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ABSTRACT 
Data collected from the open literature plus some new, 

unpublished data will be used to show that the exit condi- 
tion can change the flow regimes, introduce certain types of 
instabilities, and alter flooding velocities with intube con- 
densation. The major orientations will be considered: hori- 
zontal, vertical with vapor downflow, and vertical with va- 
por upflow (refluxing). 

NOMENCLATURE 
d. inside tube diameter 
d r  Froude number 
g acceleration of gravity 
h, local condensing heat-transfer coefficient 
k, liquid thermal conductivity 
Re Local liquid Reynolds number 
V,, liquid superficial velocity 
V,, vapor superficial velocity 
W total flow rate 
a Tube inclination with horizontal 
pl liquid density 
p, vapor density 
Ap density difference, pl- pv 
0 liquid surface tension 
,uf liquid absolute visco ity 

Eotvos number, 40[,4pg&) 

I NTR 0 DU CTlO N 
Condensation inside passages is commonly encountered 

in heat exchangers used in all process industries. These 
passages are circular (tubes) in shell-and-tube heat exchang- 
ers or a variety of different shapes in compact plate-fin and 
plate-frame heat exchangers. The exchanger passage orien- 
tation can be either horizontal or vertical with the inlet va- 
por in downflow or upflow. An included orientation is 

’ Current address is Praxair, Inc., Pnxair Technical Center, 
175 East Park Drive, Tonawanda, NY 14151-0044. 
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sometimes used for air-cooled condensers. The necessary 
conditions favoring the use of inpassage condensation over 
the shellside alternative (Mueller, 1983) are as follows: 

1) high pressures, 
2) high temperatures, 
3) corrosive vapors, 
4) vapors subjected to fouling or polymerization, 
5)  controlling outside heat-transfer coefficients,’ 
6) multicomponent condensation, 
7) potential freezing of condensate, and 
8) high and predictable subcooling heat-transfer 

coefficients. 
See Palen et al. (1993) for a very current update of the ap- 
plications of tubeside condensation, and Mueller (1983) for 
the selection criteria for different condenser types including 
both the tubeside and shellside options. Because of these 
advantages, there are many applications for inpassage con- 
densation in the chemical, refrigeration, power, food pro- 
cessing, and petrochemical industries. 

Even though heat exchangers with inpassage condensa- 
tion have been used for years, there are some design issues 
controlled by the tube exit condition that are not clearly 
understood. These issues differ depending on the particular 
passage orientation: horizontal, vertical downflow, and ver- 
tical upflow. It will be shown that the type of exit condi- 
tion can have a significant effect on condensate subcooling, 
instabilities, flow-regime transitions, and flooding. 

The first topic discussed is the effect of the tube exit 
condition in a typical shell-and-tube heat exchanger. This 
might appear to be unnecessary; however, it will be shown 
that some researchers have overlooked the true nature of a 
typical heat-exchanger exit condition. 

CONDENSER EXIT PLENUM 
The exit plenum or head of a condensing heat exchanger 

consists of both vapor and condensate spaces, the top con- 
taining the vapor and the bottom containing the condensate 
that collects there because of gravity. The condensate level 



is controlled so that it does not flood any o f  the tube ends 
and/or block access to the vent line but does prevent the 
vapor from passing into the condensate drain line. The 
condensate exiting the tube is therefore discharged into a 
vapor-filled space. An awareness of the exit condition is 
helpful in understanding the transition boundary between 
the gravity-controlled flow regimes. Also, this apparently 
obvious description of the condenser exit plenum was over- 
looked or ignored because some researchers used a valve at 
the tube exit for control of the condensate flow rate. It will 
be shown that a valve can significantly alter the thermal 
performance when gravity-controlled condensation exists 
and can introduce certain types of undesirable instabilities. 
The horizontal orientation is considered first. 

HORIZONTAL ORIENTATION 
It will now be demonstrated that a critical-depth concept 

at the tube exit controls the transition boundary between 
the gravity-controlled flow regimes. This point is often 
overlooked and much confusion exits in the open literature 
concerning the existence of the various gravity-controlled 
flow regimes. Knowledge of exit flow regime is necessary 
to understand and therefore minimize the adverse effects of 
certain types of instabilities that can develop. The discus- 
sion will begin with a review of two-phase flow regimes 
encountered with intube condensation. 

The significance of the flow regimes with horizontal in- 
tube condensation was first described by Bell et al. (1970). 
Their message was that reasonable predictions of local heat- 
transfer coefficients can only be obtained if: (1) the impor- 
tant condensing flow regimes are identified, (2) the bound- 
aries between these regimes are established, and (3) mecha- 
nistic prediction methods exist for each. Later, Palen et al. 
(1979) presented one visual (see Figure 1) displaying all 
the flow regimes that exist with intube condensation inside 
a horizontal tube for both high- and low-liquid flow-rate 
conditions. For both, the shear-controlled annular regime 
exists for much of the tube length or the high-quality re- 
gion. As the condensation process continues and the qual- 
ity decreases, a point is reached where the gravity-controlled 
flow mechanisms are encountered. With high liquid load- 
ings, the gravity-controlled slug and plug regimes (called 
intermittent) exist and the tube becomes completely full at 
the exit. With low liquid loadings, the gravity-controlled 
wavy and stratified regimes (called separated) exist and the 
condensate exits the tube in stratified flow (condensate not 
filling the tube). There is general consensus that the im- 
portant flow regimes with horizontal intube condensation 
have been identified, and therefore the first necessary re- 
quirement for high-quality prediction methods is satisfied, 
which was recommended by Bell et  al. (1970). However, 
the second requirement, identification of the transition or 
boundaries between the regimes, is an issue that requires 
some further discussion and leads to the very important fo- 
cus of this paper, the exit condition. 

Two major flow-regime boundaries are needed to ade- 
quately characterize the performance of horizontal, intube 
condensers: (1) the boundary between the shear-controlled 
annular regime and the gravity-controlled regimes and (2) 
the boundary between the intermittent regimes (slug and 
plug) and the separated regimes (stratified and wavy). 
Butterworth (1977) stated that, as far as the thermal per- 

formance is concerned, the first transition is the most im- 
portant. A number of methods are available to predict this 
boundary (Marto, 1991, and Butterworth, 1983), but the 
most used was developed by Palen et al. (1979) and Breber 
et al. (1980). The prediction of this transition does not ap- 
pear to be a problem for condenser designer (see Palen et al. 
1993). As a result, existing shear-controlled and gravity- 
controlled horizontal intube condensing heat-transfer-coeffi- 
cient prediction methods can be appropriately used. 

n i m  cicuio LOADING 

Svwr Suwmealod Annular Soml- Slup Flow ? i t ~  Flow subcmiad 
n e t &  Varm Flow annular Llquid 
V . ~ ,  we1 WSll Flow 

Dry Wall Mist Annular 

VAPOR SHEAR CONTROL GRAVllY CONTROL 

SHEAR PROPELLED DRAINAGE 
LOW LlOUlO LOADING WITH WAVE PROPAGATION CRAVlTi DRAINAGE 

, 1 1 

Sup% Supor Annular Soml- Waw Flow Slr.lllle4 Flaw 
h u t d  noatad Flo* annular 
Yam01 Vapor Flow 

Dry Wall Wet Wail 
Mlsl Annular 

FIGURE 1 SCHEMATIC ILLUSTRATION OF FLOW 
REGIMES WITH INTUBE HORIZONTAL CONDENSATION 

There is far more uncertainty about the second bound- 
ary, the boundary between the two gravity-controlled 
regimes. It will first be demonstrated that knowledge of 
this boundary is needed by the condenser designer to avoid 
certain types of operational problems. It will then be 
shown that this boundary is controlled by the tube exit 
condition. With this knowledge, the designer can alter this 
boundary and thereby avoid the operational difficulties dis- 
cussed below. 

Why is the Boundarv Between th 
Intermittent and Sebarated Flow-kaimes - 
Important? 

Consider the exit condition with complete condensation 
as illustrated in Figure 1. This figure suggests the follow- 
ing: 1) if the intermittent (slug-plug) regimes exist, sub- 
cooling will occur; and 2) if the separated (wavy-stratified) 
regimes exist, vapor backflowing and/or noncondensable 
buildup will occur. 

Different operating problems can be encountered with 
each. If substantial subcooling exists, tube-to-tubesheet 
weld-end fatigue failures can occur as discussed by Rabas 
and Minard (1987). They described a particular flow insta- 
bility characterized by substantial temperature change of the 
subcooled condensate exiting the tube ends that produced 
weld-end failures in moisture-separator reheaters. If back- 
flowing of vapor occurs, a water-hammer type of instabil- 
ity can occur that can cause tube ruptures near the exit. 
This failure mode also occurred in moisture-separator re- 
heaters as described by Rabas and Minard (1987) and is 
more commonly encountered in some air-cooled condensers 
operating above atmospheric pressure. The failures for thz 
latter application are limited because most air-cooled con- 
densers operate below atmospheric pressure where noncon- 
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densable gases can cushion the water-hammer process. 
Noncondensable gas accumulation will occur, especially 
with vacuum application. However, the trapped noncon- 
densable gases can cause condensate freezing during winter 
operation and are absorbed by the condensate and promote 
tube-metal corrosion. Different types of operational prob- 
lems can therefore develop with horizontal intube condensa- 
tion, and the particular type depends on what gravity-con- 
trolled flow regime exists. 

The Mechanism Controllina the Boundary 
Between the Intermittent and Separated- 
Flow Reaimes 

Palen et al. (1979) implied that this boundary was char- 
acterized by a transition inlet vapor flow rate but this point 
was never explicitly stated. It will now be demonstrated 
that a transition flow rate does indeed exist and its magni- 
tude is controlled by the exit condition. 

Wallis et al. (1977) clearly demonstrated that the flow 
rate needed for a tube to run full at the exit when discharg- 
ing a liquid into a gas-filled space is given by the follow- 
ing equation 

where Fr, the Froude number, is a function of the Eotvos 
number or inverse Bond number as shown in Figure 2. 
The typical range of Fr is about 0.15 to a maximum of 
0.54 for circular tubes and depends on the fluid surface 
tension and inside tube diameter. The controlling 
mechanism is couched in a "critical flow" concept, that is 
the flow at the exit "freefalls" into a gas-filled outlet 
plenum. Adiabatic air-water experiments were used for the 
development of the above equation. 

W = (~14)  Fr p, 4R (1) 
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FIGURE 2 TRANSITION FROUDE NUMBER FOR A 
CIRCULAR TUBE TO RUN WITH CONDENSATE 

Rabas (198 1) first proposed that the transition boundary 
between the gravity-controlled condensing flow regimes is 
determined by the flow rate predicted with Equation (1). 
The basis for this proposition is that the exit condition is 
the same as liquid freefalling into a gas or vapor space 
when complete condensation is encountered. It therefore 
follows that the boundary between the intermittent and sep- 

arated flow regimes is characterized by a condensation path 
with an inlet vapor flow rate calculated with Equation (1). 
Rabas (1981) presented some justification of this proposi- 
tion using data obtained by Palen et al. (1977), Breber et 
al. (1979), and field data from moisture-separator reheaters. 
In addition, this proposition was in good agreement with 
the transition prediction method of Taitel and Dukler 
(1976). 

Further support of this proposition is that the transition 
is independent of the vapor-phase conditions. Figure 3, 
which was taken from Butterworth (1977), is a flow-pattern 
map for atmospheric air-water containing the experimental 
data of Mandhane et al. (1974) and the transition predic- 
tions of Taitel and Dukler (1976). Note that the transition 
between the stratified and wavy regimes and the slug and 
bubble (plug) regimes is characterized by a single value of 
the superficial liquid velocity, Vsl,  or the transition is a 
horizontal line up to the annular region that is independent 
of the gas flow rate. In addition, Tandon et al. (1982) de- 
veloped a condensing flow-regime map where the gravity 
flow-regime boundary was again independent of the vapor 
phase conditions. 
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FIGURE 3 FLOW-PAlTERN MAP FOR ADIABATIC AIR- 
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Very similar flow-pattern observations were made by 
Weisman et al. (1979) - the transition between the grav- 
ity-controlled regimes occurred at a fixed superficial liquid 
mass velocity although the magnitude of this value was a 
function of the tube diameter and liquid-gas fluid combina- 
tions. Figure 4 is a plot of data obtained by Weisman et 
al. to correlate this transition boundary, the proposed corre- 
lation being 

1.1 -- & - 0.25 (k) 



If the exponent on the ratio of the superficial velocities was 
changed from 1.1 to 1.0, Equation (2) is identical to 
Equation (1) with Fr = 0.25. Close observation of Figure 
4 suggests that the unity exponent could also be considered 
valid because of the data scatter. The data of Mandhane et 
al. (1974), Weisman et al. (1979), and prediction of Taitel 
and Dukler (1976) support the proposition that the exit 
condition - a freefall of the condensate into a vapor 
plenum - controls the transition boundary of the gravity- 
controlled flow regimes. 
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FIGURE 4 SEPARATED-INTERMITTENT TRANSITION 
CORRELATION PROPOSED BY WEISMAN ET AL. (1979) 

Conflictina Data - The Use of a Valve at the 
- Exit 

A substantial database exists that does not support this 
proposition. However, a different exit condition was used 
in these experiments - a valve was located after the test 
section to control the flow rate. A valve at the tube exit is 
not a true simulation of a typical exit condition of a shell- 
and-tube heat exchanger because the condensate can not 
freefall into a vapor-filled plenum. These data are not in er- 
ror, they just apply for an exit condition not characteristic 
of a typical heat exchanger. Valves andor other exit re- 
strictions are shown in the test-facility schematic diagrams 
used by Coe et al. (1966), Soliman and Azer (1971, 1974), 
Travis and Rohsenow (1973), and Rahman et al. (1985). 

The effect of a valve or other restriction on the gravity- 
controlled flow regimes can be explained using principles 
of single-phase hydraulics. This restriction causes the tube 
to run full upstream of the valve except for the smallest 
flow rates. As a result, the stratified flow regimes do not 
develop even for very low flow rates and the flow regimes 
now are progressively annular, wavy, slug, and plug. 
Contrast this with the low-flow rate condition shown in 
Figure 1 where the stratified regime would replace the slug 
and plug regimes. Even in 1985, Rahman et al. (1985) 
could not explain why they observed slug flow where the 
flow-regime maps would predict stratified flow. The single- 
phase flow condition at the tube exit controls the upstream 

two-phase gravity condensing flow regimes, a concept that 
has eluded some researchers. 

Parameters lmpactina the Boundarv 
Between the Intermittent and Separated- 
Flow Reaimes 

With this understanding of the controlling mechanism, 
it is possible to determine what are the important parame- 
ters and their effect on the transition boundary between the 
intermittent and separated flow regimes. These parameters 
are as follows: 

1) condensate density and surface tension, 
2) passage size (diameter), 
3) wettability of the passage material, 
4) passage shape, and 
5) slope or inclination of passage, 

A brief description of the influence of each is now pre- 
sented. 

The effect of the condensate density and surface tension 
and the tube diameter can be determined with Equation (1) 
and the dependence of Froude number on the Eotvos num- 
ber (see Figure 2). Increasing the surface tension favors the 
intermittent regimes because the passage runs full at lower 
flow rates whereas increasing the liquid density or diameter 
favors the stratified regimes or the passages are less likely 
to run full. Rabas (1981) showed that wettability is an 
important parameter by conducting adiabatic experiments 
with water and different tube materials, glass or copper. 
The transition flow rate was smaller with copper, the more 
wettable surface. 

The effect of the shape can be anticipated by critical- 
depth analyses as presented by Chow (1959). For example, 
a larger critical-flow rate exists for a circular than a square 
shape with the same characteristic dimension. Also, a 
larger critical-flow rate exists with a parabolic shape com- 
pared to a triangular shape with the same depth. This con- 
cept can therefore aid the designer of some new, compact 
heat-exchanger designs in selecting the preferred passage 
shape. 

The tube inclination is a very effective way to control 
the transition condition, or whether the tube is running full 
or in stratified regime. Hewitt (1983) stated that the most 
striking effect of the tube inclination is on the boundary of 
the intermittent and stratified flow regimes. This point is 
made abundantly clear from the transition-boundary results 
obtained by Barnea et al. (1980) and shown in Figure 5.  
Note that a very small downward inclination (about 1 
degree) substantially increases the transition flow rate and 
insures a stratified exit condition for almost every 
condenser application. Conversely, a slight upward slope 
essentially eliminates the separated flow regimes and the 
tube running full will almost always exist. The tube 
inclination does not have any significant effect on the 
thermal performance; however, it does control what 
gravity-controlled flow regimes will occur. 

Some conclusions can now be made about the impor- 
tance of the exit condition for the important case of intube 
condensation inside horizontal tubes. The most important 
points are that the exit condition has a major influence of 
the gravity-controlled flow regimes but has a minor influ- 
ence on the overall thermal performance. Depending on 
which of these exit conditions exists, running full of con- 



densate or in stratified condition with vapor backflowing, 
various operating problems can occur as discussed above. 
The impact of the parameters that control the type of exit 
condition can be easily quantified for any passage configu- 
ration or heat-exchanger type by conducting relatively sim- 
ple adiabatic experiments. 
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STRATIFIED-INTERMITTENT TRANSITION BASED ON 

VERTICAL DOWNFLOW ORIENTATION 
What role does the exit condition play with vertical 

downflow condensation? Before this question is answered, 
some reasons for using vertical downflow intube con- 
densers are given. These condensers are favored over the 
horizontal and vertical upflow configurations when dealing 
with multicomponent vapors, condensate subcooling is de- 
sired, and for low-pressure applications (Mueller, 1983). 
Also, vertical units have an obvious advantage if land space 
is costly because of the smaller "footprint." Vertical down- 
flow is a common orientation for condensers used in the 
chemical industries to recover volatile organic compounds 
(VOCs). Now that the importance of the vertical orienta- 
tion is established, the influence of the exit condition for 
the case of complete condensation with vertical downflow 
is addressed. 

With vertical downflow, only the annular flow regime 
occurs. From the above discussion, it is evident that very 
large flow rates are required for the tube to run full. Inlet 
vapor velocities approaching sonic values would be required 
to generate the required amount of condensate. Unique fea- 
tures of vertical downflow condensing in a heat-exchanger 
are, then, that (1) an annular flow regime exists for the en- 
tire tube length even with gravity-controlled conditions and 
(2) no interface between a vapor section and a running-full 
liquid section can exist. With complete condensation, the 
core must contain uncondensed vapor backflowing from 
other tubes and/or noncondensable gases that are always 
present in trace amounts. 

The first point worthy of mentioning is that condensate 
subcooling is possible with vertical downflow even if a gas 
or vapor core exists. Tepe and Mueller (1947) conducted 
subcooling experiments in a vertical tube and provided pre- 
diction correlations based on liquid films flowing down ver- 
tical surfaces. They recommended different correlations for 
laminar or turbulent flow, the exponents on the liquid 
Reynolds number being 119 and 1/3 for the laminar and 
turbulent regimes, respectively. The important point is 
that these expressions are not those commonly used if the 
tube were running full with condensate such as the Dittus- 
Boelter or Petukhov and Popov correlations. Later, 
Mueller (1983) suggested that this orientation is the best of 
the three to achieve significant condensate subcooling. 

A condensing running-full transition can be established 
in a condenser tube if a restriction such as a valve is placed 
at the tube exit. Experiments conducted by Goodykoontz 
and Dorsch (1966, 1967) were performed with a valve at 
the test-section exit to control the condensate flow rate. 
An all-liquid level was established above the valve and 
flooded a portion of the condenser tube length. The con- 
firmation that this liquid level did indeed exist was an in- 
crease of the static-pressure readings. Condensate subcool- 
ing was also achieved; however, now the tube was running 
full with condensate from the condensing running-full 
transition down to the control valve. 

Goodykoontz and Dorsch (1966, 1967) sometimes en- 
countered unstable condenser operation when the condens- 
ing running-full transition was located near the middle of 
the tube, but never when it was located near the inlet or 
outlet. They were unable to explain the cause of the con- 
denser instability. However as already mentioned, Rabas 
and Minard (1987) described similar instabilities with hori- 
zontal intube condensers when the tube was running full at 
the exit (i.e., a condensing running-full transition existed 
in the tube). Goodykoontz and Dorsch also noticed that the 
temperature of the condensate in the region of the transition 
was not constant and varied as much as 20°F for one run 
even though a major instability did not exist. It can be 
concluded from these observations that the transition 
location undergoes some minor variations even though 
essentially stable operation as a whole exists within the 
condenser. 

The authors were not able to discover any other publica- 
tions that address condensing instabilities with the vertical 
downflow arrangement if a normal exit condition exists, or 
the condensate discharges into a vapor-filled plenum. With 
an annular flow regime for the entire tube length, no con- 
densing running-full transition can develop. As a result, 
no instability should occur and this is an important advan- 
tage not previously associated with the vertical downflow 
orientation. It is important to remember that these insta- 
bilities can develop if a valve or some other type of flow 
restriction is placed at the tube exit. 

Lastly, concern the effect of the valve on the condenser 
performance. Figure 6 shows the local condensing heat- 
transfer coefficient as a function of the liquid Reynolds 
number as measured by Goodykoontz and Dorsch (1966). 
This variation near the tube exit, or in the largest Reynolds 
number range, shows a very sharp reduction and values less 
than predicted by the Nusselt theory. If an annular-flow ex- 
isted, the local condensing parameter shown in this Figure 



would remain above the Nusselt prediction and become less 
and less dependent on the condensate Reynolds number as it 
increases (See for example Hewitt et al., 1994). Several 
explanations for low level (less than the Nusselt prediction) 
and the sharp reduction of the thermal performance just 
above the condensing running-full transition are: (1) a 
buildup of noncondensable gases, (2) a thicker condensate 
film because of surface tension pulling the film up, and (3) 
and film thickness due to some up-and-down motion of the 
transition. The important point is that these adverse 
characteristics are caused by a non-typical exit condition, 
Le., the use of a valve at the exit. 
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FIGURE 6 LOCAL CONDENSING HEAT-TRANSFER 

With vertical downflow condensation in a heat-ex- 
changer, an annular flow regime must exist for the entire 
tube length even with complete condensation and conden- 
sate subcooling is a viable option. Also, restrictions at the 
exit can introduce undesirable instabilities and reduce the 
thermal performance near a now generated condensing run- 
ning-full transition. Next consider the last orientation, ver- 
tical upflow. 

VERTICAL UPFLOW ORIENTATION 
The last section deals with a vertical tube orientation 

but with bottom entry of the vapor, a mode of operation 
commonly referred to as refluxing. The focus will again be 
on the importance of condensate exithapor entrance 
condition(s) of typical refluxing condensers. 

<. . . 

Vertical upflow or refluxing condensers are commonly 
used in the chemical and pharmaceutical industries and oc- 
casionally used in the refinery and power industries. In 
most of these units, condensation again occurs inside the 
tubes. The unique advantages of vertical upflow are the 
following: 

1) minimal condensate subcooling, 
2) assured integral condensation, and 
3)  minimized piping and pressure losses. 

Vertical intube reflux air-cooled condensers are used to 
limit condensate subcooling and possible freezing of the 
condensate for many industrial applications in colder 
climates. Interestingly, the refluxing concept is employed 
in the design of many steam condensers found in power 
plants that employ an air-cooling section - the surface 
condensers and feedwater heaters. The vapor always flows 
upward in the air-cooling sections on the way to the vent 
in order to minimize the condensate subcooling and the ac- 
companying liabilities such as absorption of oxygen and 
other soluble but undesirable gases. 

A critical design problem of reflux condensers is the 
flooding of the tube at the entrance that occurs when the in- 
let vapor exceeds a limiting value (Bell et al., 1984). 
When flooding occurs, there is a substantial increase in the 
pressure drop measured from plenum to plenum and some 
liquid begins to be carryovered to outlet plenum rather than 
drain back into the bottom plenum. With further increase 
of the inlet vapor velocity, a point is reached where total 
carryover exists. Normal design practice is to avoid this 
unstable and high-pressure-drop condition by limiting the 
inlet velocity to a value less than the transition flooding 
velocity. 

There is no satisfactory explanation to describe the phe- 
nomena of flooding in vertical tubes. The magnitude of 
the inlet velocity at which flooding occurs depends on nu- 
merous factors: fluid properties, tube diameter and length, 
tube inlet and exit conditions, and the definition of the 
flooding condition. From the designer standpoint, one of 
the most important is the tube-exit configuration in the 
bottom plenum. The flooding mechanism occurring in a 
typical heat-exchanger with rolled or welded tube ends is 
first discussed based on some observations of (Rabas, 
1961). With an understanding of the flooding mechanism, 
a particular solution to the problem is described. Next, ex- 
planations why other different exit configurations signifi- 
cantly delay the flooding onset are presented based on the 
understanding of the flooding mechanism. 

The Floodina Mechanism 
A typical transparent air-water experimental apparatus 

was constructed and used by Rabas (1961) to measure the 
flooding velocity and observe the flow characteristics when 
it occurred. Water entered the tube at the top by flowing 
over an annular weir and traveled down the tube in an annu- 
lar film. The air entered a bottom cylindrical plenum and 
passed into the tube entrance located in the top center of the 
plenum. The tube exit was flush with the top-plenum sur- 
face and thereby simulated a typical tube-tubesheet joint of 
a shell-and-tube heat exchanger. No further discussion of 
the experimental apparatus is presented here because it con- 
tained no other unique and/or important features - it was 
very similar to equipment used by many other experi- 



menters who conducted adiabatic air-water flooding experi- 
ments. 

The observed characteris tics were essentially the same as 
obtained by all the later investigators. As the air flow in- 
creased with a constant water flow rate, a point was reached 
where the water suddenly departed from an annulus, and a 
slugging-type flow regime developed. Once the slugging 
regime was developed, the pressure drop from the inlet 
plenum to the outlet plenum increased by an order of 
magnitude and severe fluctuations were experienced. The 
air velocity at which the flooding occurred, about 20 m/s,  
was almost independent of the water flow rate. The 
flooding velocity did increase somewhat with very low 
flow rates where an annular flow regime could not be 
maintained. When flooding occurred, oscillations of water 
slugs existed along the complete tube length. With a 
further increase of the air flow or air velocity above the 
transition flooding velocity, the water exiting the tube 
bottom decreased in almost a linear manner. The water that 
drains or passes through the tube actually falls from the 
center of the tube as large liquid slugs and no resemblance 
to an annular flow regime exists. 

The most important finding of this experiment was the 
behavior of the liquid at the tube exit when the slugging or 
flooding began. Water drops collect next to the tube exit, 
and continually increase in size. When the weight is suffi- 
cient to overcome surface tension, they free fall to the liq- 
uid pool. Just before flooding occurs, the drops begin to 
"swing or rock" back and forth. When the air flow is fur- 
ther increased, the drops are "sucked" back into the tube 
with the air stream and the slugging regime is initiated. 
Figure 7 is a pictorial display of this process. The drops 
are drawn into the tube by a simple Bernoulli effect or the 
lift generated by the higher velocity and accompanying 
lower pressure on the tubeside surface of the drops. The 
resulting pressure distribution around the drop contour 
results in a net force to pull the drop free of the tubesheet 
and up into the tube. 
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FIGURE 7 SCHEMATIC ILLUSTRATION OF THE 

FLOODING MECHANISM WITH VERTICAL UPFLOW 
INSIDE TUBES 

A Solution to the Floodina Problem 
Cost reductions and/or performance improvements of re- 

flux condensers can be obtained with higher inlet vapor ve- 
locities. However, the magnitude of the velocity is limited 
because of flooding. Solutions to the flooding problem 

consisting of inexpensive hardware modifications would be 
very useful if they could significantly extend the range be- 
fore flooding occurs. Some successful modifications can 
be identified now that the mechanism responsible for the 
flooding is understood. 

A particular modification used to postpone flooding is 
shown in Figure 8. It is a secondary tube sheet with guide 
tubes that extend past the tube exit. Because flooding and 
slug-flow regime is caused by a phenomenon existing at 
the tube exist, the guide tube prevents the vapor from 
"sucking" the liquid drops back into the tube. This concept 
was tried with the previously described experimental facil- 
ity to determine what if any increase of the air velocity can 
be reached before flooding occurred. Almost twice the pre- 
vious velocity was reached without flooding, and flooding 
was never again obtained with the facility because of limi- 
tations of the air supply. Even when the guide tube 
touched the tube wall - the guide tube was not concentric 
with the tube inside diameter - there was no flooding. A 
full-scale secondary tube sheet was then installed in an air- 
cooled condenser with a reflux air-cooling section. NO un- 
stable operation or excessive pressure drop was ever experi- 
enced in the prototype unit and no negative comments on 
the performance were ever received from the field. 
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FIGURE 8 SCHEMATIC DIAGRAM OF A DEVICE THAT 

OF AN AIR COOLED CONDENSER 
ELIMINATED FLOODING IN THE AIR-COOLING SECTION 

Other Solutions to the Floodina Problem 
There are other devices that have been demonstrated to 

increase the maximum flooding velocity in vertical reflux 
condensers, the most common being a tapered tube end as 
shown in Figure 9. With the above understanding of the 
flooding mechanism, it is easy to explain why this and 
other such devices permit larger inlet vapor velocities be- 
fore flooding occurs. 

Tapered Tubes. One device that has been demon- 
strated to delay the onset of flooding is tapering the portion 
of tube exit that extends past the bottom tubesheet surface. 
Holmes (See Perry and Chilton, 1973 and English et al., 
1963) first demonstrated that about a 25% increase in the 
flooding velocity with a tube exit containing a 30 degree 
taper of slant over that obtained flat of flush exit with the 
tube sheet. English et al. (1971) obtained 5, 25, and 54 % 
maximum allowable vapor-velocity increases with 30, 60, 
and 75 degree tapers, respectively. 



FIGURE 9 A SKETCH OF A 
TAPERED TUBE EXIT 

Why does a taper increase the allowable flooding veloc- 
ity? The condensate flows to the end of the taper where it 
then collects in a larger and larger drop. When the size and 
accompanying weight of the drop is sufficient to overcome 
surface tension, the drop freefalls to the hotwell. When the 
taper is increased, the drop location is moved further from 
the accelerating vapor flowing into the tube exit. As a re- 
sult, larger superficial vapor velocities can be used before 
flooding occurs or the drop is "sucked" back into the tube. 

Larue Tube Sizes. Diehl and Koppany (1969) 
found that there was a critical diameter above which the 
flooding velocity was independent of the tube size. Below 
this critical size, they found that the flooding velocity 
decreased as the tube diameter decreased. This observation 
can be explained as follows. The size of the drop needed to 
overcome surface tension and freefall to the hotwell is con- 
trolled by the fluid surface tension, density, and wettability. 
When the inside tube diameter is small with respect to the 
drop size, there is very strong Bernoulli effect pulling the 
drop into the tube. As the diameter increases but with the 
same drop size, the pulling force on the drop is reduced be- 
cause of the reduced vapor acceleration at the tube exit. 
When the tube diameter reaches the critical value and larger, 
the force due to the Bernoulli effect on the drop can no 
longer overcome the gravity and surface-tension forces and 
pull the drop into the tube. 

CONCLUSIONS 
This paper demonstrates that the exit condition has an 

important role on the performance characteristics of intube 
condensing heat exchangers with complete condensation. 
For the horizontal orientation, a transition flow rate exists 
that determines if the tube is running full or in a stratified 
mode and this rate can be predicted with a critical-depth 
concept developed from single-phase hydraulic considera- 
tions. This concept applies because the typical heat-ex- 
changer exit condition consists of a liquid discharging into 
a vapor-filled space. Also, this flow rate defines the transi- 
tion boundary between the gravity-controlled slug-plug 
regimes and stratified-wavy regimes. The flow condition at 
the exit - running full or stratified - controls what types 
of operating problems can develop: unstable cyclic opera- 
tion, waterhammering, noncondensable buildup and corro- 
sion, or condensate freezing. 

With the vertical downflow orientation, it is demon- 
strated that the annular-flow regime will exist for the entire 
tube length, the only exception being extremely large inlet 

vapor flow rates. This orientation is therefore most suited 
for condensate subcooling. 

For both the horizontal and vertical downflow orienta- 
tions, some attempts were made to model condenser 
performance by changing this exit condition with a valve 
positioned at the exit to control the flow rate. This exit- 
condition modification alters the gravity-controlled flow 
regimes and can introduce unstable operation, especially for 
the vertical downflow orientation. 

With the vertical upflow orientation (refluxing), expla- 
nations are supplied for (1) the cause of flooding with the 
typical exit condition and (2) how the exit condition can be 
modified to postpone flooding. Flooding is caused by a 
Bernoulli effect that sucks the drops that collect on the 
tube-sheet surface back into the tube end. Devices that iso- 
late the drop-collection location from the accelerating vapor 
entering the tube end delay the flooding. Some devices are 
described that permit about double the inlet vapor velocity 
before flooding occurs. 
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