cipate the peculiar condenser condition when the tube surface is no
longer wetted with a liquid film or the "dry point."

At present a theoretical approach to the condensation of superheated
vapors is available for the special case of vapors condensing inside a
vertical tube.37 Experimental study of this theory is reported in the
literature at one superheat for steam.25 Experimental work on the more
common case of condensation on the outside of horizontal tubes is limited
to generalized statements concerning the overall heat flux for superheated
steamgB"55 and heat flux and condensing coefficient studies for Freon-12.26
The design of superheated vapor condensers is based on the condensate
film coefficient calculated from Nusselt's equation 1 discussed in the
next section. The latent heat for a saturated vapor is replaced by the
heat removed in desuperheating and condensing the superheated vapors.
Although this procedure is found useful in many engineering applications
its validity for conditions of low pressure or high superheats is very
questionable. In some applications where the superheat is of the order
of 1000°F the necessary condensing capacity is obtained by increasing
the condenser area determined by the conventional design method.

A systematic study of the important variables is made in this work
for the condensation of superheated Freon-l1llhk and superheated steam on
the outside of a horizontal tube. Two fluids with widely different phy-
sical properties enable a more thorough approach to the desired general-
ized correlation. The studies include the condensation of superheated

Freon-11h4 at two pressures of 43.7 and 77.0 1lb per sq in. absolute, with

a maximum superheat of 180°F and superheated steam at 9.16, 23.35, 23.87,



and 44.09 1b per sq in. absolute with a maximum superheat of 18L°F. The
effect of superheat on the overall heat flux and condensing load is pre-
sented. The results are further analyzed to obtain the calculated con-
densate surface temperature, the temperature drop across the condensate
film, the temperature drop across the vapor-liguid interface, and the
corresponding condensate film and interfacial coefficients. The general
theory of interphase mass and energy transfer is applied to the conden-
sation of superheated vapors and used for the interpretation of results.
The condensation coefficient (f) derived from the kinetic theory of gases
is used to correlate the experimental condensing load and the calculated
interfacial temperature and pressure conditions with the degree of super-
heat. The results are also correlated as a function of the interfacial
heat transfer coefficient, the interfacial temperature and pressure con-
ditions, and the temperature drop through the interfacial film.

A comparison is made between the heat transfer film coefficient cal-
culated according to the conventional design procedure and the experimen-
tal film coefficient evaluated on the same basis. A more fundamental
procedure for the design of superheated vapor condensers is outlined and

illustrated for superheated Freon-11l4k in Appendix E.



LITERATURE AND INTRODUCTORY THEORY

The condensation of superheated vapors is a special case of the proc-
ess of condensation and the general operation of interphase mass and en-
ergy transfer. For a thorough understanding of this special problem a
brief survey of the literature and the theory ccncerning condensation of
saturated and superheated vapors is presented in this section. In addi-
tion, the theory which has been developed for interphase mass and energy

transfer is discussed.

SATURATED VAPORS

Nusselt's classical work57 presents theoretical equations for the
condensation of vapors on different surfaces. The derivation of these
equations and a detailed discussion of experimental data on this subject

2
23,24,33,35 The following is the equa-

is available in several references.
tion derived by Nusselt for the prediction of the condensate film coef-

ficient for saturated vapors condensing on the outside of a horizontal

tube:lu - =
L -
h, = 0.725 \/kf u?fDogAicAH) (1)

where

h. = condensate film coefficient, Btu per (hr)(°F)(sq ft outside)

(-AH) = total heat removed, latent heat for saturated vapors, Btu per 1b
{Subscript

f = condensate properties at the mean film temperature, Te, °F

k = thermal conductivity, Btu per (hr)(°F)(ft)

p = density, 1b per cu ft



p = viscosity, 1b per (ft)(hr)
g = gravitational acceleration, 4.17 x 10° ft per hr per hr
Do = outside tube diameter, ft
Ate = temperature difference through condensate film, (Tgy - to), °F
Tgy = saturation temperature, °F
to = outside tube surface temperature, °F,

Based on the assumption of a linear temperature gradient through
the film and a linear variation of the fluidity (l/u) with temperature
the following equation is derived by Drew33 for the mean condensate film

temperature:

T = Ty - 3/h At (2)

where Ty = mean condensate film temperature, °F.
The following equation shows better agreement with experimental data

and is recommended for the evaluation of the mean film temperature:
Tr = Tgy - 1/2 Atg . (3)

The simplifying assumptions used by Nusselt in deriving equation 1
consist of the following:55

1. Linear temperature gradient through the condensate film.

2. Heat transfer only by conduction through the condensate film.

%. Linear variation of condensate film properties with temperature.

4. Clean and smooth surface.

5. Laminar flow of condensate film.

6. No effect due to condensate film curvature.

7. Constant tube wall temperature.

The validity of these assumptions is shown by the fact that experi-

mentally determined condensate film coefficients are generally found to
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be about 10 to 20 per cent above those predicted from equation 1.

Bromley15 points out that correct evaluation of the integral

% \];ﬁ sin 1/3 B ag
in Nusselt's derivation gives a value of 0.728 for the coefficient in
equation 1. Equation 1 becomes complicated when the temperature profile
through the film is not assumed to be linear and the effect of cross
flow within the film is considered. The following correction factor to

L3
equation 1 is recommended by Rohsenow as an improvement over an earlier

Cpy At
\”ﬁ+ 0.60 < (%)

where Cp = specific heat of condensate, Btu per (1b)(°F). This correc-

12
contribution by Bromley:

tion factor is recommended as a satisfactory approximation to the more

complex equation for the range of

0<% 8% 1.0
NG

The effect of condensate film turbulence on the condensate film coeffi-
cient is observed by Kirkbride.28 Other factors such as vapor velocity
and its effect on turbulence of the condensate film and literature re-

lated to them are reviewed in reference Lk.

SUPERHEATED VAPORS
The condensation of superheated vapors is discussed in the original

27

work of Nusselt. In a manner similar to the derivation of equation 1,
the differential equation representing the overall heat balance is in-
tegrated for the height of a vertical condensing surface to give the fol-

lowing equation:2



2
pr g(-4H) 4 5 2y ©
B o= St—=—= (W My , R% , | (5)
Hesr n 5 6
where
H = height of the vertical surface, ft
Yy = thickness of the condensate film at lower end of surface, ft
hV(Tg - TSV) 1
R = , It
ke(Tgy - to)
h,y = convection coefficient from the superheated vapor to the con-
densate surface, Btu per (hr)(°F)(sq ft outside)
Tg = superheated vapor temperature, °F.

The condensate film thickness Yg determined from equation 5 by trial
and error is substituted in equation 624 to calculate the condensing rate

on the vertical surface of height H:
2 3
Py 8 Yy
3 by

where m = condensing load, 1b per (hr)(ft of surface width).

34

L
Stender 7 and Merkel use an approximation for equation 5 to pre-

dict the effect of superheat on the heat flux of vapors condensing on a

55

vertical surface. The ratio of the heat flux for a superheated vapor

to that of the saturated vapor is related graphically to the function

hy (Tg - Tsy)
he (Tgy = to)

This relationship predicts an increase of up to 37 per cent in the heat
flux due to superheat.

A discussion of Nusselt's equation for the condensation of super-
heated vapors inside a vertical tube considering the effect of wvapors at

constant velocity and an improved equation allowing for the variation of



23,24
vapor velocity along the condensing length is given by Jakob. 2 Stu-

dies with steam at one atmosphere pressure and LO5°F superheat indicate
a small increase in the heat flux due to superheat at low heat fluxes.
This effect is reversed at higher heat fluxes.

A survey of the literature on condensation of superheated steam ius
presented by McAdams.55 Generally with steam at one atmosphere pressure,

a small increase of heat flux is reported due to superheat. Further
discussions on this effect are included in references 15, 16, 19, and 29.
Patents are available for devices which may be used to desuperheat steam.lo’56

Experimental data reported in the literature on the condensation of
superheated vapors on the outside of a horizontal tube are meager. Katz
et E£.26 report the results of their studies for superheated Freon-12
condensing on the outside of plain and finned tubes. No effect of super-
heat as compared to saturated vapors is observed for the range of pres-
sures 103 to 172 1b per sq in. absolute and the maximum superheat of
122.5°F.

Nusselt's derivation of equation 1 applied to superheated vapors
gives a similar equation where the factor (-AH) represents the total heat
removed in condensing the superheated vapors rather than the latent heat
of condensation. This equation predicts a small increase in heat flux
due to superheat. It is assumed that the vapor at the condensate surface
is in equilibrium with the liquid and is at its saturation temperature.
This implies there is no resistance to mass and energy transfer at the
vapor-liquid interface. Conventional design of superheated vapor con-
densers is based on the condensate film coefficient predicted by this

method. Equation 1 is useful in many engineering applications where va-

pors with 100°F to 200°F superheat are condensed at normal pressures of



one to five atmospheres. The validity of this method is doubtful for
applications where peculiar conditions of high superheat, high wall tem-

peratures, and low pressures prevail.

THE MECHANISM OF MASS AND ENERGY TRANSFER

The mechanism which controls the condensation of molecules moving
toward a cold surfade involves the effect of superheat on the condensate
surface temperature. The importance of the liquid surface temperature
at the vapor-liquid interface has been recognized for some time. In 1928
Jakob25-has suggested that a condensate-surface temperature lower than
the saturation temperature may prevail during the condensation of super-
heated steam in order to account for the lower heat flux obtained in
evaporators using superheated steam as compared to the performance of
saturated steam. A theoretical attempt to prove this hypothesis is made
by Bosnjakovic.25 Starting with the kinetic theory of gases and using
several simplifying assumptions he derives an equation relating the con-
densing load for superheated steam with the lowering of the condensate
surface temperature below that at saturation. A discussion of this study
is given in the section presenting the interpretation and correlation of
experimental results. The calculations of Bosnjakovic indicate that the
condensation of steam at one atmosphere pressure and a superheat of MQS°F
requires a condensate surface temperature 12.6°F below the saturation
temperature of 212°F. Subcooling of the condensate surface desuperheats
partially the adJjacent vapor molecules and gives a density of vapor mole-
cules at the liquid surface comparable to that with saturated steam.
Bosnjakovic considers the subcooling as necessary'to condense high-velocity
superheated steam molecules as they penetrate into the liquid surface.

This discussion does not differentiate between intraphase film temperature
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difference in the vapor and interphase film temperature difference at
the vapor-liquid interface.

The condensation of superheated vapors belongs to those operations
which involve the transfer of momentum, mass, and energy across a phase
boundary. The mechanism of such processes has not been analyzed ade-
quately because of the equilibrium conditions usually assumed. In con-
trast with studies concerning the diffusional transfer processes, for an
interphase transfer operation the velocity of one phase relative to that
of the other is assumed to be zero, the temperature of the two phases at
the interface is assumed to be the same, and in the case of a multi-com-
ponent system the composition of the two phases is assumed to be that at
thermodynamic equilibrium.

The kinetic theory of gases has useful applications in studying in-
terphase transfer processes because it describes the behavior and the
bulk properties of a group of molecules at a given temperature and pres-
sure. The following equation is referred to frequently in the literature

concerning interphase mass transfer:

* gcM
mg = f(Ps" - By) \[zxmT, (7)
where
mg = net mass of molecules transferred, 1b (mass) per (hr)(sq ft
interfacial area)

M = molecular weight of fluid, 1b (mass) per 1b mole

R = gas constant, 1544 (ft)(1b force) per (1b mole)(°R)

Ty = temperature of liquid or solid surface, °R

Pg = pressure of gas phase at vapor-liquid interface, 1b (force)

per sq ft absolute
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PS* = equilibrium pressure corresponding to Ty, 1b (force) per
sq ft absolute
g. = conversion factor, 4.17 x 10® (1b mass)(ft) per (1b force)

(sg hr).
The condensation coefficient f is defined as the following ratio:

Number of molecules condensed
' = Total number of molecules striking the surface ° (8)

Equation 7 is derived by combining the number of collisions predicted by
the kinetic theory of gases with the molecular density in the gas phase

18

calculated for an ideal gas. This simple derivation involves the fol-

lowing assumptions:

1. Ideal gas behavior.

2. Molecular velocity distribution identical to that of a uniform

gas described by Maxwell's probability distribution function.l8

5. Equilibrium at the phase boundary.

Assumptions (1) and (2) are valid for many applications. The be-
havior of molecules of a non-uniform gas involving intraphase transfer
of energy is expected to show deviations from these assumptions. The
molecular behavior of a condensing vapor is uniform within the vapor
phase and non-uniform only through the short distance represented by the
thickness of the interfacial film across which heat transfer and cooling
of molecules occur. In most instances where the use of equation 7 is
encountered in the literature the third assumption of the equilibrium of
the two phases is overlooked. Equation 7 is applied frequently to cor-
relate experimental data on condensation and evaporation and to estimate

the temperature difference across the vapor-liquid interface, whereas its

derivation implies that the vapor and liquid are at the same temperature
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at the phase boundary. This confusion is partly due to the fact that
most interphase transfer studies involve also intraphase transfer. This
is shown for the condensation of superheated steam inside vertical tubes
by measurement of the temperature gradient in a direction normal to the
condensing surface. Roecke and Jakob23 report independently a zone about
one millimeter thick in which extensive cooling of superheated steam oc-
curs. This distance is many times thicker than the interfacial film
which is of the order of magnitude of one mean free path of the conden-
sing molecules. A theoretical equation for the temperature gradient in
the vapor phase of a superheated vapor is derived by Cornell.l7

23 the application of

Except for the theoretical work of Bosnjakovic
theoretical equations based on the kinetic theory of gases is limited to
studies of interphase mass transfer in which no superheated vapor phase
exists. A thorough survey of this literature is presented in the recent
work of Schrage.br5 Barly studies in this field are aimed at the deter-
mination of the value of the condensation coefficient (f) for various
substances. During evaporation the coefficient (f) represents the rela-
tive number of molecules which leave the liquid phase and move away from
the surface, and (1-f) represents the relative number of molecules which
move away from the liquid surface by reflection after striking the surface.
For a substance at steady-state conditions of temperature and pressure the

evaporation and condensation coefficients are equal. For the special case

of evaporation or condensation at zero pressure in the vapor phase equa-

tion 7 assumes the simpler form:2
g-M
Te = T Ps" AlzrRT, (9)

where
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me = maximum rate of evaporation or condensation of a substance
= mass evaporating into a perfect vacuum
= (mass of saturated vapor which strikes unit area of the sur-
face per unit time) times (fraction f of incident molecules
which are able to remain on the surface.

Early attempts to determine the condensation coefficient for vari-
ous‘solids and liquids are reviewed in reference 45. In an early paper
Altyl reports a value of about 0.0l for water at low pressures. In
another paper5 Alty and Nicoll describe the method used to determine
this value. Experimental data obtained for the rate of evaporation of
water at various pressures are extrapolated to zero pressure. ZEquation
9 is then solved for the unknown (f). Alty2 recognizes the uncertainty
of the final value of f determined by extrapolation and uses a more re-
liable method in which the temperature of the drop surface is calculated
from the measured drop geometry. The value of f calculated from equation
7 is 0.036 for water and unity for carbon tetrachloride. Alty5 also re-
ports experimental values of f for benzene (1.0), alcohol (small), iodine
(1.0), naphthalene (1.0), synthetic camphor (0.172), and benzoic acid
(0.29). These values of the condensation coefficient are related to the
electrical structure of the compound and it is conciuded that the conden-
sation coefficient of polar compounds is relatively small, whereas that of
non-polar compounds is'very close to unity.

Prﬁger59 has determined the condensation coefficient of water and
carbon tetrachloride at atmospheric pressure. The values of f of 0.0L
and unity for water and carbon tetrachloride, respectively, agree with
those reported by Alty and co-workers. A recent study21 on the rate of
condensation of water vapor under vacuum presents a correlation based on

equation 9.



14

Using the value of 0.036 determined by Alty for the condensation co-
efficient (f) of water, and assuming the slope of the vapor-pressure
curve of water to be a constant for reasonably small increments, Silver

combines the Clapeyron equation with equation 7 to obtain the following

relationship:
gcM  (-AH) pof,
ms = 778 f o1 RTS T (TS - TSV) (lO)
where
p;, = density of liquid, 1lb per cu ft
T = average temperature between Tg and Tgy, °R.

Defining an interfacial vapor film coefficient of heat transfer

(hl) as
mg (-AH)

h: = 11
+ (Ts ‘Tsv5 (11)

and combining it with equation 10 the following equation is derived for

L6

the interfacial film coefficient:

, geM  (-0H)® o,
hy = 778 T m — (12)

where
hiy = dinterfacial vapor film coefficient, Btu per (hr)(°F)(sq ft
outside)
f = 0.036.

Silver recommends the use of equation 12 to calculate the interfacial
vapor film coefficient and the interfacial film resistance for saturated
steam condensing at low pressures. The fraction of the total temperature
drop across the liquid film and across the interfacial vapor film is de=
termined by the fraction of the total resistance to heat transfer due to

the respective films:



1 1 1
— = = ot 5 : (13)
hy hj he
where
h, = overall outside film coefficient, Btu per (hr)(°F(sq ft out-

0
side).

Equation 12 is used by Cornell17 in a method recommended for the
evaluation of the condensate surface temperature (Tg), the interfacial
film coefficient (hi), and the temperature drop across the interfacial
vapor film for the condensation of superheated steam. It is assumed that
the vapor at the interface is at the saturation temperature, and the tem-
perature drop through the interfacial film is of the same order as that
for a saturated vapor. It will be shown in a subsequent section that the
use of equation 12 derived from equation 7 is not valid because the in-
terfacial temperature drop is assumed to be zero.

This discussion indicates that in all these investigations the ex-
perimental results are interpreted in terms of a transfer mechanism across
the vapor-liquid interface. However, the equations used to calculate
these results assume thermodynamic equilibrium across the interface and
are not valid for the non-equilibrium cases to which they are applied.

The proper mathematical relations describing the interphase transfer of
L5

mass and energy are derived by Schrage and are presented in the next

section.

THECRY OF INTERPHASE MASS AND ENERGY TRANSFER

The process of interphase mass and energy transfer may be described
by the statistical behavior of the molecules at the vapor-liquid inter-
phase. The rate of evaporation and condensation of molecules may be de-

termined if the velocity distribution of the molecules is known as a
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function of the absolute temperature. Usually the mean velocity of the
molecules in the liquid or solid surface is assumed to be zero. In most
practical applications this assumption is justified because of the large
difference in the density of the vapor and liquid or solid phases. There-
fore the absolute rate of evaporation (me) defined by equation 9 is as-
sumed to depend on the thermodynamic properties of the surface, for in-
stance, the pressure Ps* and temperature Tg. During studies of the con-
densation coefficient (f) of water vapor Alty and co-workersh observed
that although only a fraction of the vapor molecules striking the liquid
surface condense, all molecules attain the liquid surface temperature
after colliding with the surface.

The molecular density within a given volume of velocity space is de-

fined by the following equation:

dn = sdC (1)
where
dn = the number density of molecules with velocity C in the ve-
locity space dC
s = velocity distribution function.

The extent of the rigorous mathematical approach used to analyze
interphase transfer operations depends on the selection of the particular
velocity distribution function(s) in equation 14. A function of the ve-
locity distribution obtained from statistical mechanics is used by
Lennard-Jones and Devonéhire51 to describe exactly the behavior of sim-
ple molecules held by Van der Waal's forces. This study is useful for
the prediction of the behavior of simple gases (hydrogen, helium) strik-
ing a surface.

For a uniform gas at steady-state conditions the form of the velocity
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distribution function(s) predicted by statistical mechanics is the Max-

well velocity distribution defined as:u5

B3 “BEL(U-T)® + (V-V)Z + (W-W)Z]

s = n =75 e (15)
where
n = number density of molecules

U,V,W = molecular velocities in the x, y, and z directions, respec-
tively of the Cartesian coordinates drawn at the liquid sur-
face (U and x are positive in a perpendicular direction away
from the liquid surface)

ﬁ,v,W = mean absolute velocity of the molecules in the x, y, and z
directions, respectively

M

During evaporation or condensation the behavior of gas molecules
deviates from that of a uniform gas because of the disturbing effect of
the liquid surface. Additional deviations from uniform gas behavior may
be due to the fact that at the vapor-liquid interface there is intraphase
heat transfer among the gas molecules. In general these deviations from
the Maxwell velocity distribution will be small and will be indicated by
the agreement between theory and experimental results.

Thermodynamic equilibrium at the vapor-liquid interface implies
that U=V =W = 0 and the vapor and liquid temperatures are equal at the
interface (Tg = Tg). Substituting for the velocity distribution func-
tion(s) from equation 15 in equation 1k and integrating over all velocity
space, Schrageu5 derives equation 9 for the absolute rate of evaporation

at equilibrium. This is equal to the absolute rate of condensation and
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there is no net interphase mass or energy transfer.

The Absolute Rate of Condensation under non-equilibrium conditions

can be predicted from the Maxwell velocity distribution if uniform gas
behavior is assumed very close to the vapor-liquid interface. In this
case the mass rate of flow of molecules moving toward the interface is
negative (U < 0). Using Ug instead of U as the term corresponding to
the rate of mass transfer in equation 15, and with V =W = 0 correspond-
ing to the mass transfer conditions, SchragelL5 derives the following
equation for the absolute rate of condensation under non-equilibrium

conditions:

m, = - P8 _ 6
2Bgnl /2 r (16)

where subscript g refers to vapor properties at the vapor-liquid inter-

face.
m., = absolute rate of condensation,lb per (hr)(sq ft interfacial
area)
r1 = a correction factor involving the error integral ¢ CBg g) and

defined as

2. 2
(= 8% -y, /2 11 - 0 (3,0,)] . (17)

Substituting for the gas density and Bg and comparing equation 16

with equation 9, the absolute rate of condensation is expressed by the

P 1/2
m, = -<Psg> (Tg> Mo . (18)

When the two phases are at equilibrium the absolute rate of conden-

following equation:

sation and evaporation are equal since in equation 18 at Ug = 0, lﬁ = 1.0,
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- O ) N
Pg* Te) ~

The Rate of Mass Transfer for a pure substance at the vapor-liquid

and

interface is obtainedtu5 by adding equations 9 and 18:
gcM * Ts 1/2
= T — - —_—
s o1 RT [PS Fg (T) r (19)
s g
where
mg = condensing load, 1b per (hr)(sq ft interfacial area)
Tg = vapor temperature at the vapor-liquid interface, °R.

The following assumptions are implied in the derivation of equation

1. Vapor behaves ideally.

2. Vapor molecules behave similar to those of a uniform gas.

3. No intraphase mass and energy transfer in the vapor.

4. Condensation coefficient (f) is constant and independent of the
molecular vector velocity. It is a function of the state of the
surface and the kind of molecules involved.45

5. Behavior of molecules described by the Maxwell velocity distri-
bution.

6. Non-equilibrium conditions at the vapor-liquid interface.

When the two phases are at equilibrium and both (TS/Tg) and rvare
unity equation 19 becomes similar to equation T presented earlier and
discussed frequently in the literature. Use of equation 19 requires the
evaluation of the correction factor rﬁ. Equation 17 presents r“as a func-
tion of BgUg or ¢g (BgUg = ¢g). The quantity ¢g is expressed by the fol-

45

lowing equation:



20

* 1/2
1 m P T
b - — s (P (..g_> . (20)
g 2]’( me Pg TS
Calculated values of (rﬂ-l) are presented graphically as a function
-3 45

of |¢g} for the range 1 2 |¢g| 210

The use of equation 19 to predict the deviation from equilibrium for
actual cases is made difficult by the functional interdependence of mg,
mg, T, r‘, and ¢. Schrage applies equation 19 to predict the deviation
from equilibrium (pg/ps*) during evaporation and condensation ét differ-
ent values of the ratio (ms/me). Although equilibrium conditions are not
assumed at the interface, a value of unity is used for (Ts/Tg) and f in
order to simplify the evaluation and use of r'in equation 19.

A relationship equivalent to equation 19 with the assumption of r1
equal to unity is presented by BosnJjakovic in connection with discussion
of the condensation of superheated steam.ea’u5 This theoretical attempt
seems to be the only one reported in the literature on superheated vapors
and does not distinguish between the interphase film and intraphase film
temperature differences. There is no evidence of the application of the
theory of interphase mass and energy transfer presented by Schrage for
the interpretation of experimental results with superheated vapors con-
densing on the outside of a horizontal tube. Application of this théory
and the resulting equation 19 is made in the next seétion to correlate
the experimental condensing load and superheat with the calculated inter-
facial temperature and pressure conditions for superheated Freon-11lhk and
steam. The calculated results are also correlated as a function of the
interfacial vapor film coefficient, the interfacial film temperature dif-
ference, and the interfacial temperature and pressure conditions. A

method is outlined for the design of superheated vapor condensers using
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these correlations. The use of equation 19 is simplified by expressing
(" -1) as a simple function of |¢g| and combining the resulting equation
with equations 19 and 20 to eliminate rﬂfrom equation 19. The relative
importance and effects of interphase film and intraphase film temperature

differences are also discussed in the next section.



EXPERIMENTAL, APPARATUS AND MATERTALS

The experimental apparatus consists of a closed system for genera-
ting vapor, superheating it, condensing the superheated vapor and return-
ing condensate to the vapor generator. Figure 1 shows the entire exper-
imental unit and Figure 2 is the flow diagram describing the various
units. Details of the apparatus are given in Appendix A and Figures 3
and L.

The essential feature of the apparatus is the horizontal condenser
tube, B/M-inch outside diameter and 3 feet long housed in a 6-inch shell.
Table I gives the condenser shell and experimental tube characteristics.
Four thermocouples are installed in the tube wall to measure the temper-
ature. Water at a controlled temperature is circulated through the tube
to extract the heat from the condensing vapor. The heat transfer rate is
determined by the temperature rise of the water measured with mercury-in-
glass thermometers and by the flow rate of water indicated by a calibra-
ted rotameter. Thermocouples in the vapor space of the condenser indicate
the temperature of the vapor. A pressure gage or manometer gives the
pressure in the condenser. The degree of superheat in the vapor is auto-
matically controlled by an electric superheater.

Water and Freon-11lhk are selected for this study as two fluids with
widely different properties. Freon-11l4 is chosen as the organic fluid
because generally it gives stable film condensation, it has a suitable
vapor pfessure, and its cost is not prohibitive. The condensation of

superheated Freon-114 vapor is encountered in industrial refrigeration

units.

22
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FIGURE 3— DETAILS OF CONDENSER
SHELL AND TUBE

A
<7
~WELLe N\ | \ $-COPPER-
0.055" DIA. |4 = CONSTANTAN
/16"_DEEP !l o1} .072"0.D. ATED WIRE
—"\gg' 0.009" WALL THICKNESS
2. HOT! <— 4'STAINLESS STEEL
JUNCTION TUBE
3- GROOVE:

IN=—=-4

0.076"X 0.076"X 0.50" LONG

SECTIONAL VIEW A-A FRONT VIEW

FIGURE 4— DETAILS OF WALL
THERMOCOUPLE INSTALLATION




26

06 T
Heh o
[7X4-No]
285 0
2660°0

05" T
G296 0

GQLen- &g

6400000

9¢9°0
€¢GT00 0
G9G°0
™t
06¢T°0
296T°0
GLSH HE
G601 0
T¢5°0
0GL°0

Ty/% ‘orjex eaxy
1J bs ‘eoge IoJsueI}-1BSY SPTSUT TBIOL
1J bs ‘eaae g9Jsuerl-3eSY SPISINO [BIOT
1J bs ‘aqny Jo ®OI® I9JSUBIF-1BIY IPTSINQD
1J bs ‘sIelT0o JO ®BAIE I9ISUBIY-1BIY OPTSINO
SayouT ‘IeTTO0 SSBIQ JO I91SWRTP 9PISIN0
Yout ‘JIssuspuod
UT puU2 YoBS 4B JIBTTOD SSBIq JO UY3BuaT pasodxy
S9UOUT ‘I9SUSPUOD UT aqny Jo Y3BuaT pasodxy
1zl 01 96 suny o4

nyg
SPTSINO 3J bs-4q,-IYg

33=d, - IY
¢ zmm gTe = "y ‘4,212 18 soueysTsaT TeIaN

YouT ‘I93sWETp UeSW OTWYTIBSOT

1J bs ‘Boge TBUOT1D8S-SSOID SPTSUT

1J bs ‘moge JoJsuBil-qELY SPTSINO TBAOT
H<\o< ‘oTyBI BOIY

13/23 bs ‘Ty ‘moge aprsul

13/33 bs Oy ‘®aze sprsIng

S9YOUT ‘JI9SUSPUOD UT aqny Jo yaSusT pasodxy
yout ‘ssau{oTyl TTBM

your ‘I99°oWeTp 9PTSUTL

Your ‘I9jswerp IPTSINO

aqny, xaddo) UTeTd - TeTJI93EW

FOTYF YDUT $290°0 “93TUTBI) :39sBS I9310

¥OTY3 YOUT G2T°0 ‘UuoTFal :39%se8 JIauul

0 UouT ‘ssaw{oTy3} SSBID

2 sayour ‘Ixsjawerq

9 SMOPUTM JO Iaqump
SMOPUTA JUITg

0T yout ‘yydaq
¢ T soyoutr ‘I99WeTp SpPTSUT
0'e SayouT ‘IojameTp SPTSINQ
0¢G adAq uoxasy)
sButxoed puy
FOTYS UYOUT GBT'0 ‘T20L *ON HOOTJIBY) :33%SBD
$3T0Q Your-§¢°0 3usTH
G L $9YOUT ‘I979WRTP STOITO 3Tod
0°9 S9UOUT ‘I819WBTpP IPTSUL
é'g SaYOUT ‘I933WETP IPTSINO
JI9PBIY STQBAOWSI Pua=-31Yy3Ty
G290 6¢ sayout ‘yaSusT TTBISAQ
G296 9¢ soyout ‘Sutoeds Ispwal
T62°0 youT ‘ssouyoTyl TTBM
990°9 SayoUT ‘JI918WBTP SPTSUL
879" 9 S9UOUT ‘x933WBTP SPTSINQ

odTd T993S UOQIB) UTBTJ POZTUBATBD - TBIJISVEN

aqny, TejuswtIadxy

TTaUS JI9SUSPUO)

SOLLSTYALOVYVHD #dNL TYINHAIYEIXT ANV TIHHS YFSNAANOD

I JIdViL



27

A study of superheated steam is particularly interesting because of
its frequent use and the possibility of condensing superheated steam in
industrial power plants. At the time steam was selected, it was expectéd
that it could be made to condense filmwise. However, for most of the

data on steam, the condensation was a mixture of dropwise and film con-

densation.



EXPERIMENTAL PROCEDURE AND DATA

The cleaning and assembling of the condenser shell and tube is im-
portant, particularly with steam since dropwise condensation occurs un-
der certain conditions. The charging of the apparatus with water or
Freon-114 is described as the second step in the procedure. The meas-
urements made on condensing superheated Freon-11l4 and superheated steam

are presented along with tabulations of the data.

CLEANING AND ASSEMBLY OF CONDENSER SHELL AND TUBE

The experimental tube is cleaned thoroughly by first treating with
hydrochloric acid, then rinsing with water, and finally rubbing the out-
side with an acetone-wet pad to remove grease. The condition of the
outside surface is important with regard to the type of condensation
which is obtained. Low=-surface tension fluids in general form a smooth
film upon condensation. Stable film condensation is obtained during the
condensation of superheated Freon-11hk. This is illustrated in Figure 5.
The actual tube surface can be seen beneath the clear condensate film.

The clean experimental tube does not offer a stable surface for the
film condensation of superheated steam. Apparently, small specks of
grease or dirt are sufficient to cause the formation of active centers of
dropwise coﬁdensation. The nature of the surface and its effect on the
type of condensation has been studied extensively.55 An interesting
description of the two types of condensation is given by Jakob.25 Fatica
and Katzgo present a fundamental study and a method of predicting drop-

wise condensation of steam. A more recent study by Hampson22 gives also

28
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FIGURE 5— FILM CONDENSATION
OF SUPERHEATED FREON-I14

FIGURE 6— DROPWISE CONDENSATION
OF SUPERHEATED STEAM
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many references in this field.

Several attempts made during this investigation to obtain stable
film condensation with superheated steam include various degrees of pol-
ishing of the surface, and the use of very small amounts of organic polar
compounds (e.g., alcohols) as wetting agents. No appreciable variation
in the transition period from initial film to eventual mixed condensation
of steam is observed by such technics. Figure 6 illustrates dropwise
condensation of superheated steam.

The clean tube is placed in the condenser in such a manner that the
brass collars protrude at the two ends as shown in Figure 3. The tube
is secured tightly with Chevron packing and the packing glands. Tube as-
sembly is completed by connecting the tube to the water line with the
rubber hose connections (No. 15 in Figure 2) and joining the four ther-
mocouples to the main thermocouple circuit through Cinch-Jones connec-

tors.

CHARGING AND OPERATING THE EQUIPMENT

The experimental apparatus is evacuated prior to charging. A Duo-
Seal vacuum pump is used for about one hour to reduce the pressure in
the apparatus to about 0.1 inch Hg absolute, as shown in Figure 2. At
the end of this period valve A is shut off and the vacuum pump is stopped
and separated from the condenser vent. The system is charged with Freon-
114 by placing the cylinder in a horizontal position and connecting it to
‘vent A. Valves J, K, and N are shut off and cold water is run through
the condenser tube by turning on valve L. Valve A is opened and the sys-
tem charged by condensing Freon-114. The reboiler level is sufficiently
high when about 50 1b of Freon-1lh are introduced. |

To charge the system with distilled water, vent A is shut off after
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evacuating the apparatus, and a 3-gallon bottle of distilled water con-
nected to the reboiler vent b. The reboiler level is sufficiently high
when about 2.75 gallons of water are introduced. No cold water is run

through the condenser tube during this period.

The auxiliary equipment is arranged to provide hot water at a con-
stant temperature and flow rate. Valves G, K, L, M, and O are shut off
and the reservoir is filled with water up to a level 10 inches from the
top. Valve N is turned on, the stirrer and the centrifugal pump are
started, and the water is circulated through the water heater and raised
to the desired temperature level. Valve M is then turned on completely
and the desired water flow rate is maintained with control valve E. The
selected condenser pressure is obtained by controlling the steam flow
rate into the reboiler.

To superheat the vapor the thermostat is set at the desired temper-
ature and the power switched on.

The average tube-side water temperature is maintained constant by a
combination of the following methods: by controlling the steam pressure
of the water heater, by varying the amount of cooling in the water cooler,
and by draining some hot water from the reservoir through valve O and in-
troducing some cold water through valve I.

The system is purged from non-condensables by bleeding vapor through
vent A and the manometer vent. The system is free of all non-condensables
when no variation is obtained for the tube-side temperature rise under
steédy operating conditions. During the condensation of steam under
vacuum the vacuum pump is used to apply a continuous suction through vent
A. This avoids the accumulation of non-condensables due to leakage.

The experimental data consist of the following measurements: condenser
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temperatures, condenser tube-wall temperatures, tube-side water flow
rate, inlet and outlet water temperatures, room temperature, and baro-

metric pressure.

EXPERIMENTAL DATA

Experimental data are presented for Freon-1lh at two pressures,
steam at four pressures, and for "dry point" studies for steam under
vacuum. The procedure consisted of condensing saturated vapor followed
by various degrees of superheat up to 180°F for Freon-114 and 184°F for
steam. A sample of the original data is shown in Table IX of Appendix C
along with the calculation of results.

Condensation of Freon-11hk is studied at two pressures of 77.0 and
43,7 1b per sq in. absolute and different vapor superheats ranging from
O°F to 179.67°F. These experimental data and the calculated results are
given in Table II as run numbers 1 through 26.

The condensation of superheated steam involves several studies.
Four sets of data are taken comparable to those of Freon-l1ll4 at constant
pressures of 9.16, 23.87, 23.35, and L4.09 1b per sq in. absolute with
maximum superheats varying from 109.12°F to 184.25°F. These runs are
presented in Table III. The wall temperature is measured for run num-
bers 40 through 55. Run numbers 56 through T2 are made without measure-
ment of the experimental wall temperatures and are taken on the original
tube without the four thermocouples and with characteristic given at the
-end of Table I. These runs are interesting because they constitute the
only data obtained in this study with relatively stable film condensation
of steam. Wall temperatures for runs 56 through 72 are calculated from
the experimentally determined equation for the prediction of the tube-

side heat transfer coefficient, as shown in Appendix B.
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Runs 27 through 39 are made with superheated steam under vacuum to
study the wall temperature and heat flux under conditions where a super-
heated vapor might not condense and wet the surface. These runs are sum-
marized in Table IV.

Runs 73 through 105 are made with saturated steam at 225.76°F to
248.59°F to study the tube-side heat transfer coefficient for water.

Runs 73 through 84 are made prior to the installation of wall thermo-
couples whereas runs 85 through 105 are made with measured wall tempera-
tures. The conditions for all runs are controlled to give Wilson-plot
type data.ug Appeﬁdix B presents the calculation and discussion of these
results and those on the longitudinal temperature gradient in the tube
wall based on runs 101 through 105. Experimental data and calculated re-
sults for runs 73 through 105 are given in Tables VI, VII, and VIIT in

Appendix B.
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CALCULATION AND CORRELATION OF RESULTS

This section presents the experimental results obtained from the
original data, the discussion of the mechanism and theory of filmwise
condensation of superheated vapors, the correlation of experimental and
calculated results, and an outline for the design of superheated vapor
condensers.

The experimental results are presented in a manner which shows the
effect of superheat on the overall heat flux, the condensing load, and
the overall outside film coefficient. These results are given in Table
IT for Freon-114 and fable III for steam. The variation of these results
for the case where the degree of superheat of ﬁhe vapor does not vary
appreciably while the saturation temperature of the vapor approaches that
of the outside tube surface is discussed and summarized in Table IV.

The concept of the vapor-liquid interfacial film is applied to the
condensation of superheated vapors. The calculated cohdensate surface
temperature is used to obtain the temperature difference across the con-
densate film and the interfacial vapor film. The temperature difference
through the interfacial film is used to determine the interfacial film
coefficient. The resﬁlts of these calculations are shown in Tables IT
and IITI for Freon-11l4 and steam, respectively. The assumptions involved
in the application of this mechanism is discussed.

The experimental results are correlated on the basis of the inter-
phase mass and energy transfer theory presented and discussed in the li-

terature review. The effect of assuming interfacial equilibrium
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Ts
Tg

= 1.0
is discussed and illustrated in the correlation of results. The experi-
mental condensing load is correlated with the degree of superheat and the
interfacial temperatures and pressures as a function of the condensation
coefficient (f). The calculated interfacial film coefficients are cor-
related with the temperature drop through the interfacial film and the
interfacial temperatures and pressures as a function of the ccndensation
coefficient. Table V presents the results of these calculations.

A comparison is made between the condensate film coefficient ob-
tained by the conventional design method presented previously and the
experimental coefficients calculated oh the same basis. The recommended

correlations are used to outline a method for the design of superheated

vapor condensers.

OVERALL PERFORMANCE OF CONDENSER WITH SUPERHEATED VAPORS

The experimental heat transfer rates and condensing loads are pre-
sented in this section. The rate of heat transfer in the condenser is
determined from the tube-side water flow rate and the temperature rise

of the water by the following equation:

% _ WtCp (ia-Tl) (21)
where
Q = total heat transferred, Btu per hr
Wy = water flow rate, 1lb per hr
To = outlet water temperature, °F
Ty = inlet water temperature, °F
Cp = specific heat of water, Btu per (1b) (°F)

A = total outside heat transfer area, sq ft.
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Detailed sample calculations are given for run 21 in -Appendix C.

The condensing load is obtained from the rate of heat transfer and
the enthalpy change of the cohdensing superheated vapor. Because of the
temperature drop through the condensate film, the condensate leaving the
condenser is normally assumed to be subcooled. Measurement of the con-
densate temperature in the liquid return line to the reboiler (Figure 2)
indicates that the liquid leaving the condenser is essentially at its
saturation temperature. This is dﬁe to the intimate contact of the con-
densate with the superheated vapor in the lower half of the condenser.
The proper enthalpy change of the vapor is that corresponding to the con-
densation of the superheated vapor to the saturated liquid. The conden-

sing load is calculated from the following equation: .

m. = Q . (22)

S A(-AH)

The degree of superheat is defined as the difference between the
temperature of the superheated vapor and the saturation temperature cor-
responding to the condenser pressure. The experimental heat fluxes cal-
culated from equation 21 are presented in Figure 7 for Freon-11l4 and in
Figure 8 for steam. The general trend indicated is a gradual decrease
in the heat flux due to superheat. The effect of éﬁperheat on the heat
flux varies for the various pressures. At 140°F superheat the reduction
in heat flux compared to the heat flux at saturation varies from 6.4 per
cent for superheated Freon—llh condensing at 43.7 1b per sq in. absolute
to 23.4 per cent for superheated steam condensing at 9.2 1b per sq in.
absolute. An increase in heat flux with superheat is indicated only by
the Freon-11l4 data obtained at 77.0 1lb per sq in. absolute. At a super-
heat of 1LO°F the heat flux of superheated Freon-11lk is 5.8 per cent

higher than the corresponding saturated vapor.
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Tt is interesting to observe the trend indicated for the effect of
superheat on the condensing load in order to interpret the overall per-
formance of superheated vapors. The condensing loads calculated from
equation 22 are presented in Figure 9 on a semilogarithmic plot of the
condensing load versus the degree of superheat. In all cases for both
Freon-11L4 and steam the condensing load decreases gradually with the
superheat. A comparison of Figures 7 and 8 with Figure 9 indicates that
at the lowest condensing loads represented by the steam data at 9.2 1b
per sq in. absolute the reduction in heat transfer for a 140°F superheat
is a maximum of 23.4 per cent. For intermediate condensing loads this
reduction is 14.1 to 19.0 per cent. For the higher condensing loads rep-
resented by the Freon-114 data at 43.7 1b per sq in. absolute the reduc-
tion in the heat transfer rate is é minimum of 6.4 per cent for the same
degree of superheat. At the highest condensing loads with Freon-114 con-
densing at 77.0 1b per sq in. absolute the trend in the heat transfer
rate is reversed and there is an increase of 5.8 per cent in the heat
flux.

These results indicate that the trend obtained for the effect of su-
perheat on the heat flux curve depends on the condensing load, Figure 9a.
This is due to the fact that an uncertain amount of desuperheating of the
vapor occurs in the céndenser because of the intimate contact of the sub-
cooled condensate flowing from the tube surface with the vapor zone sur-
rounding it. During this process of desuperheating of the vapor and heat-
ing of the condensate some vaporization of the condensate may occur spe-
cially at high superheats. This process of heat transfer and that due to
intraphase heat transfer will be referred to as the secondary process of

heat transfer to differentiate it from heat transfer occurring at the
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vapor-liquid interface between the superheated vapor and the condensate
surface. The latter will be referred to as the primary process of heat
transfer.

For the ideal case when all desuperheating and condensation of the
vapor occurs at the vapor-liquid interface the theory of interphase trans-
fer predicts a lowering of the heat flux with increase in superheat.

When heat transfer occurs by both primary and secondary processes ﬁhen
only a portion of the expected lowering in heat flux is actually observed
since the effective temperature of the vapors at the vapor-liquid inter-
face is lower than the superheated vapor temperature. This results in a
lower temperature difference through the interfacial film and a higher
interfacial vapor film coefficient. It follows from this reasoning that
at appreciably high condensing loads an increase in the heat flux is pos =
sible if the extent of cooling of the superheated vapor by the secondary
process 1is appreciable. This subJject is discussed further in the next
section concerning the mechanism of mass and energy transfer. The only
disagreement of the experimental results with this explanation is the
19.0 per cent lowering in the heat flux at 140°F superheat given by steam
condensing at 44.1l 1b per sq in. absolutel The present interpretation of
results predicts a lower reduction in the heat flux for steam at 4h4.1l 1b
per sq in. absolute than the 14.1 pér cent decrease indicated by steam
condensing essentially filmwise at 23.4 1b per sq in. absolute. This
discrepancy may be due to the unstable pattern of condensation which
steam exhibits. The apparently constant lowering of the heat transfer
rate for steam condensing at 23.4 and 23.9 1b per sq in. absolute corres-
ponding to appreciably different condensing loads is due primarily to the
difference in the tube-gside water flow rates and the type of condensation

obtained.
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Heat transfer rates and condensing loads obtained for a constant
tube-side water temperature vary according to the condensing pressure,
the tube—side'water flow rate, and the extent of fouling on the tube
side. For steam an additional factor is the type of condensation ob-
tained. The experimental data with measured tube-wall temperatures indi-
cate a gradual fouling. Experimental data, runs 56 th?ough 72, obtained
on the original tube (Table I) prior to wall thermocouple installation
indicate some fouling on the tube side. The extent of fouling is defer—
mined by comparing the performance of the tube at any time with that of
the clean tube. The results of the studies on the water-film coefficient
inside the experimental tube are discussed and presented as Wilson plotsu9
in Appendix B. The equation used to predict the water-film coefficient
and enable the calculation of the outside tube surface temperature for
runs 56 through 72 is given in Appendix B. The calculated fouling factor
is found to be 0.00023 (hr)(°F)(sq ft inside) per Btu.

The conditions under which a superheated vapor does not form a wet
film of condensate on the tube surface is important because convection
coefficients from a gas to a solid usually give heat transfer rates which
are much lower than that obtained during condensation. In the previous
section the effect of superheat at reasonable condensing loads is found
to be a gradual decrease in the heat flux as compared to the heat flux
obtained with the saturated vapor. In the next section this effect is
related to the lowering of the condensate surface temperature below that
of the saturation temperature. It is important to know the degree of
superheat at which the condensate surface temperature decreases suffi-
ciently to attain the limiting value corresponding to the outside tube

surface temperature. Under these conditions condensation ceases and the
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tube surface becomes dry. At a given pressure and tube-wall temperature
the superheated vapor temperature corresponding to the degree of super-
heat required to attain the dry tube condition represents the "dry point."
During the present studies the degree of superheat required to attain
the "dry point" is found to be extremely high. "Dry points" estimated in
the next sectioﬁ for Freon-114 are found to be between 625°F and 925°F.
Thus, a direct investigation of this problem is presently impossible. A
similar problem which can be investigated experimentally is the conden-
sation of superheated vapors at constant superheat and different values
of (Tsv-t ). This group represents the difference between the saturation
temperature of the vapor and the measured outside tube-surface temperature.
Heat flux data obtained while (Tsv—to) approaches zero describe the man-
ner in which the heat transfer rate, the condensing load and the overall
outside coefficient vary in thé region where the tube éurface temperature
approaches the saturation temperature. Table IV gives the results of
these experiments (runs 27 through 34) made with superheated steam con-

o) is varied conveniently by main-

densing under vacuum. The group (Tév-t
taining the superheat and the tube surface temperature constant and re-
ducing the condenser pressure until the saturation pressure approaches
the tube surface temperature. Beyond a certain degree of approach the
experimental heat fluxes are found to be inaccurate because of the very
small temperature rise obtained on the tube side.

Figure 10 presents variation of the heat flux and the condensing
load obtained for the condensation of steam at pressures varying from
7.5 to 9.0 1b per sq in. absolute and superheats varying from 37.30°F to

46.72°F. The experimental results indicate a gradual decrease in the

heat flux and the condensing load as (Tsv-to) approaches zero. The trend
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of the curve shows a minimum value for the heat flux when the tube sur-
face is at the saturation temperature. The overall outside film coef-

ficient is calculated from the heat flux and the measured temperatures

by the following equation;

hy = Q (23)
A(T,-t,
where
h, = overall outside film coefficient, Btu per (hr)(°F)(sq ft out-
side)
T = temperature of superheated vapor, °F.

g

Figure 11 presents the variation of the overall outside film coef-
ficient with the temperature difference through the fiim. The experimen-
tal results do not extend to values of (Tgy-t,) where the tube surface is
dry, but Figures 10 and 11 indicate that this condition is reached when
the tube surface is at the saturation temperature. This is proved by
visual observation of the tube surface and the temperature measurements
made while (Tsv-to) becomes zero and negative. These results are tabu-
lated as runs 35 through 39 in Table IV. Small discrepancies in the meas-
ured saturation, tube wall, and water temperatufes are indicated in col-
um 13. These are due to the difficulty of attaining satisfactory steady-
state conditions at the very low heat fluxes involved. Columns 17 and 18
describe the physical condition of the tube. These results substantiate
the fact that below the "dry point" a superheated vapor will condense and
wet the tube so long as the tube surface temperature is below the dew
point of the superheated vapor.

The degree of superheat and the tube surface temperature varies some-

what for runs 27 through 34. In order to determine the overall outside
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film coefficient at (T, -t equals zero the experimental superheats and

sv™ o)

tube surface temperatures are graphically extrapolated to (Tsv-to) equals
zero. Figure 31 of Appendix F indicates that when (TSV—tO) is zero, the
saturation and tube surface temperatures are 176.0°F and the degree of
superheat is 33.0°F. The outside film coefficient can be estimated at
these conditions by the following equation recommended for the evaluation

of the natural convection coefficient on the outside of a horizontal

tube:55
1/4
k2 pp° Cop At
h, = 0.55 |5 Pr & Pr Cpr O (24)
ue Dy
where
h, = natural convection coefficient for a horizontal tube, Btu

per (hr)(°F)(sq ft outside)
Subscript f refers to vapor or gas properties evaluated at the mean

vapor film temperature T¢, °F

Ty + to o
Tp = %Lf?-_- , °F
B = coefficient of cubical expansion of vapor or gas, °R'l
At = vapor or gas film temperature difference T,-to), °F.
(0] } g >

The outside film coefficient calculated from equation 24 is found to be
0.86 Btu per (hr)(°F)(sq ft outside) and is represented by the square
point in Figure 11. The corresponding heat flux and condensing load are
calculated from equations_EB and 22, respectively. These values are founc
to be 28.4 Btu per (hr)(sq ft) and 0.0282 1b per (hr)(sq ft outside) and
are presented in Figure 10 by the square point.

Figure 12 presents in a conventional way the overall outside film

coefficients for superheated Freon-1lh and steam calculated from the ex-
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perimental data by equation 23. The lines representing the data at var-
ious pressures have a negative slope of unity. The overall outside film
coefficient increases consistently with pressure for both Freon-114 and
steam. The apparent discrepancy indicated by the stéam data for a con-
densing pressure of 23.9 1b per sq in. absolute (runs 46 through 55) is
due to appreciable dropwise condensation obtained during these runs.
These results are further analyzed in the next section to calculate the

interfacial coefficient at the vapor-liquid interface.

THEORY OF FILMWISE CONDENSATION OF SUPERHEATED VAPORS

The mechanism of the condensation of superheated vapors is discussed
in this section. The applicability of the theory of interphase mass and
enefgy transfer and its limitations are presented for the interpretation
of the experimental and calculated results and for an understanding of
the condensation of superheated vapors.

The process of condensation of wvapors involves the transfer of mass
and energy from a vapor phase to a liquid surface. For a saturated wvapor
the vapor moves onto the liquid surface and condenses. The primary bar-
rier to energy transfer is the layer of condensate through which heat is
essentially carried by conduction from the condensate surface to the iube
surface. This process attains steady state at constant pressure and tube
surface temperature by the build-up of the condensate thickness and with
it the resistance to heat transfer. The deviation from equilibrium, if
any, is very small at the vapor-liquid phase boundary and the vapor-liquid
interface can be assumed to provide no barrier for mass and energy trans-
fer. Both vapor and liquid at the interphase are at the saturation tem-
perature. These assumptions are implied in the derivation of equation 1
discussed in an earlier section and are Jjustified by good agreement be-

tween experimental and theoretical results.



55

The transfer of mass and energy during the condensation of a super-
heated vapor proceeds much in the same way as that of a saturated vapor.
However, the assumption of thermodynamic equilibrium at the vapor-liquid
interface seems to be questionable because of the conflicting evidence
indicated by experimental results. The temperature and pressure condi-
tions which prevail at the interface are uncertain because of the diffi-
culty of the necessary measurements and the lack of effort evidenced from
a review of the literature in this field. Experimental and theoretical
studies reported in the literature indicate conflicting opinions and re-
sults on the effect of superheat on the heat flux obtained during con-
densation. The results vary from a large or small increase in the heat
flux due to superheat,BB’3“’55’u7 no efféct of superheat on the heat
flux,26 an increase in the heat flux at low heat transfer rates with a
subsequent decrease at high heat transfer 1"&’(:(9:—3,21‘L to a decrease in the
heat flux due to superheat.25 These results tend to indicate that in
general the process of condensation of superheated vapors is not adequate-
ly understood, and in particular, the nature and importance of the vapor-
liquid interface is overlooked.

A thorough understanding of the condensation of superheated vapors
requires a theoretical approach to the interphase transfer of mass and
energy because the vapor-liquid interface is definitely present. However,
an understanding of all procésses involving mass and heat transfer is
necessary in addition to that which occurs at the phase boundary.

Evidence of the effect of superheat on the process of condensation
is the general lack of agreement among the results of different investi-
gators, and the difficulties encountered with superheated vapor conden-

sers designed by conventional methods discussed previously. The heat
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transfer rates obtained in condensers designed to handle vapors with ex-
cessively high superheats or superheated vapors at pressures considerably
below atmospheric are usually below their design capacity. This indicates
that in some applications the vapor-liquid interface offers an appreciable
barrier to the transfer of mass and energy, whereas in others the assump-
tion of equilibrium at the interface is wvalid.

In the present investigation an attempt is made to observe the vari-
ous processes which enable the transfer of mass and heat in order to de-
termine the conditions under which the effect of superheat becomes impor-
tant. The experimental data cover a wide range of condensing loads which
evidently influence the effect of superheat on the heat flux by the sec-
ondary process of heat transfer discussed in the previous section.

The experimental results indicate a gradual but definite decrease in
the tube surface temperature with increase in the superheat of the con-

densed vapors (Tables II and III, Figure 12a). It is also shown in Figure 9
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that in all cases with superheated Freon—llh and steam the condensing
load decreases with increase in the superheat of the vapor. It follows
from these observations that for thé heat flux curves (Figures 7 and 8)
which indicate a reduction in the rate of heat transfer with increase in
the degree of superheat, the condensate surface temperature definitely
decreases with increasing superheat. That this is true also for those
Freon-11ll results which indicate a slight increase in heat flux is shown
later (Figure 17). This conclusion results from the fact that the slope
of the temperature profile through the condensate’film is proportional to
the heat flux through the film. If the condensate surface is assumed to
be at the saturation temperature during the condensation of the saturated
vapor, then it must be at a lower temperature during the condensation of
the superheated vapor which gives a lower heat flux (smaller slope) and a
lower tube surface temperature.

It is concluded from this discussion that superheat in the condensing
vapors affects the temperature and pressure conditions at the vapor-liquid
interface. This irﬁplies the presence of a phase boundary where the vapor
is not in equilibrium with the liquid and the vapor film interface be-
comes a barrier to the condensation of superheated vapor molecules. The
temperature of the liquia and the vapor at the interface is not measured
experimentally. A comparison of the experimental condensate film coeffi-
cient for the saturated vapor with that calculated from equation 1 shows
good agreement for those caseé which give stable film condensation. For
saturated Freon-11lk the calculated condensate film coefficient is 4.1 per
cent higher than the experimental value of 170 Btu per (hr)(°F)(sq ft out-
side) obtained at a pressure of T7.0 1lb per sq in. absolute and 17.5 per
cent lower than the experimental value of 251 Btu per (hr)(°F)(sq ft out-

side) obtained at a pressure of 43.7 1b per sq in. absolute.
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Since the temperature drop through the condensate film is unknown
for condensing superheated vapors, it is more convenient to calculate the
condensate film coefficient from the equation using the condensing load
which is obtained experimentally. The following is the equation recom=-

mended for this calculation55 and it is equivalent to equation 1:

3 2 1/3 1/3
ke™ pr= 8 e

ETTT

h, = 1.2 (25)

Hfg
where f1' = condensing load, 1b per (hr)(ft of tube length). The use of
this equation is simplified by the calculation of the physical property
group

ke® pe® g L/
Me
as a function of the mean condensate film temperature (Tf). These cal-
culations are illustrated in Appendix C.

The experimental condensate film coefficients obtained during mixed
condensation of steam at 9.2 and 23.9 1b per sq in. absolute (runs 4O
through 55) are considerably higher than those calculated for film con-
densation from equations 1 and 25. For these runs the condensate film
coefficient for a run with superheated steam is estimated from the ex-
perimental film coefficient at saturation by multiplying the latter with
the ratio of the condensing loads raised to the one-third power.

It is important to note that any error in the prediction of the con-
densate film coefficient does not introduce any appreciable error in the
interfacial temperature difference finally evaluated. This is shown in
Tables II and III by the relative magnitude of At, and At; at various

superheats. Above superheats of 10°F the error in the calculated value

of the temperature drop at the interface (Ati) is negligible. The cal-
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culation of the condensate film coefficient by equation 25 involves the
determination of the temperature drop through the condensate film (Atc)
as shown in the sample calculations of Appendix C. The condensate sur-
face temperature is evaluated from the experimental tube surface temper-

ature and the calculated At. by the following equation:

Tg = to + A, . (26)

The temperature drop through the interfacial film is obtained from the

following equation:
Aty = Tg - Tg (a7)

where Aty = temperature drop through the interfdeial film, °F. Equation
27 gives the maximum temperature drop available at the interface and im-
plies that this temperature drop occurs at the vapor-liquid interface.
The validity of this assumption is shown by the extent to which experi-
mental results agree with the present theory. Possible deviations from
this assumption are discussed later in this section. The interfacial va-

por film coefficient is defined as follows:

. = Q
T W) (28)

where hi = interfacial vapor film coefficient, Btu ﬁer (hr)(°F)(sq ft
outside). Since the exact location and area of the interface is unknown,
a good approximation is the use of the outside tube area. This assump-
tion is implied in equation 28. The overall outside film, condensate film,
and interfacial film coefficients are related by equation 1% presented
earlier with the introductory theory. The calculated interfacial film
coefficients are given in Tables II and III.

Figure 13 presents the relationship between the calculated inter-
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facial film coefficients and the degree of superheat for Freon-114 and
steam. TFor the range of low superheats the spread of the Freon-11lh re-
sults is reduced in comparison with the trend indicated in Figure 12.

The relati&e spread of the steam results is the same for the experimental
outside film coefficients (Figure 12) and the calculated interfaciai film
coefficients (Figure 13).

The effect of superheat on the overall film resistance, the conden-
sate film resistance, and the interfacial film resistance is shown in
Figures 14 and 15. These resistances are defined as the reciprocal of
the corresponding film coefficients. Figure 1k presents the individual
film and total film resistances for the Freon-11l4 data. Figure 15 gives
the results for Freon-11Lk at the condensing pressure of T77.0 1b per sq
in. absolute on rectangular coordinates. The concept of the individual
film resistances is indicated clearly in Figure 15 for the range of ex-
perimental results. At saturation the interfacial film resistance is as-
sumed to be zero. As the degree of superhéat is increased the condensing
load and the condensate film resistance decrease gradually, whereas the
resistance of the film at the vapor-liquid interface increases rather
sharply. This corresponds to the rapid decrease in the interfacial film
coéfficient which is infinite at saturation (Figure 13). Up to a super-
heat of about 30°F the interfacial coefficient of Freon-l1lh4 seems to be
independent of the pressure.

Figure 13 is useful in predicting conditions of superheat in the re-
gion close to the "dry point" defined previously. At the "dry poinﬁ"
the tube surface is dry and the outside film resistance is represented by
the interfacial film resistance. The corresponding condensate film re-

sistance is zero. It is also reasonable to assume that at this point the
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interfacial film coefficient is approximately equal to the natural con-
vection coefficient evaluated from equation 24. Iines representing the
calculated natural convection coefficients are shown in Figure 13 for
Freon-114 condensing at 43.7 and 77.0 1b per sq in. absolute. Intersec-
tion of these lines with the extrapolated interfacial film coefficients
gives the calculated "dry points" for superheated Freon-l1lh4 condensing
at a constant pressure and a constant tube surface temperature. The "dry
points" shown by the square points in Figure 13 represent a superheated
vapor temperature of 1058°F and a superheat of 925°F at a pressure of
T77.0 1b per sq in. absolute. »The corresponding values at a pressure of
43.7 1b per sq in. absolute are T21°F and 625°F.

It follows from the trend obtained in Figure 13 that as the super-
heat is increased past the value corresponding to the "dry point," the
latter marks a sudden reversal in the variation of the outside film co-
efficient. However, it is likely that this reversal in trend occurs
smoothly and not abruptly as obtained in Figure 13. This is suggested
by the experimental results described previeusly and presented in Figures
10 and 11. The trend of the heat flux curves may be followed beyond the
"dry point" by considering the slope of the line in Figure 13 beyond the
'ﬂrypointf' For the range in which radiation effects are not appreciable
the heat flux curves would decrease gradually. When heat transfer by ra-
diation becomes controlling the heat flux curve would indicate a reversal
in trend and a gradual increase. In Figure 14 the interfacial film re-
sistance curves are extrapolated to the "dry point" values shown by the
square points.

Figure 16 describes the variation of the overall outside film coef-

ficient as the superheated vapor temperature attains the "dry point,"
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for the Freon-1lh data obtained at a pressure of 77.0 1b per sq in. ab-

solute. The general trend is the same as that obtained in Figure 13 be-
cause near the "dry point" the value of the interfacial film coefficient
approaches that of the overall film coefficient.

At a constant condensing pressure increase in the tube surface tem-
perature reduces the "dry point" of the superheated vapor. For applica-
tions involving the condensation of superheated vapdrs at high superheats
and high tube surface temperatures or low values of (Tgy-t,), it is im-
portant to evaluate the dry point of the condensing vapors. This requires
a knowledge of the interfacial film coefficient as a function of the de-
gree of superheat. The correlation of the calculated interfacial film
coefficients on a generalized basis enables this calculation. Such a
correlation is presented in the next section.

The calculated interfacial film temperature difference and the cor-
responding interfacial film coefficient discussed in this section assume
that condensétion of the superheated vapors occurs entirely by the mecﬁa-
nism of interphase mass and energy transfer. There is evidence that this
is true to an uncertain extent. Figure 17 presents the temperature pro-
file for a condensing superheated vapor. The profiles presented quali-
tatively correspond to runs 6 and 14 for Freon-1lh condensing at a pres-
sure of 77.0 1b per sq in. absolute. The degree of superheat is T7.0°F
for run 6 and 113.0°F for run 14. The reductions in the tube surface
temperature, the condensate film thickness, and the calculated condensate
surface temperature with increase in the degree of superheat are shown.
The increase in the interfacial film thickness with increasing superheat
is shown for the case of interphase mass and energy transfer. The effecf

of superheat on interphase transfer is lowering of the condensate surface
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temperature. The general theory of interphase transfer discussed pre-
viously predicts this lowering of the condensate surface temperature be-
low the saturation temperature. This assumes that a temperature drop of
(Tg—TS) occurs at the vapor-liquid interface. The order of magnitude of
the interface is somewhat less than the mean free path of the superheated
vapor molecules. This thickness 1s exaggerated in Figure 17 in order to
clarify the concept of the vapor—liquid interface.

Condensation of superheated vapors involves secondary processes of
heat transfer other than interface transfer of mass and energy. Devia-
tions of the behavior of superheated vapors from that predicted by inter-
phase transfer theory are due to heat transfer from the superheated vapor
to the subcooled condensate and heat transfer between the vapor molecules
adjacent to the interface. The latter is known as intraphase energy trans-
fer. Usually intraphase and interphase transfer operations occur simul-
taneously and complicate the proper treatment of interphase transfer data.
The effect of intraphase energy transfer on the temperature profile is
shown by the dashed line in Figure 17. The resulting film temperature
drop across the vapor-liquid interface is only a portion of the total tem-
perature drop (Tg-TS) available. This results in a lowering of the con-
densate surface temperature which is less than that predicted from inter-
phase transfer theory. The higher condensate surface temperature results
in a higher temperature drop and a higher heat flux across the condensate
film.

It is seen from this discussion that both intraphase energy transfer
and contact of the superheated vapor with the condensate tend to counter-
act the effect of superheat which tends to lower the rate of interphase

mass and energy transfer. Therefore the effect of superheat on the heat
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flux depends on the relative importance of these opposing‘trends. At low
tube surface temperatures, high values of (Tsv-to), moderate superheats,
and high condensing loads the secondary process of heat transfer tends to
become appreciable because of the large quantity of .subcooled condensate
which contacts the superheated vapor. Conversely at high tube surface
temperatures, low values of (TSV-tO), high superheats, and low condensing
loads interphase mass and energy transfer becomes controlling. It may
be concluded from this discussion that condensation of superheated va-
pors may indicate a higher, the same, or a lower heat transfer rate than
the corresponding saturated vapor.

The correlation. of the experimental and calculated results on the
basis of interphase transfer theory will show the validity of this theory
as applied to the condensation of superheated vapors. This attempt is

made in the next section.

CORRELATION OF RESULTS

The theory of interphase mass and energy transfer is used for the
correlation of experimental and calculated results. The actual heat trans-
fer through the vapor-liquid interface cannot be determined from the ex-
perimental results, because of the uncertain amount of heat transfer oc-
curring by secondary processes discussed earlier. This introduces a cer-
tain amount of uncertainty in the temperature of the superheated vapor at
the vapor-liquid interface. It is assumed that the vapor at the inter-
face is at the condenser temperature. The uncertainty introduced by this
assumption is of the same order as that of the calculated condensate sur-
face temperature. The temperature of the condensate surface calculated
by the method outlined in the previous section is presented as a function

of the degree of superheat in Figure 18. The semilogarithmic plot indi-
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cates a straight-line relationship for Freon-11k and steam. Lines are
drawn to represent the best trend indicated by the individual calculated
points. The equations of these lines given in Figure 18 show the mean
saturation temperature for all the runs in a given set corresponding to
the mean condenser preéssure. Saturation and condensate surface tempera-
tures used for the correlation of experimental heat transfer rates and |
condensing loads are obtained from the lines shown in Figure 18. This
is justified because of the uncertainty inherent in the calculation of
the condensate surface temperature and the unavoidable variation of the
saturation pressure and temperature for the runs corresponding to the
different degrees of superheat at a given pressure.

The lowering or depression of the condensate surface temperature be-
low the saturation temperature (TSV-TS) is calculated and shown in Fig-
ure 19 as a function of the superheat. These and other calculated results
used for the correlation of heat flux and condensing load with superheat
are given in Table V. The line shown in Figure 19 represents the best
£it for Freon-11lk results. The calculated results for superheated steam
fall slightly below those for Freon-11ll. Superheated steam corresponding
to a pressure of 24.08 1b per sq in. absolute shows a depression of con-
densate surface temperature (TSV—TS) which is about 50 per cent higher
than those of Freon-114 and steam at other pressures. This may be due to
the pronounced dropwise condensation obtained during these runs (46 through
55) and the greater uncertainty in the calculation of the condensate sur-
face temperature.

The condensation of superheated Freon-114 and steam is studied under
conditions which tend to reduce the extent to which processes other than

that of interphase mass and energy transfer prevail. The effects of va-
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por velocity and intimate contact of the condensate with the superheated
vapor are minimized by the experimental condenser shell and tube selected.
The small tube provides a low heat transfer area and reduces the conden-
sing load per unit length. The relatively large shell with two inlets
reduces the velocity of the vapors moving toward the cooler condensing
surface.

Previous discussion of the experimental results indicatesa distinct
effect of superheat on the temperature and pressure conditions at the in-
terface. The mechanism of condensation of superheated vapors involves
the transfer of mass and energy through the vapor-liquid interface. The
tempefature and pressure conditions are not determined experimentally be-
cause of the nature of this study. Based on evidence from the experimen-
tal results the validity of the assumed and calculated interfacial con-
ditions is tested by direct application of the equations derived from
the theory of interphase mass and energy transfer.45

At a given temperature and pressure the net mass transfer rate is
related to the interfacial conditions of temperature and pressure by equa-
tion 19 presented earlier. This equation is based on the theory of inter-
phase mass and energy transfer discussed earlier in the literature review
and is valid for the general case where the vapor and liquid are not in
equilibrium (TS/Tg # 1) at the interface. In deriving equation 19 the
condensation coefficient (f) is assumed to be a function of the state of
the surface and the kind of molecules involved.

For a given substance the condensation coefficient decreases with
increase in the superheat of the vapor. This observation is explained in
this section. The molecular velocity of the vapor and the rate of col-

lision of the molecules with the condensate surface increases with in-
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crease of the vapor temperature. The condensation of superheated vapor
molecules requires a condensate surface which has a greater potential to
absorb molecules than that necessary for the condensation of saturated
vapor molecules. This is due to the higher average energy content of a
superheated vapor molecule as compared to that of a saturated vapor mole-
cule. Thus, during the condensation of a pure substance the rate of mass
transfer or the condensing load is\controlled by the.rate at which energy
or heat is extracted from the superheated vapor and conducted through the
liquid film. To increase the probability of condensation of the higher
velocity superheated vapor molecules the condensate surface temperature
must be lower than that necessary to condense lower-velocity saturated
vapor molecules. The lowering of the condensate surface temperature is
limited, however, by the mechanism of conduction whereby the heat extrac-
ted from the condensed molecule must be transferred to the tube surface.
Therefore, the overall rate at which superheated vapor molecules are con-
densed is less than that of saturated vapor molecules. The increase in
the rate of collisions on the one hand and the decrease in the rate of
molecules condensed on the other tend to reduce the value of the conden-
sation coefficient (equation 8).

Figure 19 indicates that the effect of superheat on the condensate
surface temperature is comparable for different fluids and different
pressures. Experimental and calculated results obtained for the film
condensation of a pure substance or different substances with similar
molecules can be correlated as a function of the condensation coefficient
(f) if the latter represents the characteristic variable describing the
temperature and pressure conditions at the vapor-liquid interface.

Direct application of equation 19 is complicated becaﬁse of the cor-
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rection factor r\as indicated earlier. This relationship is simplified
by expressing rﬂas a simple function of the variable ¢g defined by equa-
tion 20. Values of (F"-l) are presented graphically for condensation
(¢g < 0) and evaporation (¢g > 0) in reference 45 for the range 1 2 |¢g‘
> 1073, The ma jor portion-of this graph corresponding to the range of
|fg| of 0.1 > || > 0.001 is represented satisfactorily by a straight
line with a slope of unity. The following equation approximates the cal.
culated values of[ﬁ for condensation with a maximum deviation of X 4 per

cent within the specified range:

M = 1+1.85 [gg]| for 0.1 2 |gg| 20.001 . (29)

Substituting for the absolute rate of evaporation (me) from equation

9 in equation 20 ¢g is expressed as:

g 2n RTs [T, 1/2 | (30)
oxt/2 1 P, aoM |\ Tg,

P

Equation 30 is used subsequently to calculate the range of values of ¢g
corresponding to the experimental and calculated results obtained in this
investigation. vValues_of l¢g| lying within the specified range Jjustify
the use of equation 29 for the elimination of r‘in equation 19. Substi-
tuting for r1 in equation 19 the linear function given by equation 29

and solving for ¢g the following equation is obtained:

1/2 1/2
6 - (2 () . _Z= [l arBls _ 1 _ . (31)
g 1.85 Pg Ty 1.852ng Tg g.M 1.85

Combining equations 30 and 31 to eliminate ¢g the following equation

is derived for the condensation coefficient (f):
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2n RTg
1.52 mg EM

f = To\172 (32)
- .

BEquation 32 is equivalent to equation 19 discussed earlier. The cor-

rection factorlﬁ is eliminated in equation 32 and the condensation coeffi-
cient is presented as a function of the condensing load and the temper-
ature and pressure conditions at the wvapor-liquid interface.

A relationship similar to equation 32 is presented by Bosnjakovicll’MS
without the correction factor fﬂ and its equivalent constant coefficient
1.52. He does not define the temperature drop through the interface and
the expected deviations from equation 32 because of intraphase film tem-
perature drop. A temperature gradient extending beyond the vapor-liquid
interface (shown in Figure 17) indicates intraphase heat transfer. This
secondary process of heat transfer affects the predictions made from eQua—
tion 32 in two ways. Firstly, it reduces the effect of superheat on the
condensate surface temperature and results in a higher condensate surface
temperature. Secondly, it lowers the superheated vapor temperature at

the interface. The overall effect of intraphase heat transfer is a higher

value for the ratio (TS/Tg), a lower value for the terms

[Ps* - Pg <-$—Z—)l/2] P)

and a higher value for the condensation coefficient (f) in equation 32,
as compared to the assumption Qf interphase mass and heat transfer alone.

Substituting for *JEnR/gc equation 32 is simplified to:
mg 7w

19,630 [?s* Yy (TS)1/2] (33)

Tg
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where Ps* and Pg are expressed in 1b (force) per sq in. absolute.

The experimental and calculated results are used to calculate T
from equation 33 and ¢g from equation 31. These calculations indicate
values of l¢g| of about 0.007 and Jjustify the use of equation 29 to elim-
inate r1 in equation 19. ¢é may be calculated also from equation 30.

Substituting for the molecular weight in equation 33 the following

equations are obtained for Freon-1llhk (M = 170.9) and steam (M = 18.02):

ms VT - (34)

f -11h
256, 300 |:P * _p (Erﬁ)l/z] or Freon-11k ;
s & \Tg

g JEE L
85,500 |px _p (Ts
s g T;

H
|

>1/2] for steam . (35)

The correlating group defined as

g ‘\/_Ts

G(f) = [Pg (;E)l/g _ Psq - (36)

g

is used for the correlation of the experimental condensing load and the
calculated temperature and pressure conditions at the interface with the
degree of superheat. The effect of molecular weight is not included in
order to differentiate easily between the Freon-114 and steam results.
Table V gives the results of these calculations. The correlating group
is plotted against the superheat in Figure 20. Of the two fluids, Freon-
114 indicates stable film condensation and is expected to give results
which agree better with predictions of interphase theory. This is shown
by the satisfactory grouping of the Freon-11L4 results about the line
drawn to represent the best fit. The steam results indicate an appre-

ciable scatter which indicates that the results of more stable film con-
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densation data (runs 56 through T72) lie above those of the mixed condensa-
tion data (runs 4O through 55). Assumirig that the condensation coeffi-
cient is equal for superheated Freon-11llh and steam vapors at the same su-
perheat, the correlating line for the steam results is obtained from the
correlating line for Freon-11hk and the square root of the molecular weight
ratio. The scatter of the steam results from this line is to be accoun-
ted for by the mixed condensation obtained with steam. The present the-
ory assumes the existence of a uniform condensate film whereas the pat-
tern obtained with dropwise condensation is widely different from this.
It is interesting to note that the present correlation predicts conser-
vative condensing loads for superheated steam condensing filmwise. The
maximum deviation of the results is +12 per cent and -20 per cent for
Freon-114 and + 50 per cent for the steam results;

The equation of the correlating line in Figure 20 including the ef-

fect of molecular weight is found to be

Ts

M 46,700
T-\1/2 = Z.l6 (37)
& \Tg s

where ATg = (Tg—TSV), °F.

Equation 33 is combined with equation 37 to give the following re-
lation between the condensation coefficient (f) and the degree of super-

heat:

. 2.38
f = I (38)

The values of the condensation coefficient (f) calculated from equa-
tion 38 are not necessarily correct because of the nature of the preced-
ing calculations. However, the condensation coefficient is found to be

the important correlating factor for the prediction of the effect of su-
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perheat on the filmwise condensation of‘superheated vapors. Equation 38
may be used to estimate the value of (f) at saturation or zero superheat
by calculating the degree of superheat corresponding to f = 1.0. This is
found to be 2.11°F. Since the value of f cannot exceed unity by defini-
tion, it may be deduced that the value of the condensation coefficient is
close to unity for the filmwise condensation of saturated Freon-11hk and
steam. For quantitative determination of (f) the interfacial conditions
must be known accurately by direct or indirect exper%mental measurement.
The approximate equation 7 discussed earlier is used extensively for
the correlation of mass and heat transfer data without clarification of
the underlying assumptions. A comparison of equation 7 with equation 32

indicates that in the former the group

is assumed to be unity. A function of the condensation coefficient de-

fined as

Mg ‘\/.Es-

E(F)

is calculated and shown in Figure 30 given in Appendix F. These results
are given in Table V. Figure 30 indicates a satisfactory correlation for
the Freon-1llh results. Steam results with both dropwise and filmwise
condensation are spread above the correlating line drawn for steam. This
| inconsistency is accounted for by the assumption of (TS/Tg) = 1.0 which
invalidates the use of equation 7 for applications involving a tempera-
ture drop through the interfacial film.

Equation 33 is modified to correlate the calculated interfacial film

coefficient with the temperature drop through the interface (Tg-TS) and
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the interfacial conditions. The condensing load (mg) in the correlating
group defined by equation 36 is replaced by the representative variables
which are the interfacial film coefficient (hi) and the enthalpy change

for the condensed superheated vapor. The resulting group is defined as

hi'JE;

H(f) = . 40)
( () [Pg'(%y/z ] Psﬂ (

These calculated results are given in Table V and presented in Figure 21

as a function of the temperature drop through the interfacial film. In
general the calculated results indicate a pattern similar to that ob-
served in Figure 20. Following the previoué assumption of equal conden-
sation coefficients for Freon-11l4 and steam at the same superheat the
correlating line is drawn for the steam results. The use of this line for
the prediction of interfacial film coefficients gives conservative re-
sults for superheated steam condensing filmwise. The group of variables
defined in equation 40 is a direct function of the condensation coefficient
(f) and correlates the calculated results satisfactorily for the filmwise
condensation of superheated Freon-114 and steam.

The correlating lines drawn in Figure 21 are represented by the fol-

lowing equation:

Ty
hi \[32
1VM . 601500 ) (ul)

7.\1/2 - .2.21
(—AH) [%g in) - PS;] Atl

Equations 37 and 41 and the correlating lines in Figures 20 and 21 are

recommended alternately for the prediction of the condensing load and the
interfacial film coefficient for the filmwise condensation of Freon-114
and steam. The use of these relationships requires determination of the

condensate surface temperature for the specific conditions of superheat
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and outside tube surface temperature. For tube surface temperatures
corresponding to the values given in Tables II and III and the conden-
sing pressures used the degree of lowering of the condensate surface
temperature can be obtained from the respective position of the results
in Figure 19. The general procedure recommended for the evaluation of
the condensate surface temperature is given in the next section.

The correlations derived in this discussion are used in the next
section to outline a general procedure for the design of superheated va-
por condensers under widely different conditions of superheat, pressure,

and outside tube surface temperature.

DESIGN PROCEDURE

The correlation of the experimental and calculated results based on
the theory of interphase mass and energy transfer is satisfactory for the
experimental results which correspond to the filmwise condensation of
superheated Freon-11l4 and steam. These correlations are recommended for
the prediction of variables necessary for the design of superheated Freon-
114 and steam condensers. For most applications encountered in industry
where vapors with as much as 200°F superheat are condensed filmwise at
pressures ranging from one to five atmospheres and the mean tube-side
water temperature is about 100°F these correlations may be used for the
design of condensers handling fluids with properties similar to those of
Freon-114 and steam.

The conventional design procedure based on the condensate film co-
efficient calculated from equation 1 is discussed earlier. To determine
the validity of this method for the range of variables sfudied in this
investigation condensate film coefficients are calculated for comparison

with the experimental results for Freon-11llki. The conventional film co-
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efficients (h,") are calculated from equation 1 by using a (-AH) value
corresponding to that of the actual run and a constant (Tsv-to) value

obtained for thebsaturated run of each of the two condensing pressures.
The film coefficient obtained from the experimental heat transfer rates

is calculated on a comparable basis from the following equation:

Q
fel T MTeyto) (12)

where h,' = condensate film coefficient comparable to he", Btu per (hr)
(°F)(sq ft outside). The calculated results are given in Table II and
presented in Figure 22. For Freon-11l4 condensing at a pressure of 43.7
1b per sq in. absolute the conventional film coefficients are conservative
up to a superheat of 90°F but become steadily greater than the corres-
ponding coefficient calculated from the experimental results. For Freon-
114 condensing at a pressure of 77.0 1b per sq in. absolute conventional
film coefficientsare higher than the condensate film coefficients calcu-
lated from equation 42. The trend shown by the curves in Figure 22 in-
dicates that conventional film coefficients calculated for design purposes
may be 15 to 25 per cent higher than the corresponding actual film coef-
ficients at normal superheats of lOO to 200°F. Even at normal condensing
pressures these deviations may be more pronounced at higher'sﬁperheats.
This discussion shows that at best the use of equation 1 is limited
to the estimate of design film coefficients for applications involving
normal pressures and superheats. Under peculiar conditions of low pres-
sures, high superheats, and high tube surface temperatures a more funda-
mental approach is necessary. The general design procedure outlined below
is based on the correlations derived in the previous section from con-

siderations of interphase transfer theory. It involves the trial-and-
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error determination of the condensate surface temperature for the speci-
fied conditions of condensing pressure, superheat, and tube surface tem-
perature. The following procedure is recommended for the evaluation of
the condensing load:

1. As a first approximation a reasonable condensate surface tem-
perature (Tg) is assumed, and the corresponding equilibrium pressure
(Pg*) is obtained from the vapor pressure of the fluid.

2. The given superheat and condenser pressure, and the assumed var-
iables are substituted in equation 37 and the condensing load is calcu-
lated.

3. The heat transfer rate through the interface is calculated from
the condensing load and (-AH).

L, The condensate film coefficient is calculated from equation 1
using (-AH) and the temperature difference (Tg-t,) corresponding to the
assumed Tg.

5. The heat transfer rate through the condensate film is calculated
from the evaluated condensate film coefficient and the value of (Tg-tg)
corresponding to it.

6. The calculated heat flux through the vapor-liquid interfsace is
compared with the calculated heat flux through the condensate film. If
the two values deviate appreciably a second trial is made for another

assumed value of Tg.

Equation 41 can be used alternately for the design of a superheated
vapor condenser. The calculations involved in using equation 41 are more
tedious in general and the method outlined above is preferable. The rec-
ommended procedure is illustrated for the design of a superheated Freon-

114 condenser in Appendix E. It is important to note that the present
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method is recommended for the design of superheated vapor condensers in
which the vapors condense filmwise on the outsidé of horizontal tubes.
This procedure gives results which are conservative for most normal ap-
‘plications. In general the extent of secondary processes of heat trans-
fer is appreciable in most industrial applications. The intimate contact
of the superheated vapor with the condehsate lowers the temperature drop
through the interfacial film and gives an actual interfacial film coef'-
ficient higher than that calculated directly from equation 41 or corres-
ponding to the condensing load determined from equation 37.

The present method is useful for the prediction‘of interfacial film
coefficients and condensing loads under unusual conditions of low pres-
sures, high superheats, and high tube surface temperatures. During the
condensation of a superheated vapor at low pressures of 0.1 to 1 inch
mercury molecular effects and interfacial film resistances become appre-
ciable. At high superheats and high tube surface temperatures the pos-
sibility of the superheated vapor not forming a wet film on the tube can
be predicted. This is obtained by evaluating the interfacial film coef-
ficient corresponding to the specified condensing pressure and tube sur-
face temperature for a series of superheats from equation 41. For the
same application heat transfer film coefficients for natural convection
and radiation are calculated for a series of superheats. The two sets of
film coefficients are plotted against the superheat in a manner similar
to the results presented in Figure 13. The intersection of the two curves
gives the estimated "dry point." A comparison of the specified superheat
with that corresponding to the calculated "dry point" indicatesbthe rela-
tive severity of the specified conditions.

The design procedure discussed in this section is a fundamental method
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of wide applicability. The somewhat tedious calculations inherent to the
basic approach are justified by the predictions which these equations en-
able under varied conditions encountered in the filmwise condensation of

superheated vapors outside horizontal tubes.



CONCLUSIONS AND RECOMMENDATIONS

A survey of the literature reveals that the condensation of super-
heated vapors is not entirely understood. The present study reveals and
explains some important phenomena occurring during the condensation of
superheated vapors. The various steps used and the conclusions derived
from the results of this investigation are outlined as follows.

1. The necessary apparatus including the horizontal tube condenser
was constructed and experimental data were obtained for the condensation
of superheated Freon-114 at pressures of 43.7 and 77.0 1b per sq in. ab-
solute and superheated steam at pressures of 9.16, 23.35, 23.87, and 44.09
1b per sq in. absolute.

2. A lowering of the tube surface temperature was obéerved with in-
crease in the superheat bf the -condensing vapor. ©Studies showed that su-
perheat causés a lowering of the condensate surface temperature as well.
The indicated effect of superheat was a general decrease in the heat flux
of as much as 23.4 per cent in comparison to the heat flux of the satura-
ted vapor.

5.' The lowering of the heat flux for the different pressures was
correlated with the condensing load. The éverall performance obtained
from the condensation of superheated vapors was explained.in terms of the
interphase and intraphase mass and heat transfer processes which occurred.

4. The general theory of interphase mass and energy transfer was
applied to the condensation of superheated vapors. A mechanism of mass
and heat transfer through the vapor-liquid interface based on this theory

was intfoduced to explain satisfactorily the condensation of superheated

89



90

vapors. Deviations from the theory were analyzed and explained by intra-
Phase and other mass and heat transfer processes which occur simultaneous-
ly with interphase mass and energy transfer. The condensate surface tem-
perature was calculated from the experimental condensing load by the modi-
fied Nusselt equation. The interfacial film coefficient was calculated
from the experimental results and the calculated condensate surface tem-
perature.

6. The relationship derived from the theory of interphase mass and
energy transfer was modified to enable the theoretical analysis of the
results. The experimental condensing loads obtained during filmwise con-
densation were correlated satisfactorily with the degree of superheat and
the calculated temperature and pressure‘conditions at the vapor-liquid
interface.

7. The calculated interfacial film coefficients were correlated
with the temperature and pressure conditions at the interface as a func-
tion of the temperature drop through the vapor-liquid interface.

8. The behavior of superheated vapors in the region close to the
"dry point" was explained. The calculated interfacial film coefficients
were correlated with the calculated free convection and radiation film
coefficients at the "dry point." A method was proposed to estimate the
"dry point" of a superheated vapor condensing at a specified pressure,
degree of superheat, and tube surface teﬁperature. It was verified ex-
perimentally that a superheated vapor below its "dry point" will condense
on a surface so long as the latter is at a temperature below the dew
point of the superheated vapor.

9. The experimental results were compared with results calculated

by the conventional method used for the design of superheated vapor con-
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densers. A basic procedure was outlined and illustrated to design con-
densers for the filmwise condensation of superheated vapors outside hori-
zontal tubes. The use of this method was discussed for applications pre-
senting peculiar conditions of pressures, superheats, and tube surface
temperatures.

Further study of the condensation of superheated vapors is necessary
to determine the precise nature and importance of the vapor-liquid inter-
face. For a thorough understanding the interfacial temperature and pres—v
sure conditions must be obtained accurately from direct or indirect ex-
perimental measurements. Difficult as it may be progress in this‘field
indicates the necessity of the measuremént of the vapor and liquid tem-
peratures at the interface and the temperature gradient through the super-
heated vapor region beyond the phase boundary. The applicability of elec-
trical resistivity measurements is suggested for the accurate determina-

tion of these temperatures.
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APPENDIX A

DETAILS OF EXPERIMENTAL APPARATUS

The three components of the experimental equipment are the vapor
generation and superheating units, the condenser shell and tube, and the
water circulating system. The vapors are generated in a reboiler with
steam as the source of heat and are superheated in a Chromalox electric
heater; The condenser shell has condenser temperature and pressure meas-
urement devices, and six sight glasses for visual observation of the ex-
perimental tube. The condenser tube has tﬁermocouples installed in the
wall to measure the temperature at four points. The reboiler, superheater,
and condenser shell are welded together and heavily insulated with several
layers of magnesia and glass-wool insulation. This resulted in a negligi-
ble heat loss from the condenser to the surroundings. The water circulat-
ing system consists of the mixing reservoir, the water heater, and the
pump for the controlled heating and circulation of water through the ex-

perimental tube.

VAPOR GENERATION AND SUPERHEATING

The vapors are generated in a reboiler made from a section of 6—inch
galvanized pipe 24 inches long as shown in Figure 2. The source of heat
is steam at 125 1b per sq in. gage which is condensed inside two parallel
U-shaped coils. The coils are made from two 30-inch lengths of O.750~iﬁck
outside diameter copper tubes. The connection at the top of the reboiler

with valve B is used to charge the system with distilled water. Valve C
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is used to empty the unit. The condensate line is equipped with a steam
trap and a by-pass.

A Chromalox electric superheater is used to superheat the vapors.
The unit used is GCH - 330, 240 volts, with a capacity of 3 kilowatts,
and eguipped with a K-3150 three—pole magnetic contactor. The magnetic
contactor coupled with a thermostat enables automatic control of the super-
heater outlet vapor temperature. The temperature of the superheated vapor
leaving the superheater varies as wmuch as 5°F with the off-on operation of
the heating coil. However, the loss of heat in the connecting lines and
the volume of the condenser shell level the temperature fluctuations to

about 1°F at the highest superheats used.

CONDENSER SHELL AND EXPERIMENTAL TUBE

Figure 3 indicates the condenser shell and tube details, and Teble I
summarizes the shell and tube characteristics. The condenser shell is
made from a 38—inch length of 6-inch galvanized pipe. The 6-inch pipe is
selected to give a very low vapor velocity inside the shell. Two headers
with 6 inches diameter are machined for a 2-inch diameter and one-inch
deep packing section and packing gland. The left—end header is inserted
and welded to the shell whereas the right-end header is removable by the
flanged connection shown in Figure 3. Three sight glasses at the top and
three at the front enable visual observation of the process of condensation
and the external tube condition. The vapor enters the condenser through
a manifold which is designed to give a uniform flow and temperature dis-
tribution inside the condenser shell.

At the top of the condenser are located the pressure tap, two connec-

tions for thermocouples used to measure the condenser temperature, and a



95

vent A used to evacuaﬁe the system with the Duo-Seal vacuum pump prior to
charging the system, charge the unit with Freon-114, and purge the system
of non-condensables. A one-inch pipe at the center of the shell returns
the condensate to the reboiler. Condensate flow is observed through the
Jerguson gage in the return line.

The Condenser Temperature is measured with two thermocouples, Ty

located close to the left end and Ty located close to the middle. These
thermocouples are made from 30 AWG gage iron-Constantan wire with glass
wool insulation. The insulated wire is inserted through a length of 15
BWG type 504 stainless—steel tubing, bare lengths of the two wires about
0.0625 inch long are twisted together at the protruding end, and the hot
junction is completed by silver soldering the twisted ends to the stain-
less—steel tubing and filing the solder down to a small point. The hot
Jjunction is located 1.25 inches above the condenser tube, i.e. half way
between the condenser wall and the tube. Thermocouples Tpn and Tyc were
calibrated at the low range in a constant temperature bath against Bureau
of Standards thermometers, and at two points at the high range corresponding
to the boiling point of water at barometric pressure and the melting point
of tin (231.9°C). The cooling curve method is used to determine the ac-
tual thermocouple reading at the melting point of tin.

A similar iron-Constantan thermocouple is installed in the condenser
wali at the middle and is calibrated in an identical manner. Thermocouple
measurements are made with a Leeds and Northrup portable precision poten=-
tiometer graduated in 0.0l millivolt, Potentiometer readings are accurate
to X 07002 millivolt. The ice point of water is used as the cold Jjunction.
All thermocouple calibration corrections are made to the Leeds and Northrup

Tables.so
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The Condenser Pressure is measured with a mercury manometer 30 inches

long ét pressures below one atmosphere and up to 25°1b per sq in. absolute.
. A Bourdon type gage graduated at 2 psi intervals up to 100 1b per sq in.
gage is used to measure condenser pressures above 25 1lb per sq in. abso-
lute. This gage is calibrated against a mercury column at the low‘range
and against a dead-weight tester at the high range. Corrections for lig-
uid leg in the line are shown in Appendix C.

The auxiliary condenser is used to prevent vapor stagnation and dam-
age to the heating coils of the superheater. Vapors are allowed to flow
from the two ends of the main condenser and condense on the outside of
five 12-inch long finned tubes of 0.50-inch outside diameter. Valve D
controls the water flow rate through the auxiiiary condenser.

The Selection of the Experimental Tube involved consideration of the

following factors. . The tube wall temperature is to be measured accurately
with thermocouples. Easy installation of thermocouples favors. a thick wall
whereas reduction of the temperéture drop across the tube wall favors a
tube with a thin wall and high thermal conductivity metal. The inside
diameter is to be such that for a reasonable tube-side water flow ratex
the temperature rise and the cénvection film coefficient are sufficiently
high. A small outside diameter tends to reduce circumferential tube wall
temperature gradients due to the gradual build-up of the condensate thick-
ness. On the basis of these considerations a plain copper tube of 0.750-
“inch outside diameter, 0.1095-inch wall thickness is selected. The length
of the tube is 35.4375 inches long with a 4-inch long brass collar silver
"soldered to the left end and aFB-inch-long brass collar silver soldered to
the right end. When placed in the condensér the brass collars protrude

0.5625 inch into the condensing chamber at each end. This corresponds to
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a total outside heat transfer area of 0.6372 sq ft used for the prelimi-
nary run numbers 56 to 72 summarized in Table III. For all subsequent
runs with measured tube-wall temperatures the brass collar ends protruding
into the eondenser are thermally insulated with Teflon sleeves and washers
thus exposing a 34.4375-inch length of tube to heat transfer. The corre-
sponding outside heat transfer area is 0.565 sq ft. The tube wall tempera-
ture is measured at four points by copper-Constantan thermocouples which
are described in detail in this section.

The experimental tube is placed symmetrically in the condenser as
shown in Figure 3, Chevron type 530 packing is used to seal the ends and
the whole unit is made leak proof by tightening gently on the packing
glands. To minimize longitudinal heat conduction a Y-inch length of one-
inch rubber hose and clamps (No. 15 in Figure 2) are used to connect the
condenser tube with the>circulated water line.

The Measurement of Tube-Wall Temperatures is a convenient way of de=~

termining the individual resistances to heat transfer offered by the shell-
side and tube-side fluid and fouling films. Thermocouples installed prop-
erly in the tube wall enable this type of measurement. It is desirable to
have a sturdy hot junction the location of which is known exactly. The
selection of materials and method must be such that the conduction of heat
along the leads is minimized and the temperature distribution at the hot
junction is essentially the same as that in other geometrically similar
locations. The temperature at the hot junction may be in error because

of an abrupt change in the thermal conduct1v1ty of the metal at that point.
In applications where a vapor condenses on the outside of a horizontal tube
a slight hump or depression would also introduce errors in the measured

wall temperature.
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Various methods of installing wall thermocouples are available in

8,33,k42

the literature. Baker and Mueller7 suggest a convenient groove
design, but the method of instaliation is erroneous since the hot Junc-
tion well is filled with solder. They also discuss the circumferential
variation of wall temperature with various fluids condensing at high and
low temperature differences. Considering the condensate flow pattern
around a horizontal tube the highest wall temperature is expected to be
at the top and the lowest temperaturexat the bottom. The results of Baker
and Mueller7 and of Katz et 52.25 on the condensation of steam and n-
hexane indicate this trend. A discussion of the wall temperature varia-
tion is given by Bromley.15
The thick-walled tube with a small diameter minimizes variation of
the tube wall temperature specially at small temperature differences.
Copper-Constantan wire of 30 AWG gage is used for the thermocouples to
minimize the errors due to conduction along the leads. This error esti-
mated by the method of Rizika and Rohsenowul is found to be very small.
Figure 4 indicates details of thermocouple installation used in this in-
vestigation. A longitudinal groove is cut in the wall 0.076-inch wide,
0.076-inch deep, and 0.50-inch long. Beginning at the end of the groove
and perpendicular to it a hole is drilled such that its bottom is at the
desired hot junction at the middle of the wall. This hole is 0.055 inch
in diameter and 0.1875 inch deep. The 30 AWG insulated duplex thermocouple
wire is inserted through the desired length of 15 BWG type 304 stainless-
steel tubing 0.072 inch in outside diameter so that it extends about 0.5
inch at the other end. The hot junction is prepared by removing all in=-

sulation from the protruding insulated wire in excess of 0.3125 inch,

twisting the two bare wires together and‘cutting the length of twisted



99

Junction in excess of 0.0625 inch. The twisted Jjunction is soldered, then
placed in the hole, and the stainless-steel tube placed in the groove.

The groove and the top of the hole is sealed with solder and all excess
solder filed off to obtain a smooth surface. The hot junction is thus
free from solder and condensate flow is uniform. The steel tube is taken
out of the condenser through holes drilled through the 3-inch-long brass
collar at the right end and scldered to the collar. This prevents leakage
of vapor or liquid through the thermocouple assembly. Four thermocouples
are installed in the tube wall with locations as shown in Figure 5. The
two thermocouples at 0° (top) and at 90° at the left end do not indicate
an appreciable wall temperature variation. These thermocouples were cal-
ibrated in place, and the correction is applied to the 38 calibration in

reference 30.

WATER HEATING AND CIRCULATING SYSTEM

The water heating and circulating section of the apparatus is de-
signed to heat city water to any desired temperature up to 200°F and cir-
culate the hot water through the experimental condeﬁser tube at velocities
up to 20 feet per second in order to maintain the condenser tube wall at
any desired temperature. A 55-gallon-capacity drum equipped with a stirrer
is used for hot-water storage. The water is withdrawnbfrom the storage
tank (Figure 2) by a centrifugal pump and is circulated through the test
secﬁion. The water heater 12 consists of a single-tube and single-shell
pass condenser with steam condensing inside the tubes. It has a 3-feet-
long bundle with 40 finned tubes of 0.870 inch in outside diameter and

16 fins per inch, and a total outside area of 65.6 sq ft.
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Figure 2 indicates the piping used to obtain flexibility and control
of operation. During normal operation valves G, K, L, and O are closed.
Valve E is used to control the water flow rate through the test section
and Valve J is used to vary the flow of by-passed water in order to main-
tain a steady water temperature in the storage tank. The water heater
capacity is varied by the quantity of by-passed water and the steam flow-
ing through the two valves. Small adjustments necessary to maintain a
constant reservoir water temperature are enabled by valve F which controls
the capacity of the water cooler 13 by varying the quantity of the city
water flowing through the tube side. Water cooler 13 is assembled from
a 1.5-inch pipe shell and four l2-inch-long finned tubes of 0.5-inch out-
side diameter.

The Water Flow Rate through the experimental tube is measured by a

Fischer-Porter flowrator located upstream to the test section. The flow-
rator has a maximum capacity of 21.1 gallons per minute and is calibrated
by measuring the length of time necessary to collect avdesiréd quantity
y

of water for a constant flowrator reading. During this operation valves
H, J,'K, and N are turned off, valves G and M are fully open, and valve

E is used to control the flow of water coming from the main line through
valve L. The temperature of the water is recorded as read on thermometers
T, and Ta. For water ﬁemperatures different than that used for the flow-

1k

rator calibration a correction is made by use of the following equation:

[p(ps - P)],

Wt(actual) = Wt(calibration) (A-1)
lolpe - 0)le
where
p = density of water
Py = density of stainless-steel float

subscript a refers to properties at the actual temperature
subscript c refers to properties at the calibration temperature.
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The flowrator calibration is checked several times throughout the

duration of the experimental work.

The Ambient Room and Water Tempefatures are measured with mercury-

in-glass thermometers. The inlet and outlet water temperatures are meas-
ured with thermometers T and Ts, respectively, shown in Figure 2. Ther-
mometers T; and Ts are graduated in 0.1°, from 0°C to 100°C and calibfated
to £ 0.01°C against a platinum resistance thermometer used with a Mueller
bridge. The accuracy of the readingsvmade during the experimental runs

with the help of a magnifying glass is % 0.02°C.



APPENDIX B
EXPERIMENTATL, STUDIES ON TUBE-SIDE
WATER FILM COEFFICIENT
The inside and outside film coefficients of heat transfer between

the tube-side fluid and the inner tube surface and between the outer tube
surface and the shell-side fluild, respectively, can be determined direct-
ly from the experimental heat flux if the mean tube wall témperature is
measured. For the preliminary data (runs 56 through 72) obtained during
this investigation the wall temperatﬁre is not measured. The possibility
of determining the individual film coefficients by a method presented by
Wilson¥9 is examined in this section. A procedure is outlined and illus-
trated for the calculation of the inside and outside film coefficients
from Wilson-plot type data. The validity of this procedure is proved by
good agreement between the calculated water film coefficient and that de-
termined directly from experimental data obtained with measured tube wall
temperatures after installation of tube wall thermocouples. A brief dis-
cussion of the observed temperature gradient along the tube is given at

the end of this section.

DETERMINATION OF TUBE-SIDE WATER FILM COEFFICIENT
The convection coefficient for water flowing through a tube is cor-
related with the tube diameter, water flow rate, and the fluid properties

by the Dittus-Boelter equation. Over the range of temperatures from LO°F
33

to 220°F the following simplified equation is recommended by McAdams:

VtO.8O

0.20
dy

hy = 150 (1 + 0.011 ty) (B-1)
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where
h, = convection coefficient for water, Btu per (hr)(°F)(sq ft ins.)
t, = average water temperature, °F
Vt = water velocity through the tube, ft per sec
d; = dinside diameter of tube, inches.

Equation B-1 predicts reliable film coefficients of water for appli-
cations in which the following conditions prevail:

1. The temperature and velocity proviles of the flowing stream are

established and flow is fully developed.

2. The degree of turbulence in the flowing stream is not increased
due to an excessive roughness of the tube wall or various pipe
fittings located upstream within a distance less than about fifty
tube diameters.

Assumptions 1 and 2 presented above are not valid for most applica-
tions in which the experimental apparatus is relatively small and heat
transfer to water occurs in a short length of tube. Deviations from as-
sumption: 1 referred to as "end effects" and additional turbulence in the
flowing stream tend to increase the coefficient (c) and the exponent (n)
of the water velocity term in equation B-1l. Such effects are reported in
the literature .14.2

For a given experimental tube equation B-1 may be written as:

n

v
hy = c (1 + 0.011 ty) —° (B-2)
d’(l -n)
1

where the simple expression (1 + 0.0l1 ty) presenting the variation of
the fluid properties with temperature is assumed to be valid for condi-
tions in which n is different from 0.80.

The overall resistance to heat transfer consists of the various film
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resistances between the shell-side and tube-side fluids. Using equation
B-2 to express the water-film coefficient and assuming no fouling of the
outer tube surface the overall resistance is defined by the the follow-

ing equation:

L di(l—n) A
T = hg *t Tm ot fiET Y TTY 0011 ty) Vb Ay (B-3)
where
U, = overall coefficient of heat transfer, Btu per (hr)(°F)(sq ft
outside)
ry, = tube wall resistance, (hr)(°F)(sq ft outside) per Btu
f; = inside fouling factor, (hr)(°F)(sq ft inside) per Btu
Ay, = outside tube surface area, sq ft per ft
A; = 1inside tube surface area, sq ft per ft.
The metal resistance (rm) is defined as follows:
S
m
where
Yp, = tube wall thickness, ft
k, = thermal conductivity of tube metal, Btu per (hr)(°F)(ft)
An = mean metal heat transfer area, sq ft per ft, Ay = ndp/12
dy, = mean metal diameter, inches
& - dg - 44
In ES
di
do = tube outside diameter, inches.

During the condensation of a saturated vapor the overall coefficient

is defined by the following equation:



L0H

= Q
Yo A Tsv‘tw, . (B4+)

It follows from equations B-3 and B-4 that the overall coefficient calcu-
lated from data obtained in a mannér in which the water flow rate is var-
ied whereas the other three terms on the right side of equation B-3 are
maintained individually constant presents the effect of the water film
coefficient on the overall coefficient. In actual practice the metal and
fouling resistances under stable tube surface conditions are approximately
constant. Wilsonu9 presents a method in which it is assumed that the out-
side film resistance is constant if the saturated vapors are condensed at
a constant pressure while the average water temperature is maintained con-
stant and the flow rate varied. On the basis of this assumption a plot of

1/U, against
| 1
(1 + 0.011 t) V4©-8°

is expected to give a straight line. The intercept of this line on the
ordinate corresponds to an infinite water velocity and film coefficient
and gives the sum of the other three resistances. The outside film coef-
ficient can be evaluated from the value of this intercept and the known
metal resistance if the tube is clean or the extent of fouling is known.
In practice even if the condenser temperature is maintained constant
the condensing load and the corresponding outside film temperature drop
vary with varying water flow rates. The best'approximation to a constant
outside film resistance is obtained when the overall temperature differ-
ence and the condensing load are maintained constant. However, the main
objection to the use of the Wilson method in many applications is the fact

that the value of n = 0.80 is not valid and the results obtained from the
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Wilson plot with the assumed value of 0.80 are erroneous.

If Wilson-plot type data are obtained in which all resistances other
than that of the water film are approximately constant, the calculated
results for a Wilson plot can be used to determine the exponent n for the
particular apparatus used for the studies. This method is presented and
illustrated in this section for the derivation of equation B-2 valid for
the calculation of the tube surface temperature for runs 56 through 72
with filmwise condensation of steam.

Runs T3 through 84 in Table VI present the Wilson plot type data ob-
tained with saturated steam condensing at a temperature of 248.59°F with
a mean water temperature of 86.49°F. The Wiléon plot ordinate and abscissa
are calculated for these runs with the assumed value n = 0.80. The calcu-
lated results are given in Table VI and presented in Figure 23. The trend
indicated by the calculated results deviates appreciably from a straight
line and presents a curve concave upwards. This trend depends on the
value of the exponent n used in the calculations and shows that the actual
exponent must be greater than the assumed value of 0.80. Since the mean
water temperature is maintained very closely constant at about 86.M9°F,
the effect of temperature on fluid properties may be omitted and the equa-
tion of the straight line desirable for the correlation of Wilson-plot

type data presented by the following equation:

y = a+ bx (B-5)

where

4
y = %?— , (hr)(°F)(sq ft outside) per Btu
o

10%
Wil
a = Wilson plot intercept

b = slope of the corresponding straight line.
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Equation B-5 is used for the determination of the correct exponent
n for this application by the method of least mean squares. Values of x
and y calculated for runs T3 throﬁgh 84 corresponding to assumed values of
n of 0.80, 0.85, ‘0.90, 0.95, and 1.00 are given in Table VI. The least
mean square deviation of all the runs is determined for each assumed value
of n and the correct value of n is selected as that Which gives the mini-
mum least mean square deviation for the experimental results. Derivation
of the equation expressing the least mean square deviation as a function
of x and y is given in this section. The deviation of a run from the
best line obtained by the determination of a and b in equation B-5 is

defined as

e = Yy -a - bx (B‘6)

where e = deviation of a run from best line.

The least mean square deviation is defined by the following equation:

Zeg = X(y-a-bX)Z . (B-7)

It follows from equation B-7 that E:ez is a minimum for the best

SEZeZ

da

and
82{1e2

db

straight-line fit when

are zero. Differentiating Ejea in equation B-T7 with respect to a and b,
equating the resulting two equations to zero and solving for a and b the

following equations are qptained:



a = Z,y i bZX | (B-8)

b = szz_(Z;fli (B-9)

N

where N = number of runs in the set, twelve for runs 73 through 8L.

Substituting for b from equation B-9 into equation B-8

a = Zy_Zx ny-z%—zj- : (B-10)

N

Substituting for a and b from equations B-10 and B-9 into equation

(B-11)

Simplifying the relationship given in equation B-11 the following
equation is obtained for the least mean square deviation as a function of

the calculated experimental results x and y:



. R
02 - ﬂyz _(Eﬁyﬁz ) E;Xy ] N Z B-12
Z Z T 2 . ( X) (3-12)

N

Equation B-12 isused to determine the least mean square deviation for
the values of x and y given in Table VI for five values of the exponent
n varying from 0.80 to 1.00. The calculated deviations are given in Ta-

ble VII.

TABLE VII

DETERMINATION OF EXPONENT BY THE
METHOD OF LEAST MEAN SQUARES
(Runs 73 through 84)

Assumed Least Mean Square AE{Z o2
Value of 1 Deviation, Zea An
0.80 0.23905
- 0.2762
0.85 0.22524
- 0.1162
0.90 0.21943%
+ 0.0734
0.95 0.22310
+ 0.2582

1.00 0.23%601

Figure 24 presents the variation of the deviation with the assumed

value for the exponent n. 1In order to determine the value of n where
E: 2
e

is a minimum the average slope of the curve is obtained between consecutive
values of n. These calculated slopes are given in Table VII and presented

in Figure 25. A curve is drawn through the incremental levels such that
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the area of the curve below the zero line is equal to the area above it.
This curve intersects the zero line where the least mean square deviation
is 2 minimum at n = 0.91. This point is also shown in Figure 24. The

actual value of n

0.91 obtained by this analytical procedure is used to
prepare the Wilson plot presented in Figure 26. It is interesting to note
that the curved trend iﬁdicated previously by runs 73 through 84 (Figure
23) is eliminated by using the proper value of n.

In order to prove the validity of thisrprocedure additional Wilson-
plot type data were obtained with saturated steam condensing at 24L6.4LL°F
(runs 85 through 92) and 225.76°F (runs 93 through 100) after installation
of tube-wall thermocouples. The calculated results for these data with a
clean tube are tabulated in Table VI. Wilson-plot results are computed
for the assumed value of n = 0.80 and the calculated value of n = 0.91 and
presented in Table VI,land Figures 23 and 26. In both figures no appre-
ciable‘effect of condensing pressure on the overall coefficient is observed.
This is due to the mixed condensation of steam discussed further in a la-
ter section. The experimental water film coefficient is calculated from
the heat flux and the measured temperature drop through the water film by

the following equation:

- 9 __ Lo B-1
A Cem N

where ti = inside tube surface temperature, °F. The calculated water film
coefficients are given in Table VI and presented in Figure 27 as a function
of the water flow rate. Water film coefficients calculated from the Dittus-
Boelter equation simplified for water (equation B-1) are indicated in Fig-
ure 27 for comparison purposes. The experimental éoefficients are consid-

erably higher than those predicted from equation 1. This increase varies
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from 3L.6 per cent at a water flow rate of 2000 1lb per hr to 75.5 per cent
at 12,000 1b per hr. This deviation is due to the excess turbulence caused
by fittings in the flow conduit and the end effects in the condenser and
accounts for the abnormal temperature gradient observed along the tube.
This subject is discuésed in a later section in Appendix B.

The intercept of the Wilson plot for runs 85 through 100 is shown in
Figure 26 to be 0.00027 (hr)(°F)(sq ft outside) per Btu. It follows from
equation B-3% that the outside film resistance can be evaluated by sub-
tracting that portion of the resistance due to the metal wall [0.000049
(hr)(°F)(sq ft outside) per Btu from Table I] since these results were ob-
tained with a clean tube. The resulting film resistance for the. satura-
ted steam is 0.000221 (hr)(°F)(sq ft outside) per Btu and the correspond-
ing condensate film coefficient (he) is 4530 Btu per (hr)(°F)(sq ft out-
side). Comparison of this value with the experimental values»(runs 85
through 100) given in Table VI for the range of water flow rates used in-
dicates an increasé of 28.3 to 41.5 per cent in the value of the conden-
sate film coefficient. In general with increasing water flow rate and
heat flux the condensate film coefficient is expected to decrease. This
discrepancy is due tovthe mixed condensation of steam and the gradual in-
crease in the extent of dropwise condensation with inéreasing heat flux.
This explanation is proved by the order of magnitude of these coefficients
which are about twice the value of the coefficients predicted from equa-
tion 1 for filmwise condensation. It is interesting %o note that the val-
ues of these film coefficients agree with those of runs 40 and 46 (Table
III) obtained under similar conditions of mixed condensation.

The intercept of the Wilson-plot line for runs 73 through 84 can now

be used to evaluate the constant ¢ in equation B-2. The validity of the
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resulting equation based on the exponent of 0.91 calculated by the method
of least mean squares is checked by comparing the film coefficients cal-
culated from this equation with the experimental coefficients obtained
for runs 85 through 100 and presented in Figure 27. The relative loca-
tion of the lines in Figure 26 indicates a certain amount of fouling for
the results from runs 73 through 84. Using the condensate film resistance
obtained previously by extrapolation of the clean-tube data and the inter-
cept from the line for runs 73 through 84 (Figure 26) the extent of foul-

ing is determined as follows from equation B-3:

f, = _1 0.00080 - 0.000049 - 0.000221)
L 1.41 ( '
hr)(°F)(sq ft inside
f; = 0.000376 or 0.00038 () (F) %tu )

The slope of the line for runs 73 through 84 is found to be 1.452 in

Figure 26. The resulting water film coefficient equation is:

1

h, = 0.97 (L + 0.01L ty) W% . (B-14)

Values of h, calculated from equation B-14 are indicated in Figure 27
by the dashed line identified with a slope of 0.91. It is seen that the
equation derived by the outlined procedure for the determination of n pre-
dicts water film coefficients which agree satisfactorily with experimen-
tally determined values. The deviations of the calculated results from
the experimental are within the range of the experimental errors involved
in the measurements and vary from +4.4 per cent at the low range to -3.2
per cent at the high range. Introducing the water velocity and tube diame-

ter variables into equation B-1kL the following relaﬁionship is obtained:

Vto .91

hy = 185.2 (1 + 0.011 t;) —=—3g5 - (B-15)
dj
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Results predicted by equation B-15 deviate from those of equation
B-1 about as much as the experimental film coefficients shown in Figure
27 and discussed earlier.

Runs 101 through 105 are made to find out the possible effect of the
water circulating pump and stirrer (Nos. 10 and 14 in Figure 2) on the
water film coefficient. The experimental results are given in Table VI
and are shown as Wilson plots in Figures 23 and 26. Film coefficients
presented in Figure 27 are compared with the clean-tube data. vNo effect
of pump and stirrer is observed due to the various straightening sections
between the pump and the experimental tube (Figures 1 and 2). Comparison
of the water film coefficients with values predicted from equation B-14
indicates a slight fouling of 0.00006 (hr)(°F)(sq ft ins.) per Btu.

The validity of equation B-1hk for the prediction of water film coef -
ficients follows from the foregoing discussion. Equation B-14 is used to
calculate the water film coefficient for runs 56 through T2 shown in Ta-
ple III. These results constitute the only data on the filmwise conden-
sation of superheated steam and are obtained prior to wall thermocouple
installation. Equation 1 is used to calculate the condensate film coef-
ficient for the saturated runs (runs 56, 57, 58, and 67). The water film
coefficient determined from 2quation B-14 is combined with the condensate
£ilm coefficient and the experimental overall coefficient to calculate
the extent of tube-side fouling. The ingide fouling factor evaluated by
this method ié found to be 0.00023 (hr)(°F)(sq ft ins.) per Btu and is
used along with equation B-14 to determine the tube surface temperature
for runs 59 through 66 and 68 through 72 obtained with filmwise condensa-

tion of superheated steam.
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TEMPERATURE DISTRIBUTION ALONG CONDENSING TUBE

The importance of end effects on the water film coefficient is ob-
served from the experimental results and is discussed in the previous sec-
tion. Figure 27 indicates that the average water film coefficient‘may be
as much as 75.5 per cent higher than the normal Value predicted from ejua-
tion B;l. It is important to note that this increase is due primarily to
the very high water film coefficients which prevail in the region extend-
ing from the right end of the tube where the water inlet is located. The
effect of this phenomenon is an apparently abnormal temperature gradient
along the tube. If the entrance effect is neélected‘the wall temperature
is expected to indicate an almost linear vériation along the tube being
lowest at the water inlet end and highest at the water outlet end. The
experimental wall temperatures for runs 101 through 105 are shown in Ta=-
ble VIII and presented in Figure 28. For all water flow rates the wall
temperature is lowest at the water inlet, higher at the water outlet, and
highest at the middle of the tube. The difference between the wall tem-
perature (tM-tL) at the middle of the tube and at the water outlet is also

shown in Table VIII and presented in Figure 29 as a function of the water

TABLE VIII

TEMPERATURE DISTRIBUTION ALONG CONDENSING TUBE

Measured Wall Temperature Temperature

Run No. Water Outlet Middle Water Inlet Difference,

End, ty, °F tM, °F End, tgr, °F (tmM-t1,), °F
101 215.33 215.59 210.82 0.26
102 212.00 212.70 . 206.7h 0.70
103 208.67 209.74 203.59 1.07
104 206 .00 207.59 201.04 - 1.59

105 204 .07 206.26 199.76 2.19
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flow rate. Figures 28 and 29 indicate that the temperature rise at the
middle above that at the water outlet varies with the water flow rate and
the mean water film coefficient. It may be concluded from these observa-
tions that the peculiar temperature distribution is due to entrance ef-
fects which are more pronounced at high than at low Reynolds numbers or
water flow rates. The (tM;tL) curve in Figure 29 is extrapolated to the
origin to show that theoretically the middle and water outlet temperatures

will be equal when there is no heat flux and therefore no entrance effects.



APPENDIX C

SAMPLE CALCULATIONS

A sample of the original data and calculations are presented in this
section for run 21 with superheated Freon-1l4 condensing at a pressure of
43.74 1b per sq in. absolute.

Table IX presents the original data.

TABLE IX
ORIGINAL DATA SHEET
Run No. 21
Condensing fluid: Freon-114
Cooling fluid: Water

Temperatures:

Room : 78.0°
Inlet water, Ty 8.64°C
Outlet water, To 9.80°C
Condenser, middle, Tyc 5.038 mvolts
left end, Trc 5.000 mvolts
Tube wall, left end, 0° trg 0.460 mvolts
left end, 90° t190 0.418 mvolts
middle, 0° ty 0.462 mvolts
right end, 0° ty 0.418 mvolts
Pressures:
Condenser 29.7 psig
Barometric at 29.5°C 29.52 in. Hg
Rotameter reading 23.5 per cent

124
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(1) Condenser Pressure, Pg:

(2)

- Calibration

Pg = P(barometer) + P(gage) + calibration

(17.5) (p fluid)
h (12) (14k)

P(gage) = 29.7 1lb per sq in. gage

-0.21 1b per sq in.

P(barometer) = (29'52)(523'?23u§62'h) = 14.40 1b per sq in.

Assume vapor in gage line is saturated at Pgrv 44 1b per sq in.

"

absolute p fluid = 1.38 1b cu ft

_(7.5) (1.38) | | 5.014 1b per sq in.
(12) (1hk)
“Pg = 14.40 + 29.7 - 0.21 - 0.01 = L43.88 1b per sq in. absolute

From tables of thermodynamic properties9

Tgy = 96.61°F

The éaturation temperature is assumed to be that for run 16 be-
cause of its proximity to the more reliable saturation temperature
measured by thermocouples for run 16.

nTgy = 96.42°F and Pg = 43,74 1b per sq in. absolute

Overall Performance:
From the rotameter calibration at 23.5 per cent; Wy = 2570 1b per hr.

The correction to the thermometer readings T, and To is negli-

- gible for this range. The following are a few values from the ther-

mometer calibration chart:

Observed Temperature Correction
° C to Tl to T2
25 0.10 . 0.05
30 0.41 0.36
40 0.23 0.25
60 0.39 0.4k

80 0.62 0.66
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Inlet water temperature = 8.64°C
Water temperature rise, Aty = 9.80 - 8.64 = 1.16°C
= (1L.16) (1.8) = 2.086°F

Mean water temperature

I

8.64 + 0.58 = 9.22°C

(9.22) (1.8) + 32 = L48.60°F
Total heat transferred = Wi CP Aty

Q = (2570) (1.0) (2.086) = 5360 Btu per hr

Q 5360 Btu
Heat transfer rate, 7z = 0.565 = 9500 7 sq Tt
Condenser Temperature:
The_correction to all potentiometer readings is 0.002 mvolts.
» uncorrected Ty¢ = 5.000 + 0.002 = 5.002 mvolts and

5.040 mvolts.

uncorrected Tys = 5.038 + 0.002

Mean uncorrected temperature =

2002 ; 2:40 _ 5 0p1 mvolts
Correction to condenser thermocouples = - 0.020 mvolts

Corrected thermocouple reading =
5.021 - 0.020 = 5.001 mvolts

From ILeeds and Northrup TablesBO

Condenser temperature, Ty = 202.67°F
Degrees superheat in vapor = Tg - Tgy
= 202.67 - 96.42 = 106.25°F

Overall temperature difference

ATog = (Tg-ty) = 202.67 - 48.60 = 154.07°F
Overall coefficient, Uy = Q
>0 A(Ta-ty)

u, = 29 _ 6.6 Bty
°© T 7I54.07 ~ *~ (hr)(°F)(sq ft outside)
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Condensing Load, mg:
From Figure 36 in Appendix F or reference 9
at Py = L3.7h psia and Tg = 202.67°F
Enthalpy of superheated Freon-11h
H = 103.16 Btu per 1b
at Pg = 43.74 psia
Enthalpy of saturated liquid
h = 31.60 Btu per 1b
Heat removed, (-AH) = 103.16 - 31.60 = 71.56 Btu/lb

Total vapors condensed, Wg = Q/-AH

Wg = %%é%g = 75.0 1b per hr
Condensing load, mg = Ws/A
= 75.0 = .
mg = 565 1%2.8 1b per (hr)(sq ft)

Tube Wall Temperature, tp:
Uncorrected tyg = 0.460 + 0.002 = 0.462 mvolts
Uncorrected tL9O = 0.418 + 0.002 = 0.420 mvolts

0.462 + 0.002 0.464 mvolts

"
I

Uncorrected tM

0.418 + 0.002 0.420 mvolts

Uncorrected tg

0.462 + 0.420

Mean uncorrected t, = 5 = 0.441 mvolts
t1, calibration correction = 0.020 mvolts

Corrected ty, = O.441 + 0.020 = O0.461 mvolts

tM calibration correction = 0.019 mvolts

Corrected ty = 0.464 + 0.019 = 0.483 mvolts

tr calibfation correction = 0.0l4 mvolts

Corrected tg = 0.420 + 0.0k = 0.434 mvolts
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Mean tube wall temperature,

0.461 + 0.483 + 0.434

. 3 = 0.459 mvolts

From Leeds and Northrup Tables for 38 Calibration2©

th = 53.32°F

Metal Resistance, rp:

At t, = 53.32°F

gy

From Table I

58 222.7 Btu per (hr)(°F)(ft)
Log-mean diameter, dp = 0.636 inch
Outside diameter, do = 0.750 inch
Wall thickness, Yy = 9;%%22 £t

- metal resistance r, = ‘m %o

km Am

(0.1095)(0.750)
(12)(222.7)(0.636)

(hr)(°F)(sq £t outside)
0.000048 e

1

Temperature drop through metal wall

Aty = % rm = (9500) (0.000048) = O.46°F
OQutside Tube Surface Temperature, tg:
tO = 'tm + Atm

2

to = 53.32+ 248 - 53.55°F
Overall Outside Film Coefficient, hgy:
Overall outside film temperature drop

My = Tg - to = 202.67 - 53.55 = 149.12°F
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Btu

hy = _ 9 = 9999 - 657 |
AiTg—toi 149.12 (hr)(°F)(sq ft outside)

(9) Condensate Surface Temperature, Tgq:

The following equations are obtained from equations 1'and 25 by

substituting for the tube characteristics.

s 2 \i/2 1/4
k | -nH
h, = 1.5 (L Pf 8 == (c-1)
b c
1/3
1.352 ke> pe” g
he = Tig —_— (c-2)

B

For steam runs 56 through 72 the following equation is used in-

stead of C-2:
1/3
1.1 (k% pp” 6
h, = T\1/3 e S S (C-3)
(] (ws)l 3 }J-f
Assume At, = 4L1.0°F.

The mean condensate film temperature,

1.0 °
Tp = %o + égﬁ = 53.55 + h'g» = Th.05°F
From Figure 38 in Appendix F
1/3
koB o2
at Tp = Th.05F (L PL 8 = 721.0
He
Wt/ - (15.0M° - w1
From equation C-2
(1.352)(721.0). Btu
he = "T(F.2L) = 231.5 Tar)(°F)(sq It outside)
Corresponding
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which checks the assumed value of 41.0°F.

T, = to+ Ao = 53.55 + 41.0 = 94.55°F

(10) 1Interfacial Vapor-Film Coefficient, hy:

Temperature drop through the vapor-liquid interface

Ay = Tg - Tg = 202.67 - 94.55 = 108.12°F
h: = Q = P00 _ g7.9 Btu
= A(Tg-Tg) 108.12 (hr)(°F)(sq ft outside)

Ttems 1 through 10 are given in Tables II and IIT.
(11) Saturation and Condensate Surface Temperatures Obtained from Cor-
relating Line Drawn in Figure 18

Derivation of Equation of fn Tg versus ATg —

The slope of the line is determined from two sets of coordi-

nates:
at ATg = O°F Tg = Tgy = 98.0°F
ATg = 115.0°F Ts = 90.0°F
slope = fn %z‘;— = ﬁ
ATgy =-ATg2 0-115.0
log 98.0 = 1.99123
log 90.0 = 1.95424
log 98.0 - log 90.0 = 0.03699
log (log 98.0 - log 90.0) = 8.56808 - 10

log 2.305 = 0.36229

log Qf %%f%)

8.56808 - 10 + 0.36229

1

8.93037 - 10
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log 115.0 = 2.06070

i 98.0
log 90.0 )= 8.93037 - 10 - 2.06070

115.0

= 6.86967 - 10
m 8.0
slope = 90.0 = =~ 0.00074075
- 115

The equation expressing TS as a function of ATg is

T
in §8§6 = - 0.000T40T5 AT (C-4)

At Ty, = 98.0°F, Pg = 44 .89 1b per sq in. absolute.
Corresponding degrees of superheat
AT, = 202.67 - 98.0 = 104.67°F

From equation C-4 the calculated condensate surface temperature

is
Ty = 90.69°F
The equilibrium vapor pressure is obtained from reference 9
at Tg = 90.69°F, Pg* = 39.755 psia
Lowering of the condensate surface temperature due to super-
heat,
Toy - Tg = 98.0 - 90.69 = T.31

(12) 1Interfacial Film Coefficient Based on Correlated Condensate Surface

Temperature:

202.67 - 90.69 = 111.98°F

>
C*.
s
1
!
1
—
0
1l

(»p

1l

O
|

. =-_9500 _ . ° .
1 A(Tg-Tg) T11.98. 84.9 Btu per (hr)(°F)(sq ft outside)
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(13) Calculation of Correlating Group

mg \Tg
= 1/2 o
G(f) Py C;Z) / b ¥ In Table V:
Ty = 90.69 + 460 = 550.69°R
Ty = 202.67 + 460 = 662.67°R
%2 - 228%2% - 0.8310

1/2
(25> - (0.8510)*2 - o.q116
T 1/2 :
Py (_i) = (44.89)(0.9116) = L40.92 psia

1/2
T
Py (.%) -p,* = L40.92 - 39.755 = 1.165 psi

g
ﬁ_; = ~N550.69 = 23.46
From Item 4, mg = 132.8 1
(or)(sq £t)
- a(r) - {132.8)(23.46)

(14) Calculation of Correlating Group

hy NTg
H(f) = Tg\1/2 :
(-AH) [Pg (T-Z-) - Ps*]
From Ttem 4, -AH = 71.56 Btu/lb
) _ (84.9)(23.46)  _
~EB(E) = Egyaes) - 209



APPENDIX D

CALCULATION OF A TYPICAL VALUE OF ¢g

The value of ¢g is calculated for run 15 to check the validity of
the specified range of 0.1 2 l¢g|Ei0.00l necessary for the elimination of

F‘ from equation 19.

The following equations may be used:

M- 1+1.85 |fg| for 0.1 2 |@g| 2 0.001 (29)
1/2

g, = g 2n RTs [Tg 0

& 2x'/2 £ Py gM Tg (30)

R L N 1/2 o om [T Y2 o mr, a1
g = 1T.85 \F g 1.85 f Pz \Ts Y 85 (31)

T = L /- ‘ (52)
N
g

From Table V:

For run 15

p.*¥ = 61.523 psia
Py = 71.43 psia
1/2
T
(T::') = (0.7990)*/% = 0.8939

T \1/2
%@ <?§> - PS*] = 2.%27 psi
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1) Calculation of from equations 31 and 32:
g
Substituting for f from equation 32 into equation 31 ¢g is de-

fined as

T, ) \ T, _
& ° (1.85) (1.52) Pg

Solving for the value of @g:

by = (61.523) ) (-2.327) 1
g = (1.85)(71.43)(0.8939) (1.85)(1.52)(71.43)(0.8939) ~ 1.85

¢g = 0.521 + 0.013 - 0.541, = - 0.007

2) Calculation of from equations 30 and 32:
g
Substituting for f from equation 32 into equation 30 ¢g is de-

fined as:

7 1/2
* 8 1/2
e = [Fs e (Tg) } EE) . (D-2)

Tg
(ex/2)(1.52) (Pg)
Solving for the value of ¢g:

) (-2.327)
T ert/2)(1.52) (71.43)(0.8939)

Do - 0.0068
(3) Calculation of rﬂ:
From equation 29, at |¢g| = 0.0068

M- 1+ (1.85)(0.0068) = 1.0126



APPENDIX E
EXAMPLE DESIGN OF A SUPERHEATED
FREON-114 VAPOR CONDENSER

The design procedure outlined previously is illustrated in this sec-
tion for the design of a condenser involving filmwise condensation of su-
perheated Freon-l1ll4 outside horizontal tubes.

Problem: 1000 1b per hr of superheated Freon-11lh vapors are to be
condensed on the shell side of a horizontal tube condenser with water
flowing inside the tubes. The superheated vapors enfer the condenser at
LOO°F and condense at a pressure of 60.0 1lb per sq in. absolute. The wa-
ter flow rate and temperature are such that the mean outside tube surface
temperature is 85.0°F. The required total outside heat transfer area is
to be determined.

The following conditions are specified:

a. Tubes with l—inch outside diameter are to be used.
b. No fouling occurs on the shell side.
c. Condensate leaving the unit is saturated.
(1) Overall Heat Duty:
From reference 9 the enthalpy of the vapor at 60 psia and L4OO°F is
H = lhO.jQ Btu per 1b
Ty = 116.30°F
Enthalpy of saturated liquid is h = 36.42 Btu per 1b.
Heat removed, -AH = 140.39 - 36.42 = 103.97 Btu/lb.

Overall heat duty, Q = Wg(-2H)

Q = (1000)(103%.97) = 103,970 Btu/hr.
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(2) Degree of Superheat, ATq:
Mg = Tg - Tgy

Tg = 4OO°F, ATy = LOO - 116.30 = 283.70°F

(3) Film Coefficient Equations:

The condensate film coefficient is calculated from equation 1

s =2 '
4 ke~ pr & (-bH)
Do wr Ate

h, = 0.725

To simplify the use of equation 1 define

3 2 1/4
ke™ pr 8
He

zl/4

Values of Zl/4 are presented in Figure 38 in Appendix F as a function of
the mean condensate film temperature, Te.

For the l-inch outside diameter tubes used in this application equa-

tion 1 becomes:

(0.725) (105.9)*% [ 5 \*/4
c ~ (1.0/12)*7% it

h, = 4.3 ( Z )1/4 . (E-1)

Equation 37 is used to determine the condensing load (ms) and the
condensate surface temperature (Tg) by trial and error. The calculated
condensate surface temperature is used to obtain the temperatutre drop

through the interfacial film (Ati) and the corresponding interfacial film

Tg
mg ’\/—M— _ _ h6zzo§>6
P, (= - P
g \Tg -8

coefficient (hy).
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For Freon-11hk, M = 170.9,Nﬁq-= 13%3.073. For this application equa-

tion 37 becomes

Tg
"sVI70.9  _ 146,700
[é (%s)l/z . f] (283.70)"""°
g \7_ T s
T
8 '
- 1/2 '
"o
m, = 876 To i . (E-2)

(4) Trial-and-Error Determination of Condensate Surface Temperature,
Tgt

a. First trial —

Assume Tg = 100.0°F

AssumedAt, = Tg -ty = 100.0 - 85.0 = 15.0°F
From reference 9, PS* = L6.39 psia

'Tq = 100.0 + 460 = 560.0°R

NTg = N560.0 = 23.66

"= 400.0 + 460 = 860.0

Tg
Ty 560.0
(ﬁ,—g-) 800 - 0.651

o

1/2 ‘
Pg (;E) = (60.0)(0.807) = Lu8.4k psia

1/2 '
Tg N
[%g (?—) -:ag} = L8.4Lk - 46.39 = 2.05 psi

—

(0.651)*/2 = 0.807

0]

Substituting the calculated values in equation E-2:

876)(2.05) 1b
Mg = .77 (2%.66) = 12.9 Tar)(sq £t)
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Heat flux, % = (75.9)(103.97)
Q Btu
A~ 7890 (hr)(sq £t)

The assumed value of Tg and the corresponding assumed value of At
is checked by calculating the condensate film coefficient from equation
E-1 and the calculated At..

Mean condensate film temperature,

Te = to + 2% = 85.0 + 1220 - go.5°F
2 2
From Figure 38 in Appendix F,
at T, = 9%2.5°F, z* = 135.2

s /%t = (15.0)2/% = 1.968

Substituting these values in equation E-1:

_ (4.3)(135.2) _ Btu
he = g8y T 2P0 EF)(sq Tt outeiae)
Calculated
Me = g %c
_ 7890  _ o
At, = %§375 = 26.66°F

The calculated value of At. is higher than the assumed value of 15°C.

A value of Ate higher than 15°C is assumed in the second trial.

b. Second trial —

o * .
Assume T, = 102.0°F Py = 47.92 psia
Assumed At, = 102.0 - 85.0 = 17.0°F
Ty = 102.0 + 460 = 562.0°R

N1, = N562.0 = 23.77
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Substituting in equation E-2,

1/2
(876) [60.0 (gg%) - u7.92]

ms = .
(23.77)
mg = 2l.4 1b per (hr)(sq ft)
Q/A = (21.4)(103.97) = 2222 Btu per (hr)(sq ft)
At Tp = 85+ lZ{O = 93.5°F zi/* = 135.0
Atcl/4 = (17.0)1/4 = 2.03

From equation E-1

_ (%.3)(135.0) _ Btu
be = (2.03) = 266 (r)(°F)(sq ft outside)
Calculated Ab, = %%%? = T.19°F

The calculated value of At, is lower than the assumed valqe of 17.0°F.
The assumed and calcu%ated values of At, and Tg are indicated in Figure
29a. These results indicate that the condensate surface temperature and
the corresponding At, may be approximated by the values obtained from the
intersection of the two lines in Figure 29a. This is shown by the third
trial.

c. Third trial —

From the intersection of the assumed and calculated values shown

in Figure 29a,

T, = 101.12°F P,X = L7.25 psia
At, = 10lL.12 - 85.0 = 16.12°F
Ty = 101.12 + 460 = 561.12°F

NT, = 561.12 = 23.74

From equation E-2
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© CALCULATED At
26

® ASSUMED At.c

—0"]
//

22

: \

14

ASSUMED AND CALCULATED CONDENSATE FILM
TEMPERATURE DIFFERENCE yAtg , °F

6
98 100 102 104

CONDENSATE SURFACE TEMPERATURE, TS , °F

FIGURE 29A TRIAL-AND-ERROR METHOD
FOR DETERMINATION OF CONDENSATE SURFACE

TEMPERATURE , T, ,°F
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1/2
L (876) [go.o (gg%f%éé - u7.2%]
5 (23.74)
mg = U46.1 1b per (hr)(sq ft)

4800 Btu per (hr)(sq ft)

1

% = (46.1)(103.97)

16.12

5 93 .06 °F 7% - 1351

At T, = 85+

Atc1/4 = (16.12)1/4 = 2.008

From equation E-1

o (b3)(135.1) ' Btu
be = Z.008) ~ = 2895 Tm ) (sq % outside)
Calculated Aty = 22893 = 16.6°F

Comparison of these results with the trend shown in Figure 2%9a in-
dicates that the correct condensate surface temperature is very close to
the assumed value at the intersection. The correct value of At, indicated
is slightly higher than l6.lé°F, and it may be taken to be

At, = 16.15°F

T, = 85.0+ 16.15 = 101.15°F

(5) Total Outside Area Required, A:
Heat flux 8 h, At
2 A - C c

% = (289.5)(16.15) = L4670 Btu per (hr)(sq ft)

mg = _(U670) - 15.0 1p h £
) T{637577 45.0 per (hr)(sq ft)

Required outside area, A

= 22.2 sq ft
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The temperature drop through the interfacial film (Ati) and the cor-

responding interfacial film coefficient (hi) are

My = Ty -Tg = k00.0 - 101.15 = 298.85°F
hy = Q
1 A{Tg-Tg)
4670 | e
hy = Té§§;§%7 = 15.6 Btu per (hr)(°F)(sq ft)

The correlating groups used in Figures 20 and 21 are calculated for

this application:

G(f) = (“5i§?é§?’7u) = 855 at AT, = 283.T7°F

(15.6) (23.74) _ 0
H(f) = (105,57 (1.25) ~ 2.845 at At; = 298.85°F

These values agree with the correlating lines corresponding to Freon-

114 and presented in Figures 20 and 21.
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PROPERTY CHARTS
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DEGREE OF SUPERHEAT, ATg,°F
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FIGURE 30— CORRELATION OF CONDENSING LOAD
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OUTSIDE TUBE SURFACE TEMPERATURE,to,
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RUN NO

27-3¢ © tovs (Tg, —to)

(
o AT vs (Tiv—to)
P, psia 7.5 - 9.0
Tevs °F 179. 94-188.28
ty ,°F 175.93 |
44
// 42

180 S 40
P
(‘e“)g/g
© |
178 Dl 38
/ 5
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/P
176 |—="T_ / 36
/
y
174 // 34
172 32
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APPROACH TO TUBE WALL TEMPERATWRE, (T, —t.), °F

FIGURE 3| — DRY TUBE CONDITION FOR CONDENSING
SUPERHEATED STEAM

DEGREE OF SUPERHEAT,ATg, °F
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NOMENCLATURE

intercept of Wilson-plot line

total outside area, sq ft

inside tube surface area, sq ft per ft
mean metal heat transfer area, sq ft per ft
outside tube surface area, sq ft per ft
slopé of Wilson-plot line

equivalent to the group %%%

value of Bat T = Tg

coeffiéient in equation for h;

specific heai, Btu per (1b)(°F)

ingide diameter of tube, inches

mean metal\diameter, inches

outside diameter of tube, inches

outside tube diameter, ft

least mean square deviation

correlating group involving mg, Tg, PS*, and Pg

condensation coefficient

inside fouling factor, (hr)(°F)(sq ft ins.) per Btu
gravitational constant, 4.17 x 108 ft per hr per hr

conversion factor, 4.17 x 10® (1b mass)(ft) per (1b force)(sq hr)
correlating group involving mg, Tg, Tg, Ps*, and Pg

enthalpy of saturated liquid, Btu per 1b

condensate film coefficient, Btu per (hr)(°F)(sq ft outside)

interfacial vapor film coefficient, Btu per (hr)(°F)(sq ft outside)
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NOMENCIATURE (continued)

overall outside film coefficient, Btu per (hr)(°F)(sq ft outside)
convection coefficient for a gas or vapor, Btu per (hr)(°F)(sq ft)
water film coefficient, Btu per (hr)(°F)(sq ft ins.)

height of vertical surface, ft; enthalpy of vapor, Btu per 1b
total heat removed, latent heat for saturated vapor, Btu per 1b
correlating group involving hy, Ty, Tg, PS*, Pg, and (-AH)
thermal cbnductivity of condensate film, Btu per (hr)(°F)(ft)
thermal conductivity of metal, Btu per (hr)(°F)(ft)

condensing load, 1b per (hr)(ft of surface width)

absolute rate of condensation, 1b per (hr)(°F)(sq ft)

absolute rate of evaporation, 1b per (hr)(sq ft)

condensing load, 1b per (hr)(sqg ft)

molecular weight 1b mass per 1lb mole

number density of molecules; exponent of water velocity

number density of molecules with velocity C in velocity space dC
number of observations for least mean square deviation

pressure of gas phase 1b (force) per sq ft absolute, 1lb (force)
per sq in. absolute in equations 33 through 41.

equilibrium vapor pressure at Tg, 1b (force) per sq ft absolute,
1b (force) per $q in. absolute in equations 33 through L1.

total heat transferred, Btu per hr

heat flux, Btu per (hr)(sq ft outside)

condensate film resistance, (hr)(°F)(sq ft outside) per Btu
interfacial film resistance, (hr)(°F)(sq ft outside) per Btu
metal resistance, (hr)(°F)(sq ft outside) per Btu

overall outside film resistance, (hr)(°F)(sq ft outside) per Btu
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NOMENCLATURE (continued)

R gas constant, 154k (ft)(lb force) per (1b mass)(°R)

S velocity distribution function

At, temperature drop through condensate film, (Ts-to), °F
Aty temperature drop through interfacial film, (Tg-Ts), °F
Aty temperature drop through metal wall, (to-ti), °F

Atg overall outside film temperature difference, (Tg—to), °F
Aty temperature rise of water, (Tz-Tp), °F

At temperature drop through water film, (ti-ty), °F

ti inside tube surface temperature, °F

t1, wall température at water outlet end, °F

tm mean tube wall tempefature, °F

Tty wall temperature at the middle of tube, °F

to outside tube surface temperature, °F

TR wall temperature at water inlet end, °F

tw average water temperature, °F

T avérage temperature between Tg and Tgy, °R

Te mean condensate film temperature, °F

Tg superheated vapor temperature, °F

Tio condenser temperature at left end, °F

Tye condenser temperature at the middle, °F

TS condensate surface temperature, °F

Toy saturation temperature, °F

Ty inlet water temperature, °F

To outlet water temperature, °F

AT, ~overall temperature difference, (Tg-ty), °F

ATg ~ degree of superheat, (Tg-Tsv), °F
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NOMENCLATURE (concluded)

absolute mean molecular velocity representing rate of mass transfer
overall heat transfer coefficient, Btu per (hr)(°F)(sq ft outside)
water velocity, ft per sec

rate of condensation, 1b per hr

water flow rate, 1b per hr

104
WA
10%
> TUo

condensate film thickness at position H, ft

abscissa of Wilson plot,

ordinate of Wilson plot

tube wall thickness, ft

ke® pr® g

physical property group,
, Mp

-Other Symbols

f

subscript refers to (1) condensate properties at the mean filnm
temperature and (2) gas or vapor properties at the mean gas or
vapor temperature

coefficient of cubical expansion of vapor or gas, °R~1

density, 1b per cu ft

gas density, 1b per cu ft

liquid density, 1b per cu ft

saturated liquid density at Tg, 1b per cu ft
viscosity, 1b per (ft)(hr)

correction factor, function of error integral @(BgUg)
condensing load, 1b per (hr)(ft of tube length)

error integral functioh

equivalent to B Ug s variable defining f"

g
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