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ABSTRACT

The influence of return bends on the downstream pressure drop and heat

transfer coefficient of condensing refrigerant R-12 was studied experimen-

tally. Flow patterns in glass return bends of 1/2 to 1 in. radius and 0.315

in. I. D. were examined visually and photographically using a high frequency

xenon light source. Local pressure drop and heat transfer measurements were

made along a horizontal 14 1/2 ft. test section immediately following the

return bend. The refrigerant mass flux ranged from 1.32 X 105 to 4.58 X 105

lbm/hr-ft 2, saturation temperature from 90 to 107*F, and return bend quality

from 0.24 to 1.0. The pressure drop and heat transfer data were compared

to previous data for condensation without return bends. Effects on the down-

stream pressure drop and heat transfer were found to be small, if not

negligible.
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INTRODUCTION

A wide variety of vapor-compression refrigeration systems utilized in

industry employ condensing equipment in which the refrigerant vapor condenses

while flowing inside tubes. This is the case, for example, in evaporative

condensers and some water-cooled condensers of the tube-in-tube type. The

present investigation is concerned with the heat transfer and pressure drop

in condensers, and particularly the effect of return bends on their perform-

ance.

The proper design and sizing of condensing equipment requires an

accurate knowledge of heat transfer coefficients and associated pressure

gradients over a wide range of conditions. In general, these quantites

are functions not only of the refrigerant being used, but also of the mass

velocity, condensing pressure, condensation rate, vapor quality, and con-

denser size and configuration. The large number of variables involved in-

dicates not only the difficulty of obtaining sufficient data to cover all

the conditions of interest to a design engineer, but also the desirability

of devising an efficient and rational way of presenting the data for sim-

plified design calculations.

Two-phase pressure drop and heat transfer are usually interrelated

for condensation in tubes. Numerous investigations of two-phase pressure

drop in tubes have been reported in the literature. Most of these investi-

gations pertain to straight tubes and fully developed flow.

There are essentially two different mechanisms of condensation in

straight tubes. At low mass velocities, laminar film condensation and stra-

tified flow exist. This situation has been examined by Chaddock [1],

Chato [2], and Rufer [3] using results from Nusselt [4]. At high mass ve-

locities the liquid refrigerant becomes more evenly distributed in the tube
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and the mechanism of heat transfer changes. Recently, this case was in-

vestigated by Bae [5] and Traviss [6].

Commercial refrigerant condensers, however, do not usually operate

under the idealized conditions analyzed in Ref. [1] through [6]. Due to

the length of tubing, space limitations, and exterior cooling requirements,

the condenser tube usually includes return bends. The refrigerant flow

configuration, pressure drop, and heat transfer are modified in the vicinity

of a return bend. The purpose of the present investigation is to deter-

mine whether the disturbance caused by a return bend is only a localized

effect or extends over a significant length of the condenser tube, modi-

fying the heat transfer and pressure drop.

Substantial research has been conducted by many investigators, inclu-

ding White [7], Beij [8], Pigott [9], and Ito [10], in an effort to cor-

relate single-phase pressure drop data for bends. Unfortunately, the re-

sults are in substantial disagreement. The recent approach has been to

consider the bend as a separate entity responsible for the total increase

in pressure caused by its presence. This total increase includes losses

due to friction, curvature, and downstream pressure recovery.

In general, a certain minimum number of diameters of straight pipe

downstream are necessary for the reestablishment of fully developed straight

pipe flow. Ito [10] studied single-phase pressure recovery lengths down-

stream of bends and showed that full recovery takes place within 50 pipe

diameters. Other investigators [11, 121 have indicated that 15 to 20 dia-

meters of straight pipe are adequate for pressure recovery in single-phase

flow.

There is less information about two-phase flow through bends, particu-

larly in regard to downstream pressure recovery and aeat transfer. Zahn [11]

010110=11"



observed that the effect of refrigerant flow in a small-radius glass re-

turn bend was the mixing of vapor and liquid and the formation of spray

into the entrance of the next tube. Visually there appeared to be little

difference between up or down flow through a vertical bank of horizontal

tubes. Alves [12] investigated the flow of air-water and oil-water mix-

tures through a 1-inch glass return bend of 7-inch radius. Alves also

measured the pressure drop in the return bend and in the straight sections

before and after the bend. The pressure drop data in the straight sec-

tions preceeding and following the bend agreed fairly well with the

Lockhart-Martinelli correlation [13]. The two-phase pressure drop expressed

as L/D due to the return bend was found to be the same order of magnitude

as that for single-phase flow.

Fitzimmons [14] measured the single-phase (water) and two-phase (steam-

water) pressure drop for 2-inch pipe with contractions, expansions, valves,

orifices, and 90* bends. The results indicated that the ratios of two-

phase to single-phase pressure drop for various bend radii were insensi-

tive to pressure (800 psia to 1600 psia) and had a maximum value of 2.5.

The pressure recovery due to an upstream disturbance (bend) was essentially

complete after 55 pipe diameters. Mochan [15] measured the pressure drop

of steam-water flow through 75* and 90* bends. The pressure drop in the

bends was found to be a function of the dynamic pressure and orientation

of the outlet of the bend. If a vertical or inclined section followed the

bend, the loss of pressure due to the bend was 2 or 3 times greater for

two-phase flow than single-phase flow. If the exit section was horizontal,

the two-phase and single-phase pressure losses were approximately equal.

The pressure recovery length after the return bend was always less than 100

tube diameters.

Sekoguchi [15] examined the influence of mixers, bends, and exit sec-



tions on the horizontal two-phase flow of air and water. He observed that

zfter the bend the pressure decreased more rapidly, followed by less rapid

decrease. This region for 90* bends extended over a length of as much as

150 D. Nevertheless, the net effect of a bend on pressure drop appears to

be very small. Sekoguchi also correlated the pressure drop in bends using

variables analogous to the Lockhart-Martinelli variables for straight pipe

flow.

In the present investigation, refrigerant R-12 was condensed in a 3/8

inch 0. 1D. copper tube, located immediately downstream of a glass return

bend. High speed photography was used to study the two-phase flow patterns

in the return bend. Both the downstream pressure gradient and heat trans-

fer coefficient were measured. In addition, the pressure drop across the

return bend was measured. The pressure gradient and heat transfer data

were compared with data for fully developed straight tube conditions. On

the basis of this information, design recommendations are made.



EXPERIMENT

General Description of the Experimental Apparatus

The basic apparatus is shown schematichlly in Fig. 1. It consisted

of a closed-loop refrigerant flow circuit driven by a mechanical-sealed ro-

tor pump. An electrically heated boiler generated vapor which passed through

a flow meter and into the precondenser. After the precondenser, the vapor-

liquid mixture flowed through a straight copper tube and into the glass re-

turn bend. A 14.5 ft. test section, located immediately after the return

bend, was used to determine the local heat transfer coefficients and press-

ure gradients. Following the test section, all of the refrigerant was con-

densed to liquid in the aftercondenser, and returned to the boiler ly the

pump. The pump return line incorporated a filtering-drying element and a

commercial sight-glass moisture indicator. Valves in the return line and

by-pass loop were used to control the refrigerant flow rate and pressure.

Pictures of the experimental apparatus are shown in Fig. 2.

The flow rate of the saturated vapor leaving the boiler was measured

by a calibrated variable area rotometer. The precondenser, a sealed shell

and coil condenser, was used to control the quality of the refrigerant

entering the return bend. The water flow rate into the coil-side of the

precondenser was controlled by a gate valve and measured by a rotometer.

Inlet and outlet temperatures of the water and refrigerant were also meas-

ured. From this information, the refrigerant flow rate, quality, and tem-

perature at the exit of the precondenser were determined.

The two-phase refrigerant flowed from the precondenser into a straight,

adiabatic copper tube. The tube was standard 3/8-type L copper tubing,
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approximately 180 diameters long. A modified Conax PG4-375 packing gland

was sweat soldered to the end of the copper tube and another to the inlet

of the test section. A metal pin that fit both the inside of the tubes

and fittings was used to allign the tubes and fittings in the axial and ra-

dial directions before soldering. The end of the tube was allowed to pro-

ject 1/16 in. into the fitting seal as shown in Fig. 3. When the fitting

was tightened the seal compressed around the glass tube and forced the ends

of the glass and copper tubes together.

The glass return bend was constructed from 10 mm Pyrex glass tubing.

Since the inside diameter of glass tubing varies from lot to lot, the glass

tube was carefully selected so that the glass and copper tubes had the same

inside diameter (0.315 in.). The bend radius and tube radius were kept as

nearly circular as possible. The ends of the return bend were ground flat

and the entire bend was annealed. Two different return bends were used:

one had a bend radius of 0.5 in., while the other had a bend radius of 1.0

in. The return bend was installed in the vertical position, so that the

refrigerant would flow in horizontally at the top and out horizontally at

the bottom. The dimensions of the bend are shown in Fig. 3. Pressure taps

were installed at points approximately 10 diameters upstream and downstream

from the return bend. An enclosure, constructed from 1/2 in. Plexi-glass,

was used to shield the return bend from the observer.

The test section was a tube-in tube heat exchanger: the refrigerant

flowed through the inner tube and the water flowed countercurrently in the

annulus or jacket. The inner tube was a commercial 3/8 in. 0. D. (0.315 in.

I. D.) continuous copper tube, 14 1/2 ft. long.

Seven brass rings, each incroporating a pressure tap, were soldered



to the inner tube at 29 in. intervals. These split the annulus lengthwise

into six sections. Heat transfer and pressure drop measurements were made

in each of these sections. Adjoining sections of the water jacket

were connected in series by flexible hoses to ensure mixing. Two

differential thermocouples were located at the inlet and outlet of each

jacket for measuring the temperature rise of the water through each section.

In addition, two differential thermocouples were located at the first water

inlet and the last water outlet in order to check the overall water tempera-

ture rise against the sum of the six individual water temperature rises.

At the mid-length of the last five sections two thermocouples were installed:

one on the outside wall of the condenser tube and one at the centerline of

the tube.

The first section after the return bend was instrumented more elaborate-

ly than the other sections. This section was equipped with three thermo-

couples around the outer circumference at the mid-length. The thermocouples

were arranged 90* apart at the bottom, side, and top of the tube. Addition-

al thermocouples were installed on the outer tube wall at the bottom of the

quarter-lengths and at the centerline of the mid-length. The wall tempera-

ture thermocouples were soldered flush to the outer surface of the copper

tube; and, as such, did not project into the boundary layer of the coolant.

To install the centerline thermocouples, holes were bored into the copper

tube and open-ended stainless steel tubes, 0.035 in. 0. D., were soldered

in the holes. The tip of the stainless steel tube was 1/64 in. short of

the copper tube centerline. The thermocouples were then inserted so that

the thermocouple beads would be at the centerline of the copper tube. Sub-

sequently, the thermocouples were glued in place with epoxy. All the ther-

mocouples were made of 0.005 in. 0. D. nylon-sheathed copper and constantan



wire.

Downward-sloping copper tubes connected the pressure taps to a

U-tube mercury manometer through a manifold which enabled the measurement

of the refrigerant pressure drop through each section. A Bourdon pres-

sure gage, located upstream of the test section, was used to measure

the inlet saturation pressure.

Calibrated flow meters were used to measure the flow rate of the

water through the precondenser, test section, and aftercondenser. These

components were also instrumented with thermocouples at the inlet and

outlet of both the refrigerant and water sides. The entire loop was in-

sulated with fiberglass. The heat loss from the test section with zero

water flow rate was not measurable within the accuracy of the potentio-

meter.

Test Procedure

It was desirable to eliminate all possible contaminants before

charging the refrigeration loop. The loop was evacuated to 30 in. Hg

and filled with dry nitrogen repeatedly to eliminate moisture. Then the

system was evacuated and filled with the refrigerant vapor until a pres-

sure of 70 psig. was reached. The refrigerant was then allowed to escape

through bleed valves at the aftercondenser, boiler return line, and mano-

9
meter until the pressure fell to 5 psig. This was repeated twice in order

to dilute any traces of non-condensibles in the system. The system was

tien charged with liquid refrigerant until the sight glass in the boiler

showed that the heating elements were covered.

Several parameters, such as water temperature, boiler heat input



and flow rate, could be regulated to establish the conditions for a run.

The temperature of the water entering the precondenser, test section, and

aftercondenser was controlled by mixing hot and cold water feeds. The

water temperature, water flow rates, by-pass valve setting, and boiler

heat input determined the refrigerant temperature, pressure, and flow

rate. During a run, the refrigerant saturation temperature and flow

rate were held constant (+ 4 percent) while the return bend inlet qua-

lity was varied in steps from a maximum value of 1.0 to a minimum value

of 0.24. After sufficient data had been obtained at one flow level, the

refrigerant flow rate was changed to a different value and another ser-

ies of runs was made. The return bend inlet quality was limited to qua-

lities above 0.24, since a small measurement error in the overall heat

balance could result in a significant error in the measured quality for

values below 0.20. The data for any run were taken one hour after the

system had reached steady state.

After completing a run, pictures and visual observations of the flow

patterns in the glass return bend were made. The back of the Plexi-

glass enclosure for the bend was covered with translucent white paper to

diffuse light. A variable frequency xenon light source (General Radio

Strobotac, Type 1531-AB) illuminated the background. The flashing-rate

range of light source could be varied from 2 to 420 times/second and the

flash duration from 1 to 3 P sec. When the flashing-rate was below the

persistence of vision or retina retention limit (approximately 0.1 sec.),

periodic flow phenomena such as liquid slugs, waves, and churning could

be readily observed. This method was valuable, because the probability

of obtaining a truly representative photograph of these flow patterns

is low. When the flow was wavy, it was possible to essentially "stop"



the flow by properly setting the flashing-rate. Photographs of the flow

patterns were also made using a Polaroid camera which simultaneously

triggered the strobe lamp.

Data Reduction

An overall heat balance was performed for each run by comparing

the heat gained by the water with the heat lost by the refrigerant in

the precondenser, test section, and aftercondenser. For all runs, the

error was less than 8 percent. The heat flux from the refrigerant was

obtained by multiplying the water flow rate by the water temperature rise

and specific heat. Using the thermal conductivity of the inner

tube, dimensions of the inner tube, and heat flux, the temperature

drops across the tube wall were calculated. From this information, the

inside wall temperatures were determined. The refrigerant qualities at

the inlet to the return bend and midpoints of the six sections were

determined from a heat balance using the thermodynamic properties of the

refrigerant, refrigerant flow rate, and heat gain of the water. The

condensation heat transfer coefficient was obtained by dividing the

average heat flux for a section by the difference between the vapor tem-

perature. The pressure gradient was calculated by dividing the pres-

sure drop across one section by the length of that section.

The preceding calculations were performed using an IBM model 1130

computer. Thermodynamic properties used in the calculations were evalu-

ated from a piece-wise-linear curve fit of values found in Ref. [17, 18].

The computer program is presented in Appendix 1.

During each experimental run, the pressure drop across the return

bend was measured using a manometer. The manometer readings were cor-
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rected for the hydrostatic head difference between the inlet and outlet

pressure taps. Corrections were also made for the pressure drop in the

tube segments between the bend centerline and pressure taps using the

fully-developed pressure gradient data from other runs at the same con-

ditions. The return bend pressure drop data were then converted into

equivalent lengths of straight tube required for the same two-phase pres-

sure drop.



RESULTS

Twenty-four experimental runs were made using refrigerant R-12

over a range of saturation temperatures from 90*F (114.5 psia) to 107*F

(145.1 psia), mass fluxes from 1.32 X 105 to 4.58 X 105 lbm/hr-ft 2, and

return bend qualities from 0.24 to 1.0. The absolute value of the maxi-

mum heat balance error for all the runs was 8 percent. The tabulated

data are presented in Appendix 2 with the runs ordered (U-1 through

U-24) according to increasing mass flux and return bend quality. The

experiments were performed at three different mass flux levels:

2.7 5 50 2
1.35 X 105, 2.75 X 10 , and 4.55 X 10 lbm/hr-ft2. At each mass flux

level, tests were made using a 1/2 and 1 in. radius return bend. In

addition, data were obtained for four to six inlet qualities at each of

the mass flux levels and for each return bend radius.

The experiment was designed so that the experimental data would

be representative of the conditions in industrial and commercial refri-

geration and air-conditioning equipment. One apparent anomaly is that

the inlet tube to the return bend and the return bend were adiabatic or

insulated. In most condensers, the inlet tube and return bend would be

diabatic or transfering heat. Before the return bend runs were made, it

was experimentally determined that an adiabatic length did not measureably

affect the downstream heat transfer and pressure drop. Using a straight

test section (which was divided into six zones, as previously described)

heat transfer and pressure drop data were taken with condensation occurring

over the entire test section length. Subsequently, the water flow through

one of the zones in the middle of the test section was turned off.



Heat transfer and pressure drop data were then obtained at the same condi-

tions as before, but with an adiabatic zone in the middle of the test

section. The heat transfer data for two of these experiments are shown

in Fig. 4. These two runs, with a straight test section inlet and no re-

turn bend, are denoted as runs S-1 and S-2. The upstream and downstream

heat transfer coefficients are virtually the same, with or without an

intervening adiabatic section.

The heat transfer and pressure drop in two-phase flow are inex-

tricably related to the two-phase flow configuration or flow regime.

From experimental determined qualities, flow rates, and saturation temper-

ature. Baker flow regime parameters [19] were calculated for conditions

in the return bend, and also for the downstream conditions in the test

section. These data are shown in Fig. 5. The data points on Fig. 5 rep-

resent the Baker parameters as calculated at the return bend for a

particular run number, and the downstream conditions are depicted by the

lines. It should be noted that for a specific mass flux and saturation

temperature, all of the flow regime states will be specified by a

single line. On the basis of the Baker flow regime map, the flow regimes

at the return bend inlet were dispersed or annular at mass fluxes of

4.55 X 105 lbm/hr-ft 2, annular or slug at mass fluxes of 2.75 X 105

2 5 2lbm/hr-ft , and annular at mass fluxes of 1.35 X 10 lbm/hr-ft

During each run, the flow patterns in the glass return bend were

also observed and photographed. Typical photographs of these flow patterns

for different mass fluxes and qualities are presented in Fig. 6. The

photographs and flow visualization revealed a zone of mixing near the mid-

point of the bend. If the flow was stratified or semi-annular, the

liquid separated from the tube wall and switched to the opposite side. A



similar behavior was also observed in the annular and misty flow regimes:

the liquid was observed to migrate to the outer radius and the vapor to

the inner radius. Secondary flows that tend to sweep liquid from the

outer radius towards the inner radius were not observed. Another ob-

servation was that the flow patterns at the inlet and exit of the return

bend were not substantially different. When the flow was stratified or

semi-annular at the return bend inlet, the flow at the exit appeared

to be similar, but with a more wavy liquid-vapor interface. Annular and

annular-dispersed flow also appeared to be the same at the return bend

inlet and outlet. However, small increases in entrainment are difficult

to visually detect.

A comparison of the photographs of Fig. 6 and the corresponding

run numbers, as calculated and plotted on Fig. 5, is interesting. The

photographs agree with the Baker flow regime map for the higher mass

5 5 2
fluxes of 2.75 X 10 and 4.55 X 105 lbm/hr-ft2. However, at the lower

mass fluxes of 1.35 X 105 lbm/hr-ft 2, the photograph and observations in-

dicate stratified or semi-annular flow while the Baker map predicts annu-

lar flow. The transition from annular to wavy or stratified flow should

not be represented by a line as on the Baker map, but by a broad band.

The authors have observed in other flow regime investigations [20] with

refrigerant R-12 flow through a horizontal tube that the transition was

4 2
gradual and began at values of G /A as large as 2 X 10 lbm/hr-ft , which

v

is considerably higher than the Baker map predicts. This has also been

substantiated by other investigators [21].

The pressure drop in the test section was measured over six incre-

ments of 92 tube diameters. The first pressure tap was located approximate-

ski



lv 10 diameters downstream of the return bend. The refrigerant mass

flux and saturation were held constant, and a series of runs were made

with different inlet or return bend qualities. Each particular series

of runs was then plotted on the same graph. In this manner, a reference

of fully developed conditions was inherent in the graph: the pressure

gradient over the last half of the test section (276 tube diameters) should

be fully developed. These graphs of pressure gradient vs. quality are

presented in Fig. 7 through Fig. 11 for bend radii of 1/2 and 1 inch. In

general, there appears to be a negligible amount of pressure recovery in

the test section downstream of the return bend. The pressure gradient

in the first downstream increment does not deviate significantly (+ 10 %)

from the fully developed pressure gradient.

The downstream heat transfer coefficients were also determined in

the six test section zones or increments. These data are presented in

Fig. 12 through Fig. 16. The heat transfer coefficients are plotted as

a function of quality at constant refrigerant mass flux and saturation

temperature. From wall temperature measurements, the circumferential tem-

perature variation of the tube wall was always found to be less than 10

percent of the saturation and wall temperature difference. Thus, the

high thermal conductivity of the copper tube resulted in an essentially

constant wall temperature in the circumferential direction.

The heat transfer data, like the pressure gradient data, do not

exhibit any downstream effects due to the return bend. However, it should

be noted that data scatter and reproduciability might mask changes of 10

percent or less. In any case, the effect is quite small over the range

of experimental conditions considered. Another option considered was



to subdivide the first test zone (with a length of 92 tube diameters)

into two or three zones in order to obtain more localized measurements.

This would offer better information in theory; but the instrumentation

is difficult, if not inaccurate, due to entrance effects and small temp-

erature differences on the water-side of the test section.

The experimental data from this investigation were compared to the

analysis and supporting data of Ref. [6]. Ref. [6], which is briefly

described in Appendix 3, pertains to forced-convection condensation of

R-12 in a horizontal with no return bends; and, consequently, provides

a good basis for comparison. The data points in Fig. 17 represent

measurements made for runs U-5 through U-14 and U-19 through U-24 in the

first zone of the test section, immediately following the return bend.

Hence, these data points should be indicative of the maximum return

bend influence on downstream condensation. The agreement of these data

with the analysis and supporting data (the solid line for F(Xtt ) <

and the dotted line for F(Xtt ) > 1) of Ref. [6] is good. Thus, the re-

turn bend again has no observable effect on the downstream heat transfer.

The data from runs U-1 through U-4 and U-15 through U-18 are similarly

plotted in Fig. 18. The data of Fig. 18 were taken at a refrigerant mass

flux of 1.35 X 105 lbm/hr-ft 2, while the data of Fig. 17 were taken at

mass fluxes ranging from 2.5 X 105 to 4.6 X 105 lbm/hr-ft2

The data of Fig. 18 are significantly higher than the forced-

convection condensation analysis predicts, because the minimum mass flux

5 2
for which the annular flow model is valid is around 1.35 X 10 lbm/hr-ft

Thus, the anomaly at low mass fluxes is due to a flow regime transition.

As previously discussed, the flow regime was stratified or semi-annular



with small waves, and occurred with or without a return bend. At the low-

er mass flux level, the condensing refrigerant was in a transition region

between stratified, laminar film condensation and annular forced-

convection condensation. The heat transfer coefficients for the low

flow rate runs were calculated using both the methods of Ref. [3] and [6].

The two methods gave approximately the same values for the heat transfer

coefficient, but these values were appreciably lower (50 percent) than

the experimental values. Thus in the transition region (as previously

defined) the stratified, laminar film condensation model [1, 2, 3] or the

annular forced-convection condensation model [5, 6] will give a low

estimate of the heat transfer coefficient.

During each run, the pressure drop across the return bend was

measured, corrected, and expressed as equivalent straight tube lengths

required for the same adiabatic, two-phase pressure drop. The measure-

ment and data reduction techniques were explained in the section entitled

Experiment. Generally, the pressure drop across a horizontal return

bend includes friction, curvature, and pressure recovery effects. In the

present experiment, there was also a gravitational pressure drop component

or a pressure rise due to the vertical orientation of the bend. The alge-

braic sum of the pressure drop components, the pressure drop measured by

the manometer, was very small. Since the measured pressure drops, after

corrections, were of the same order as the manometer sensitivity, the

data are not reported. The pressure drop algebraically increased with

increasing mass flux, increasing quality, and decreasing bend radius. A

maximum pressure drop of 40 equivalent tube diameters occurred for run

U-13, and a minimum pressure drop of -15 equivalent tube diameters
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occurred for run U-15.



CONCLUSIONS

1. For moderate condenation rates, the pressure drop and heat

transfer coefficient in the downstream portion of a condenser tube are

the same whether the preceding section is adiabatic or diabatic.

2. Within the range of experimental conditions, the effect of a

return bend on the downstream pressure drop and heat transfer coefficient

is negligible when averaged over a length of 90 tube diameters or more.

3. When disturbed by the presence of a return bend, the refrigerant

two-phase flow pattern appears to readjust very rapidly.

4. The flow regime transition from annular to stratified flow occurs

over a fairly wide range, and, consequently, it is not accurately predicted

by a single line as shown on the Baker flow regime map.

5. The heat transfer coefficient in the transition region between

annular and stratified-wavy flow is higher than that for stratified, lam-

inar film condensation or annular, forced-convection condensation.
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APPENDIX 1

Data Reduction Computer Program



PAGF 1 TRAVISS

// JGP T

LCG DRIVE
00CC

1130

CART SPFC
113 C

CART AVAIL
1130
1133
1131

PHY DRIVE
0000
0001
0002

V2 M09 ACTUAL 8K CCNFIG SK

// FOR
*ICCS (CARC,1403 PRINTER)
* LIST SCURCE PROGRAM

RFAL NUKL
CIMENSION TV(6),TW(6),CTW(6),CP(6),CA(6),TWI(6),Q(6),WTC
lHE(6),X(6),XTT(6),FTT(6),ST(6)
READ (2,21) N

21 FCRMAT (16)
CC 7 =1,N
READ (2,22) PCWI,TIF,TFWACWC,TFC,PCT,TSAT,F12,AWWATPW

22 FCRMAT (llF7.C)
READ (2,23) (TV(J),J=1,6)
RFAD (2,23) (TW(J),J=1,6)
READ (2,23) (CTW(J),J=1,6)
REAC (2,23) (CP(J),J=1,6)

23 FCRMAT (6F7.0)
A=TFW
CC 4 K=1,6

4 A=A+DTW(K)

(6),FC(6),

GW=3.C8*WAT*SCRT((5C0.69-(63.C-.01*A))*(63.0-.0*A))
GAW=3.08*AW*SCRI((500.69-(63.C-.O1*ACWCd))*(63.0-.01*ACWC))
GPW=3.0R*PW*SCRT((500.69-(63.-.01*PCWI))*(63.-.01*PCWI))
IF (TSAT-11C) 10,10,11

1C RC=.04267*TSA1-.9936

TRAV I SS



PACE 2 TRAVISS

GC Tr 12
RC=.06233*TSAT-3. 156
GF=3.0P*F12*SCtRT((500.69-RC)*R])
C0= (GF/ .00054 118)
WSHP=GW*( -~ +A*AWCTW+P*C
FSHB=GF*(72.8+.0766*TSArT-.2466*TFC-)
PEHF3=(WSHB-FSFB) /INSHP
HV=O

CC 6 J=1,6
FC (J )=DP (J )*29.16
Q(J)=GW*DTW(J)*.998
QA(J )=0( J)/0. 1984
flWI(J)=TW(J)+C(J)*.0OC052r51l
WTC(J)=TV(J)-fWI (J)
H (J )=CA CJ )/WTC (J)
HV=HM+H( J )/6.
XC= (7208+ .0766*TSAT-.*2466*T
IF (J-1) 13913,14

13 X(J)=(.2466*(TIF-TV(J) )+XO*
1-. 17*1 ( J)
Gf. TO B

14 KT=J-1
QlT=QT+C)(KT)
X(CJ ) =(02466*( TIF-TV(CJ) )+XC*
1-.17*TV(J))

C NCN-DIV'ENSICNAL DATA RFCUCT
P C=0.0262

(jL=C.7264-((0.1367*TV(J))/l
IV=0.C2768+((C.3583*TV(J))/
KLO0.0447-((0.4607*TV(J))/l
RCL=93.156-(.1447*TV(J))
CL=0.21135+C(C.2835*TV(J))/
IF(TSAT-l1O) 50950,60

IF-GPW*PCT/GF )/( 72.9-. 17*T IF)

(7.I17 T F -(Tr\)2 )GF / 7 *

C C. )
incco.
OCCO.)

1 C c0.)



PAGE 3 TRAVISS

50 RCV=(.04267*TV(J))-.9936
GC TC 70

60 RCV=(.06233*TV(J))-3.156
7C RL=UL/UV

RRC=RCV/RCL
PR=UL *CL/KL
NU=H(J)*D/KL
RE=((l.-X(J))*G*D)/UL
IF(RE-50.) 80,80,85

80 F2=0.707*PR*(RE**0.5)
85 IF(RF-1125.) 90,90,95
90 F2=5.*PR+5.*ALCG(1.+PR*(.09636*(RE**.585)-1.))
95 F2=5.*PR+5.*ALrG(1.+5.*PR)+2.5*ALCG(.00313*(RE**.812))

XTT(J)=(RU**.
FTT(J)=.150*(
ST(J)=(NU*F2)

6 CCNTINUE
WRITE (5,31)

31 FCRMAT (11-)
24 FCRMAT

1T.3/)

WRITE
W R I T E

26 FCRMAT
1 'FRFCN
WRITE

27 FCRMAT
IHEAT B
WRITE

35 FCRPAT

(2X,'RLN

1)*(RRO**.5)*(((1.-X(J
XTT(J)**(-l.)+2.85*XTT
/(PR*(RE**.9))

NC.',27X,'REFRIGERA

5,24) XO
5,26) G,TEW,TSAT
(2X,'FREON PASS FLLX',IX,E15
TEMP IN',3XF6.2/)
5,27) Gl,HM,PEFP
(2X,'WTR FLOW RATF',4XF7.2,
L ERRCR',2XF6.3,//)
5,35)
(18X,'VAPOR TEMP',3X,'CUT WA

))/X(J))**.9)
(J)**(-.476))

NT 12',llX,'INLET QUALITY',3X,F

.7,3X,'WTR TEMP IN',3X,F6.2,5X,

1CX,'MEAN HT COEF',lX,F7.1,5X,'

LL T',4X,'DEL WTR T',5X,'P GRAC
1')
WRITE (5,36)

36 FCRMAT (22X,'(F)',1lX,'(F)',1CX,'(F)',7X,'(LBF/FT3)',/)
CC 1 L=1,6



PAGE 4 TRAVISS

WRITE (5,37)
37 FCRVAT (16X,4
1 CCNTINUE

WRITE (5,3P)
3F FCRMAT (/,18X

ICEF')
WRITE (5,39)

39 FrRVAT (21X,'
1)

CC 2 M=1,6
WRITE (5,41)

41 FCRMAT (16X,2
2 CCNTINUE

WRITE (5,42)
42 FCRMAT (/,2CX

l' /)
DC 3 VK=1,6
WRITE (5,43)

43 FCRVAT (21X,F
3 CCNTINUE

WRITF (5,30)
30 FCRMAT (lt- )
7 CCNTINUE

ENC

FFATURES SUPPORTEC
IGCS

TV(L),TW(L),C
(2X,FP.3,3X))

,'IN WALL

TW(L),FO(L)

T ,4X, 'DEL WALL T',3X,'HEAT FLUX',7X,'- T C

(F)' ,IIX, '(F)',5X,'(BTU/HR-FT2)',2X,'(BTU/HR-FT2-F)'I/

TWI(V),WTC(M),CA(M),H(v)
(2XF8.3,3X),2XF8.1,5XFP.1)

,'QUALITY',7X,'XTT',8X,'F(XTT)',2X,'NU*F2/PR*(RE**.9)

X(MK),XTT(MK),FTT(VK
5.3,3(lX,E12.3))

CORE RECUIREMFNTS FCR
COMMON 0 VARIABLES

RFLATIVE EXECUTION ADDRFSS

272 PROGRAM

IS 0286 (HEX)

),ST (K)

1480

END OF CCMPILATION



APPENDIX 2

Data Tables



IALET QLALITY 0.508

FREON PASS FLUX

WTR FLCW RATE

1.4096587E

574.49

VAPCR TEMP
(F)

91.480
91.350
91.170
91.260
91.130
91.100

IN WALL T
(F)

89.311
89.181
89.010
88.791
88.401
88.011

WTR TEMP IN 85.00

PEAN HT CCEF 451.3

OUT WALL T DEL WTR T
(F) (F)

89.30C
89.170
89. C0C
88.78C
88.390
88.C0C

CEL WALL
(F)

2.168
2.168
2.159
2.468
2.728
3.C88

.384

.377
.361
.391
.370
.386

HEAT FLUX
(BTU/HR-FT2)

1109.7
1089.4
1043.2
1129.9
1069.2
1115.4

FRECA TEMP IN

HEAT PAL ERRCR

P GRAC
(LFF/FT3)

4.997
4.082
4.082
3.499
3.499
2.332

H T CCEF
(BTU/HR-FT2-F)

511.7
502.3
483.1
457.7
391.8
361.1

F(XTT) NU*F2/PR*(RE**.9)

1.337E 00 2.260E 00
1.183E 00 2.055E 00
1.050E CC 1.846E 00
9.233E-01 1.639E 00
8.070E-01 1.321E 00
6.965E-01 1.151E 00

91.65

-0.00C

CU ALITY

0.481
0.431
0.383
0.334
0.284
0.235

XTT

746E-01
283E-01
920E-01
764E-01
863E-01
391E-01

RUN NO. U-1 REFRIGERANT 12



REFRIGERANT 12

FRECN PASS FLUX

WTR FLCW RATE

1.3584425E 05

620.17

TR TEMP IN 85.70

MEAN HT CCEF 519.8

IALET QUALITY

FRECN TEVP IN

HEAT BAL ERROR

VAPCR TEMP
(F)

93.220
93.090
92.830
92.960
92.830
92.560

IN WALL T
(F)

89.978
89.927
89.717
89.498
89.148
88.719

CUT WALL
(F)

89.960
89.910
89.700
89.480
89.130
88.700

CEL WALL
(F)

3.241
3.162
3.112
3.461
3.681
3.840

T CEL WTR T
(F)

0.557
0.552
0.550
0.582
0.565
C.596

P GRAD
(LBFF/FT3)

4.082
4.082
3.499
2.915
2.915
2.332

HEAT FLLX H T CCEF
(BTU/HR-FT2) (BTU/HR-FT2-F)

1737.6
1722.0
1715.7
1815.6
1762.5
1859.2

535.9
544.5
551.3
524.5
478.7
484.1

F(XTT) NU*F2/PR*(RE**.9)

1.557E-01
2. 1 13F-01
2.823E-01
3.847E-01
5.369F-01
7.939E-01

1.998E C
1.605E CO
1.311E 00
1.063E CO
8.541E-Cl
6.660E-Cl

3.304E 00
2.830E 00
2.489E 00
2.090E 00
1.710E 00
1.569E 00

0.679

94.22

0.044

CUALIT Y XTT

C.638
0.557
0.476
0.392
0.308
0 . 223

t<UN NJC. U-2



RUN NC. U-3

FREON VASS FLUX

4TR FLCW RATE

1.3676321E 05

610.01

REFRIGERANT 12

NTR TEPP IN 84.57

VEAN HT CCEF 518.0

INLET CLALITY

FREON TEPP IN

HEAT PAL ERRCR -0.035

VAPOR TEMP
(F)

95.430
95.350
95.0C0
95.090
94.870
94.810

IN WALL T
(F)

91.804
91.451
91.152
90.374
89.854
89.024

CUT hALL
(F)

91.780
91.430
91.13C
90.35C
89.830
89 .C0 C

OFL 1%ALL
(F)

3.625
3.898
3.847
4.715
5.C15
5.785

T CEL WTR T
(F)

C.765
C .668
C.717
0.752
0.757
C.774

P GRAD
(LBF/FT3)

6.998
5.831
5.248
4.C82
3.499
2.915

HEAT FLUX H T CCEF
(BTU/HR-FT2) (BTU/HR-FT2-F)

2347.4
2049.7
2200.1
2307.5
2322.8
2375.0

647.4
525.7
571.8
489.2
463.1
410.5

F(XTT) NU*F2/PR*(RE**.9)

9.C68E-02
1.439E-01
2.C99E-01
3.092E-01
4.650E-01
7.567E-01

2.994E 00
2.117F CO
1.612E CC
1.232E C
9.380E-01
6.863E-C1

5.717E 00
3.408E 00
2.983E 00
2.123E 00
1.724E 00
1.339E 00

0.824

96.38

CUAL I TY XTT

0.766
0.662
0.563
0.456
0.347
0.236



INLET QUALITY 1.003

FRECN NASS FLUX

VTR FLCAW RATF

1.3373531F

605.00

WTR TEIP IN 81.52

VEAN HT COEF 536.1

FREON TEVP IN

HEAT PAL ERROR

VAPCR TEMP
(F)

94.650
94.520
94.130

94.260
94.040
94.360

IN WALL T
(F)

90.380
89.986
89. P07
88.550
87.680
86.680

CLT WALL
(F)

90. 350
89. 96C
89 78C

880520
87.650
86.65C

DEL WALL
(F)

4.269

4.533
4.322
5.709
6.359
7.679

T DEL WTR T
(F)

.969

.824

.882

.950

.960

.974

HEAT FLLX
(RTtU /HR-FT2)

2948.9
25C7.7
2684.2
2891.1
2921.5
2964.2

P GRAD
(LRF/FT3)

4.665
4.665
4.082
4.C82
3.499
2.915

H T CCEF
(BTU/HR-FT2-F)

690.7
553.1
621.0
506.3
459.4
386.0

F(XTT) NL*F2/PR*(RE**.9)

8.447E CO 1.731 E 01
3.448E OC 5.663E 00
2.213E 00 4.240F 00
1.528F CO 2.582E 00
1.079F OC 1.874E 00
7.341 E-C 1.315 E 00

96.75

0.046

CUAL I TY

0.931
0.799

0.675
0.540
C.400
0.257

XTT

509E-02
55CE-02
355F-01
266F-0 1
759F-01
801E-0 1

RUJN N\O. U-4 REFRIGERANT 12



INLET CLALITY 0.266

FREON MASS FLUX

WTR FLCW RATE

2.7958431E

584.55

ITR TEMP IN 85.57

MEAN HT CCEF 394.8

FREON TEMP IN

HEAT RAL ERROR

VAPCR TEMP
(F)

98.OOC
97.570
97.130
97.090
96.210
95.460

CUT WALL
(F)

93 35C

92.6 5C
92.09C
91.220
90 .39C
89.390

T DEL WTR T
(F)

782
702
722
726
687
646

P GRAD
(LBF/FT3)

6.415
5.831
5.248
4.665
4.082
2.915

IN WALL
(F)

93.373
92.671
92.112
91.242
90.411
89.409

CUALITY

T DEL WALL
(F)

.626

.898

.C17

.847

.798

.C5C

XTT

HEAT FLUX
(BTU/HR-FT2)

2299.4
2064.2
2123.0
2134.7
2020.1
1899.5

H T CCEF
(BTU/HR-FT2-F)

497.0
421.3
423.0
365.0
348.3
313.9

F(XTT) NU*F2/PR*(RE**.9)

7.718E-01
1.004E 00
1.365F 00
2.118E 00
4.022E 00
3.485F 01

6.779E-01
5.760E-C1
4.784E-01
3.698E-01
2.576E-01
8.316E-02

98.43

0.006

0.237
0.187
0.140
0.091
0.046
0.004

861E-01
128E-01
826E-01
618E-01
152E-01
479F-01

REFRIGERANT 12kUN NO. U-5



INLET CUALITY 0.398

FREON PASS FLUX

WTR FLCW RATE

2.6855368E 05

538.84

WTR TEMP IN 82.91

PEAN HT CCEF 422.8

FREON TEMP IN

HEAT PAL ERROR

VAPOR TEMP
(F)

97.220
97.040
96.580
96.500
95.430
94.830

CUT WALL
(F)

.C40

.520

.C00

.650

.78C

.Coc

T DEL WTR
(F)

. 150

.040

.010

.010

.922

.847

P CRAC
(LBFF/FT3)

9.914
6.415
5.831
4.082
2.915
1.749

IN WALL
(F)

92.072
91.549
91.028
89.678
86.806
85.023

CUALITY

355
283
218
152
093
038

T CEL WALL
(F)

.147

.490

.551

.821

.623

.806

XTT

4.584E-01
6.157E-01
8.413E-01
1.250E 00
2.C48F CC
4.827F CC

HEAT FLUX
(BTU/HR-FT2)

3117.1
2818.9
2737.6
2737.6
2499.1
2295.8

H T CCFF
(BTU/HR-FT2-F)

605.
513.
493.
401.
289.
234.

F(XTT) NU*F2/PR*(RE**.9)

9.468E-0
7.820E-0
6.424E-C
5.C43E-C
3.770E-C
2 . 331E-C

1.288E 00
9.996E-01
8.920E-01
6.779E-01
4.629E-01
3. 559E-01

97.35

-0.065

RUJN NO. U-6 REFRIGFRANT 12



INLET QLALITY 0.482

FRECN MASS FLUX

WTR FLCW RATE

2.7620900E 05

594.89

WTR TEMP IN 79.73

PEAN HT CCEF 402.6

FREON TEMP IN 97.83

HEAT 8AL ERROR -0.077

VAPCR TEMP
(F)

96.750
96.380
95.910
q5.700
94.780
92.700

IN WALL T
(F)

90.334
89.490
88.772
87.071
86.330
84.896

CLT WALL
(F)

9C. 300
89.460
88.740
87.040
86.300
84.870

DEL WALL
(F)

6.415
6.889
7.137
8.628
8.449
7.803

T DEL WTR T
(F)

1.120
C.967
1.050
1.025
0.985
0.858

T HEAT FLUX
(BTU/HR-FT2)

3351.5
2893.7
3142.0
3067.2
2947.5
2567.5

P GRAD
(LBF/FT3)

13.705
8.747
6.998
4.957
4.082
2.332

H T CCEF
(8TU/HR-FT2-F)

522.4
419.9
440.2
355.4
348.8
329.0

F(XTT) NU*F2/PR*(RE**.9)

3. 292E-0 1
4. 302E-0 1
5.678E-01
7.929E-01
1.16CE 00
1.779E 00

1.181E 00
9.872E-01
8.238E-01
6.665E-Cl
5.275E-C1
4.092E-01

1.227E 00
8.902F-01
8.547E-01
6.354E-01
5.816E-01
5.202E-01

CUALITY XTT

0.442
0.369
0.300
0.228
0.161
0.105

REFRIGERANT 12RUN NC. U-7



INLET CLALITY 0.665

FREON MASS FLUX

WTR FLCW RATE

2.8051425E

701.47

%TR TEMP IN 82.48

MEAN HT COEF 490.8

FREON TEMP IN

HEAT BAL ERROR

VAPOR TEMP
(F)

102.250
102.OC0
101.740
102.040
101.220
99.910

CLT WALL
(F)

95 .390
94061C
93.610
91.39 C
89.480
88.39C

T DEL WTR T
(F)

.37C
.240
.2CO
.230
.180
.140

P GRAD
(LRF/FT3)

19.828
16.912
13.413
11.C80
P . 164
5.248

IN WALL T CEL WALL
(F) (F)

95.440 6.809
94.655 7.344
93.654 8.C85
91.435 10.604
89.523 11.696
88.431 11.478

HEAT FLUX
(BTU/HR-FT2)

4834.1
4375.4
4234.2
4340.1
4163.7
4022.5

H T CCEF
(BTU/HR-FT2-F)

709.8
595.7
523.6
409.2
355.9
350.4

F(XTT) NU*F2/PR*(RE**.9)

.874E-01

. 775E-01

.C0F-01

.C2CF-01

.598E-01

.805E C

.748E CC

.327E CC

.036E 00

.934E-01

.921E-C1

.057E-C1

2.203E 00
1.507E 00
1.135E 00
7.772E-01
6.065E-01
5.458E-01

102.79

0.03C

WUALITY XTT

0.607
0.499
0.399
0.297
0.200
C. 109

RUN NC.- U-8 REFRIGERANT 12



INLET CLALITY 0.807

VREON VASS FLUX

WTR FLOW RATE

2.7368562E 05

686.06

WTR TEMP IN 84.04

MEAN HT CCEF 499.9

FRECN TEPP IN

HEAT PAL ERROR

VAPOR TEMP
(F)

108.170
ICP.000
1C7.420
107.710
106.700
1C3.610

IN WALL T
(F)

99.671

98.835
97.755
95.354
93.402
90.789

CLT WALL
(F)

99.610
98.78C
97. 70C
95. 300
93.35C
9C.74C

CEL WALL
(F)

8.498
9.164
9.664

12.355

13.297
12.82C

T CEL WTR T
(F)

1.720

1 .53
1.540
1.520
1.46C
1.380

T HEAT FLUX
(8TU/HR-FT2)

5935.8
5280.1

5314.6
5245.6
5038.5

4762.4

P GRAC
(LBF/FT3)

27.993
23.327
19.245
14.580
11.080
5.831

H T CCEF
(BTU/HR-FT2-F)

698.4
576.1

549.9
424.5
378.9
371.4

F(XTT) NU*F2/PR*(RE**.9)

1. 163E-01
2.C37E-01
3.239E-01
5.312E-01
9.238E-01
1.897E 00

2.479E CC
1.647E 00
1.194E CO
8.600E-Cl
6.062E-01
3.941E-01

3.048E 00
1.771E 00
1.340E 00
8.601E-01
6.658E-Cl
5.875E-01

107.92

0.019

CUALITY XTT

0.733
0.595
0.467
0.336
0.213
0.106

RUN NC. U-9 REFRIGERANT 12



IALET CLALITY 1.001

FREON PASS FLUX

WTR FLCW RATE

2.5618762E 05

579.50

WTR TEMP IN 77.65

MEAN HT CCEF 590.5

FREON TEMP IN

HEAT PAL ERROR

VAPCR TEMP
(F)

104.650
1C4.390
103.570
1C3.870
1C3. 170
101.830

IN WALL T
(F)

98.138
96.448
95.320
93.021
90.538
89.188

CUT WALL
(F)

98.C90
96.390
95.260
92.96C
9C.480
89.13C

DEL WALL
(F)

6.511
7.942
8 . 249

10.848
12.631
12.641

T DEL WTR T
(F)

1.590
1.910
1.980
2.020
1.93C
1.920

P GRAD
(LBF/FT3)

25.077
23.327
18.662
12.830
9.331
5.831

HEAT FLUX H T COEF
(BTU/HR-FT2) (BTU/HR-FT2-F)

4634.9
5567.7
5771.8
5888.4
5626.0
5596.9

711.7
701.0
699.6
542.7
445.4
442.7

F(XTT) NU*F2/PR*(RE**.9)

2 .357F-02
7.726E-02
1.526E-01
2 .702E-01
4.625E-C1
8 .499E-0 1

8.905F CC
3.387E 00
2.028E 00
1.351F CC
9.412E-CI
6.383E-C1

1.156E 01
4.279E 00
2.660E 00
1.508E 00
9.92 1E-01
8.345E-01

105.17

0.011

GUAL I TY XTT

0.940
0.808
0.662
C. 510
C.363
0.223

RUN NO. U-10 REFRIGERANT 12



RUN NO. U-11

FREON PASS FLUX

WTR FLCW RATE

REFRIGERANT 12

4.5765418E 05

711.43

WTR TEMP IN

INLET QUALITY 0.413

88.35

PEAN HT COEF 703.4

FRECN TEMP IN

HEAT BAL ERROR

VAPOR TFMP
(F)

101.870
101.570
101.390
101.570
101.130
101.070

IN WALL T
(F)

97.945
97.514
97.074
96.286
95.335

94.385

CLT WALL
(F)

.910

.480

.C40

.25C

.300

.350

CEL WALL
(F)

.924

.C55

.315
.283
.794
.684

T DEL WTR T
(F)

.952

.931
.913
.988
.957
.960

HEAT FLUX
(BTU/HR-FT2)

3406.8
3331.7
3267.3
3535.7
3424.7
3435.5

P GRAC
(LBF/FT3)

35.575
30.909
27.993
23.619
20.411
14.580

H T CCEF
(BTU/HR-FT2-F)

868.1
821.5
757.0
669.2
591.0
513.9

F(XTT) NU*F2/PR*(RE**.9)

4. 164E-01
5.001E-01
6.072F-01
7.635E-0 1
9.822E-01
1.343E 0C

.008E 00
.944E-01
.891E-01
.825E-01
.838F-01
.831E-01

1.227E 00
1.090E 00
9.478E-01
7.909E-01
6.629E-01
5.482E-01

103.43

0.014

CUALITY XTT

0.388
0.341
0.294
0.244
0.196
0.146



INLET QUALITY 0.573

FREON PASS FLUX

WTR FLCW RATE

4.5320850E

767.59

%TR TEMP IN 81.04

PEAN HT CCEF 764.7

FREON TEMP IN

HEAT BAL ERROR

VAPOR TEMP
(F)

101.000
100.520
99. 870
99.910
99. 170
99.060

IN WALL T
(F)

95.666
94.883
94.093
92.442
90.622
89.271

cUT WALL
(F)

95.610
94.830
94.C40
92 . 390
90 . 570
89.220

DEL WALL
(F)

.333
.636
.776
.467
.547
.788

T DEL WTR T
(F)

1.410
1.330
1.320
1.310
1.310
1.280

T HEAT FLUX
(BTU/HR-FT2)

5444.2
5135.3
5096.7
5058.1
5058.1
4942.3

P GRAD
(LBF/FT3)

47.239
40.823
34.991
29.160
23.327
14.580

H T CCEF
(BTU/HR-FT2-F)

1020.8
911.0
882.2
677.3
591.7
504.9

F(XTT) NU*F2/PR*(RE**.9)

2.464E-01
3.224E-01
4. 192E-01
5.626E-01
7.710E-01
1.152E 00

441E 00
197E 00
004E C0
287E-01
783E-01
296E-0 

1.820E 00
1.433E 00
1.249E 00
8.723E-01
7.022E-01
5.552E-01

101.87

-0.018

CUALITY XT T

530
455
383
309
239
167

RUN NC. U-12 REFRIGERANT 12



RUN NO. U-13

FREON MASS FLUX

WTR FLCW RATE

4.5747981E 05

772.59

REFRIGERANT 12

WTR TEMP IN

MEAN HT CCFF

INLET CLALITY 0.833

79.05

896.5

FREON TFMP IN 107.67

HEAT BAL ERROR -0.027

VAPCR TEMP
(F)

105.250
104.700
103.910
103.910
103.040
103.360

IN WALL T
(F)

98.992
97.856
96.696
94.428
92. 206
90.333

CLT WALL
(F)

98.910
97.780
96.620
94.350
92.130
90.260

DEL WALL
(F)

6.257
6.843
7.213
9.481

10.833
13.C26

T CEL WTR T
(F)

2.040
1.890
1.890
1.950
1.900
1.810

T FEAT FLLX
(BTU/HR-FT2)

7928.1
7345.2
7345.2
7578.3
7384.0
7034.2

P GRAD
(LBF/FT3)

65.901
56.570
46.072
35.575
27.993
17.495

H T CCEF
(BTU/HR-FT2-F)

1267.0
1073.3
1018.2
799.3
681.6
539.9

F(XTT) NU*F2/PR*(RE**.9)

9.305F-02
1. 523E-01
2.260E-01
3.344E-01
4.954E-01
7. 887E-01

2.935E 00
2.031E CO
1.531E 00
1.168E CO
8.999E-C1
6.688E-01

4.154F 00
2.516E 00
1.898E 00
1.236F 00
9.093E-01
6.345E-01

CUALITY XT T

0.775
0.665
0.560
0.451
0.346
0.240



INLET CLALITY 1.003

FREON PASS FLUX

wTR FLOW RATE

4.5277068E 05

793.02

ITR TEMP IN 75.39

MEAN HT COEF 1074.9

FRECN TEMP IN

HEAT PAL ERROR

VAPCR TEMP
(F)

106.570
105.960
105.080
104.960
104.000
104.030

IN WALL T
(F)

100.616
99.129
98.000
95.521
92.923
90.660

CUT WALL
(F)

[00. 520
99.C4C
97.910
95.430
92.830
9C.57C

DEL WALL
(F)

5.953
6 . 83C
7.C79
9.438
11.C76
13.369

T CEL WTR T
(F)

2.330
2.160
2.180
2.210
2.260
2.180

T HEAT FLUX
(PTU/HR-FT2)

9294.6
8616.5
8696.2
8815.9
9015.4
8696.2

P GRAC
(LBF/FT3)

69.983
65.026
60.069
48.405
35.575
22.453

H T CCEF
(BTU/HR-FT2-F)

1561.2
1261.5
1228.3
934.0
813.9
650.4

F(XTT) NU*F2/PR*(RE**.9)

2. 682E-02
8. 119E-02
1 .464F-01
2. 390E-01
3.78CE-01
6.342E-01

7.984E 00
3.259E CC
2.091E C
1.472E 00
1.075E CC
7.674E-Cl

1.421E 01
4.627E 00
2.982E 00
1.711E 00
1.208E 00
8.143F-01

107.71

0.030

CUAL I TY XTT

0.932
0.801
0.675
0.546
0.418
0.288

RUN NI. U-14 REFRIGERANT 12



INLET QLALITY 0.468

FREUN MASS FLUX

WTR FLCW RATE

1.3342109E

493.14

WTR TEMP IN 84.43

MEAN HT CCEF 439.8

FRFCN TEMP IN

HEAT PAL ERRCR

VAPCR TEMP
(F)

91.000
90.960
90.830
91.000
90.830
90.480

CUT WALL
(F)

88.650
880520

88.350
88.090
87.610
87.300

T DEL WTR T
(F)

.44C

.489

.533

.45C

.458

.507

P GRAC
(LRF/FT3)

4.665
3.499
2.915
2.332
1.749
1.166

IN WALL T DEL WALL
(F)

88.661
88.532
88.363
88.101
87.621
87.313

CUALITY

0.442
0.387
0.327
0.268
0.214
0.158

(F)

2 .338
2.427
2.466
2.898

3.208
3.166

XTT

146E-01
859E-01
885E-01
310E-01
196E-01
141E 00

HEAT FLLX
(BTU/HR-FT2)

1091.4
1213.0
1322.1
1116.2
1136.1
1257.6

H T CCEF
(BTU/HR-FT2-F)

466.7
499.7
536.1
385.1
354.1
397.1

F(XTT) NU*F2/PR*(RE**.9)

1.217E 00 2.033E C
1.061E C 2.011E 00
9.082E-01 1.993E 00
7.699E-C 1.334E C
6.529E-C1 1.156E 00
5.328E-01 1.224E 00

92.83

-0.008

RUN NO. U-15 REER IGER ANT ~12



INLET QUALITY 0.662

FREON PASS FLUX

WTR FLCW RATE

1.3618856E

498.21

WTR TEMP IN 83.64

VEAN HT CCFF 497.2

FREON TEMP IN

HEAT PAL ERROR

VAPOR TEMP
(F)

92.610
92.520
92.260
92.090
92.260
91.570

CUT WALL
(F)

T CEL WTR
(F)

89.61C
89.39C
89.C90
88.570
87.910
87.170

0.687
0.644
0.674
0.731
C.714
0.726

T P GRAC
(LBF/FT3)

5.248
4.082
3.499
2.915
2.332
1.749

IN WALL
(F)

89.627
89.406
89.107
88.589
87.928
87.188

CLALITY

C.621
0.542
C. 465
0.383
0.297
C.214

T DEL WALL
(F)

2.982
3.113
3.152
3.50C
4.331
4.381

XTT

1.658E-01
2.216E-01
2.922E-01
3.956E-01
5.598E-01
8.242F-0 1

HEAT FLUX
(BTU/HR-FT2)

1721.7
1613.9
1689.1
1831.9
1789.3
1819.4

H T COEF
(BTU/HR-FT2-F)

577.3
518.4
535.8
523.2
413.1
415.3

F(XTT) NU*F2/PR*(RE**.9)

1.909E CC
1.552E CC
1.281E CC
1.C43E CC
8 .314E-0 1
6.506E-C1

3.416E 00
2.61PE 00
2.374E 00
2.055E 00
1.454F 00
1.332E 00

93.43

0.000

RUN ING. U-16 REFRIGERANT 12



RUN NO. U-17

FREON MASS FLUX

WTR FLCW RATE

1.3497765F

498.18

REFRIGERANT 12

WTR TEMP IN

PFAN HT CCEF

INLET CLALITY 0.790

83.26

510.4

FRECN TEMP IN

HEAT PAL ERROR

96.88

0.049

VAPCR TEMP
(F)

94.780
94.780
94.610
94.700
94.570
93.910

IN WALL T
(F)

.242

.021

.632

.893

.244

.325

CUT WALL
(F)

91.220
91 .CCC
90.610
89. 87C
89.22 C
88. 300

CEL WALL
(F)

3.537
3.758
3.977
4.806
5.325
5.584

T CEL WTR T
(F)

.874

.821

.869

.9C9

.934

.969

HEAT FLUX
(BTU/HR-FT2)

2190.2
2057.4
2177.7
2277.9
2340.6
2428.3

P GRAC
(LBF/FT3)

6.415
5.248
4.665
3.499
2.915
1.749

h T CCEF
(BTU/FR-FT2-F)

619.2
547.3
547.5
473.9
439.4
434.8

F(XTT) NU*F2/PR*(RE**.9)

1 .C32E-0
1. 587E-0
2.309E-0
3.402E-0
5.204E-0
8.751E-0

2.711E CC
1.971E CO
1.508F CO
1.154E C
8.716E-G1
6.269E-01

5.031F 00
3.375E 00
2.747E 00
1.997E 00
1.597E 00
1.391F 00

QUALITY XT T

0.738
0.637
0.536
0.429
0.318
0.207



INLET CLALITY 0.999

FREON MASS FLUX

WTR FLCW RATE

1.3217937E 05

579.49

WTR TEMP IN 84.35

MEAN HT CCEF 609.5

FREON TEMP IN

HEAT PAL ERROR

VAPCR TEMP
(F)

95.350
95.260
940960

95.220
95.090
94.430

IN WALL T
(F)

92.195
91.853
91.454
90.805
90. 196
89.375

CUT WALL
(F)

92. 17C
91.83C
91.43C
90.78C
9C.17C
89. 35

DEL WALL
(F)

3.154

3.406
3.505
4.414
4.893
5.C54

T DEL WTR T
(F)

0.835
0.765
0.805
0.848
0.857
0.852

T HEAT FLUX
(BTU/HR-FT2)

2434.
2229.
2346.
2471.
2498.
2483.

P GRAD
(LBF/FT3)

6.415
5.831
5.831
5.248
4.665
3.499

H T CCEF
(BTU/HR-FT2-F)

771.5
654.5
669.3
559.9
510.4
491.3

F(XTT) NU*F2/PR*(RE**.9)

.356E CO

.871E CO

.492E 00

.755E CC

.289E CO

.580E-C1

2.175E 01
7.595E CO
5.134F 00
3.209E 00
2.346E 00
1.901F 00

95.04

0.084

QUAL I TY XTT

0.939
0.825
0.714
0.595
0.474
0.354

225E-02
513E-02
155E-01
863F-0 I
894F-0 1
503E-0 1

RUN NC. U-18 REFRIGERANT 12



INLET QUALITY 0.24C

FREON MASS FLUX

WTR FLCW RATE

2.8283750E

498.35

%TR TEMP IN 80.22

PEAN HT CCEF 364.6

FRECN TEMP IN

HEAT PAL ERROR

VAPOR TEMP
( F )

90.830
90.700
90.350
90.260
89.960
88.960

OUT WALL
( F )

87.300
87.13C
86.480
85.96C
85.35C

84.610

T DEL WTR
( F )

0.550
0.630
0.640
0.580
0.53C
0.530

P GRAD
(L RF/F T3 )

6.706
5.540
5.540
3.207
2.624
0.874

IN WALL
(F)

87.314
87.146
86.496
85.975
85.363
84.623

CUALITY

0.223
0.190
0.155
C. 121
0.091
0.065

T DEL WALL
(F)

3.515
3.553
3.853
4.284
4.596
4.336

XTT

7.840E-01
9.386E-01
1.164E 00
1.506E 00
2.C02E 00
2.747F 00

HEAT FLUX
(BTU/HR-FT2)

1378.7
1579.3
1604.3
1453.9
1328.6
1328.6

H T CCEF
(BTU/HR-FT2-F)

392.1
444.4
416.3
339.3
289.0
306.4

F(XTT) NU*F2/PR*(RE**.9)

.712E-01

.003E-01

.264E-Cl

.512E-C1

.820E-01

.188E-01

6.859E-01
7.506E-01
6.789E-01
5.351E-01
4.431E-01
4.591E-01

91.04

-0.010

REFRIGERANT 12RUN NC. U-19



RUN NO. U-20

FREON PASS FLUX

WTR FLCW RATE

2.8293812E 05

688.99

REFRIGERANT 12

WTR TEMP IN

MEAN HT COEF

INLET QUALITY 0.385

80.96

443.5

FREON TEMP IN 93.22

HEAT PAL ERROR -0.013

VAPOR TEMP
(F)

92.830
92.650
92.300
92.300
91.960
91.090

IN WALL T
(F)

88.245
87.803
87.453
86.674
85.895
85.111

OUT WALL
(F)

88.220
87.780
87.430
86.65C
85. 870
85.C9C

DEL WALL
(F)

4.584

4.846

4.846
5.625
6.C64
5.978

T DFL WTR T
(F)

C .720
0.660
0.660
0.690
0.710
0.590

T HEAT FLUX
(BTU/HR-FT2)

2495.3
2287.4
2287.4
2391.4
2460.7
2044.8

P GRAD
(LBF/FT3)

11.663
8.164
6.706
5.831
5.248
3.499

H T COEF
(BTU/HR-FT2-F)

544.3
472.0
472.0
425.1
405.7
342.0

F(XTT) NU*F2/PR*(RE**.9)

4.426E-01
5.505F-01
6.899E-01
9.C84F-01
1.276E 00
1.905E 00

9.689E-01
8.404E-01
7.275E-C1
6.126E-01
4.981E-01
3.931E-01

1.112E 00
9.019E-01
8.503E-01
7.228E-01
6.533E-01
5.264E-01

GUAL I TY XTT

0.355
0.302
0.251
C. 198
0.144
0.097



INLET QUALITY 0.390

FREON MASS FLUX

WTR FLCW RATE

2.6124593E 05

701.77

WTR TEMP IN 79.09

PEAN HT COEF 422.1

FRECN TEMP IN 93.35

HEAT BAL ERROR -0.004

VAPOR TEMP
(F)

92.480
92.390
92.000
92.000
91.390
90.300

IN WALL T
(F)

87.159
86.726
86.286
85.327
84.286
83.374

OUT WALL
(F)

87.130
86.700
86.260
85.300
84.260
83.350

DEL WALL
(F)

5.32C
5.663
5.713
6.672
7.103
6.925

T DEL WTR T
(F)

0.800
0.730
0.730
C.750
0.730
0.660

P GRAD
(L8FF/FT3)

11.080
6.998
5.248
4.082
2.915
1.749

HEAT FLLX H T CCEF
(BTU/HR-FT2) (BTU/HR-FT2-F)

2824.0
2576.9
2576.9
2647.5
2576.9
2329.8

530.7
455.0
451.0
396.7
362.7
336.4

F(XTT) NU*F2/PR*(RE**.9)

4.417E-01
5. 799E-0 1
7.740E-01
1.120E 00
1.820E 00
3.875E 00

9.702E-01
8.127E-01
6.767E-01
5.389F-01
4.038E-01
2.630E-01

1.160E 00
9. 164E-01
8.467E-01
6.964E-01
5.999E-01
5.292E-01

QUALITY XTT

0.355
0.289
0.227
0.163
0.101
0.046

RUN NO. U-21 REFRIGERANT 12



INLET QUALITY 0.539

FREON PASS FLUX

WTR FLCW RATE

2.7804356F 05

676.16

VsTR TEMP IN 81.35

MEAN HT COEF 430.5

FRECN TEMP IN

HEAT PAL ERROR

VAPOR TEMP
(F)

98.570

98.300
97.650
97.780
97.170
96.000

OUT WALL
(F)

T DEL WTR
(F)

91.780
91.C40
90.350
88.960
87.610
86.480

1.110
1.030
1.030
1.010
0.970
0.890

T P GRAD
(LBF/FT3)

18.079
12.830
10.789
7.290
6.123
4.665

IN WALL T DEL WALL T HEAT FLUX
(F) (F) (BTU/HR-FT2)

6.750
7.223
7.263
8.784
9.525
9.488

XTT

764E-01
756F-01
100E-Cl
324E-01
110E 00
891E C

3775.4
3503.3
3503.3
3435.3
3299.2
3027.1

H T CCFF
(BTU/HR-FT2-F)

559.2
484.9
482.3
391.0
346.3
319.0

F(XTT) NU*F2/PR*(RE**.9)

1.331E CO
1.080E CO
8.83CE-01
7.006E-01
5.416E-01
3.949E-01

1.416E 00
1.078E 00
9.634E-01
7.087E-01
5.786E-01
4.985E-01

98.83

-0.050

91.819
91.076
90.386
88.995
87.644
86.511

CUALITY

0.494
0.409
0.329
0.247
0.170
0.101

RUN NO. U-22 REFRIGERANT 12



RUN NC. U-23

FREON PASS FLUX

WTR FLCW RATE

2.5172568E

719.37

REFRIGERANT 12

WTR TEMP IN

MEAN HT CEF

80.48

545.0

INLET QLALITY

FRECN TEMP IN

HEAT PAL ERROR

VAPOR TEMP
(F)

99.260
99.130
98.780
99.000
98.700
97.830

IN WALL T
(F)

93.217
92.434
91.823
90.264
88.693
87.340

OUT WALL
(F)

93.
92.
91.
90.
88.
87.

170
39C
780
220
650
300

CEL WALL
(F)

6.042
6.695
6.956
8.735

10.C06
10.489

T DEL WTR
(F)

.250

.180

.160

.180

.160

.080

HEAT FLUX
(BTU/HR-FT2)

4523.3
4270.0
4197.6
4270.0
4197.6
3908.1

T P GRAD
(LBF/ FT3)

.369

.537

.038

.372

.039

.248

H T CCEF
(BTU/HR-FT2-F)

748.5
637.7
603.4
488.8
419.5
372.5

F(XTT) NU*F2/PR*(RE**.9)

8.92CE-02
1.489E-01
2. 247E-01
3. 359E-01
5.083E-01
7.993E-01

032E 00
065E 00
537E 00
164E 00
849E-01
632E-01

4.078E 00
2.459E 00
1.840F 00
1.237E 00
9.136F-01
7.201E-01

0.833

100.87

-0.032

QUALITY XTT

775
661
552
441
332
229

Ab &



INLET QUALITY 1.000

FRECN PASS FLUX

WTR FLCW RATE

2.8029593F 05

721.88

WTR TEMP IN 79.59

PEAN HT COEF 726.7

FREON TEMP IN

HEAT BAL ERROR

VAPCR TEMP
(F)

101.390
101.090
100.520
100.610
100.090
99.090

OUT WALL
(F)

95.870
94.910
94.130
92.43C
90.550
89.130

T DEL WTR T
(F)

1.510
1.410
1.390
1.47C
1.420
1.430

P GRAC
(LBF/FT3)

29.160
23.911
22.161
18.079
16.329
11.663

IN WALL T DEL WALL T HEAT FLUX
(F) (F) (BTU/HR-FT2)

5.462
6.126
6.337
89.124
9.486
9.905

XTT

492E-02
423E-02
319E-01
125E-01
289E-01
115F-01

5483.1
5120.0
5047.4
5337.9
5156.3
5192.6

H T CCEF
(BTU/HR-FT2-F)

1003.7
835.7
796.4
657.0
543.5
524.2

F(XTT) NU*F2/PR*(RE**.9)

.496E 00

.494E C0

.257E CO

.599E 00

.181E 0C

.814E-01

1.416E 01
4.805E 00
3.044E 00
1.894E 00
1.270E 00
1.041E 00

101.35

0.024

95.927
94.963
94.182
92.485
90.603
89.184

CUAL ITY

0.935
0.811
0.692
0.570
0.449
0.331

RUN NO. U-24 REFRIGERANT 12



APPENDIX 3

Description of the Forced-Convection Condensation Parameters

Used in Figures 17 and 18



The correlating parameters used in Figs. 17 and 18 were analytically

determined by Traviss, Baron, and Rohsenow [6] for high mass velocity

condensation inside a straight tube with a straight inlet section. The

von Karman universal velocity profile was applied to the condensate flow,

wall shear stress was calculated using the Lockhart-Martinelli correla-

tion, and heat transfer coefficients were determined from the momentum

and heat transfer analogy.

The analysis was then compared to experimental data. These data

were determined from heat transfer measurements of refrigerants R-12

and R-22 condensing in a copper tube, 14.5 ft. long and 0.315 in.

inside diameter. The analysis, represented by the lines, and the data,

represented by the points, are depicted by Fig. A3-1. The correlating

parameters were evaluated from the following equations:

Nu = (q/A) D (1)
(T sa- T w) k 9sat w £

Re~ G (1-x) D (2)
V11£

9 .5 0.1

X = - - - (3)

F(Xtt) E 0.15 (Xtt-I + 2.85 Xtt-0.476  (4)

F2 E 0.707 Pr kRet 1/2 Re < 50 (5)



F 2 5 Pr + 5 ln[1 + Pr k(0.09363 Re 0.5 8 5 - 1)] (6)

50 < Re < 1125

F 2 5 PrY + 5 ln[l + 5 Pr ] + 2.5 ln[0.00313 Re 0.812] (7)

Re > 1125

The solid line in Fig. A3-1 may be expressed as:

NuF 2  (xtt) 0.1 < F(X) < 1 (8)

Pr Rett

and the dotted line as:

NuF 2 0.9 = [F(Xtt 1.15 1 < F(Xtt) < 20 (9)

Pr Re

In order to express the experimental data in terms of the correla-

ting parameters, the data was reduced in the following manner. Initial-

ly, the average quality for a test section zone was determined from a

heat balance, and the refrigerant properties were evaluated at the sat-

uration temperature. Using the quality (x), properties (P, p), mass

flux (G), and diameter (D), the parameters Re., Xtt, and F2 were calcu-

lated. The average Nusselt number for a zone was then determined from

the measured heat transfer coefficient. Finally, the correlating para-

meters F(Xtt) and Nu F2/Pr Re k'. were evaluated and plotted. All of

these computations were executed as part of the overall data reduction

computer program. The results are given in Appendix 2.
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It should be noted that at very high qualities (0.95 < x < 1) or

low qualities (x < 0.10) the variables Re and Xtt change very rapidly

with relatively small quality changes. At high qualities some error

may result if the quality increment is too large due to the incremental

nature of the equations of F2 , eqs. (5), (6), and (7). At low qualities,

a small uncertainty in the measured quality causes a larger uncertainty

in Xtt, and, consequently, more data scatter.



e - Refrigerant R-;2, I.D. = 0.315 ig.
1.1 < G x 10 < 11.3 lbm/hr ft

0.07 < x < 0.95
75 < T < 140 F

6 < AT < 20 F

o- Refrigerant R-2, I.D. = 0.315 n.
1.4 < G x 10 < 7.4 lbm/hr ft

0.02 < x < 0.96
82 < T < 118 F

3 < AT < 27 F

0

cp
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FIGURE A3-1 FORCED-CONVECTION CONDENSATION ANALYSIS

AND EXPERIMENTAL DATA FROM REFERENCE [6]
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