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ABSTRACT

Heat transfer experiments were run to evaluate the performance of
single fluted tubes with ammonia condensing on the outside. Data are
presented for tubes of 2.54-cm (1-in.) nominal diameter and 1.2 m (4 ft)
in length including (1) tests with a vertical fluted tube with sevén
equally spaced drainage skirts — "effective" condensing length of 0.15 m
(0.5 ft), (2) tests with both a smooth and a fluted tube inclined 30°
off vertical, and (3) tests with a doubly fluted tube. The results for
the tube with drainage skirts showed that for ammonia there was no
advantage in going to shorter condensing lengths [<1.2 m (4 ft)] in the
range of heat fluxes tested [5000-50,000 W/m? (1600-16,000 Btu/hr-ft2)].
For the inclined tests, the film condensation coefficients for the
smooth tube were more than doubled over results for a vertical smooth
tube; whereas, for the inclined fluted tube, the heat transfer perform-
ance was slightly lower than for a vertical orientation. Overall heat
transfer coefficients are presented for the doubly fluted tube over a
range of water velocities and heat loads; data are given for two inside
tube (water-side) configurations — one for full flow through the tube

and one for flow through an annulus.
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CHAPTER I
INTRODUCTION

A previous report! presented heat transfer data for ammonia con-
densing on both smooth and fluted vertical tubes of 4-ft length. The
data showed that fluted tubes could significantly increase condensing
coefficients (up to 7.2 times) over conventional smooth tubes for a
given heat flux. Data were also reported for a fluted tube with a skirt
attached at the midpoint of the condensing length, dividing the 4-ft
length into "effective'" lengths of 2 ft. This report presents addi-
tional condensation experiments with ammonia including further data on
the effect of tube length, data for an inclined tube orientation (30°
off vertical) for both a smooth and a fluted tube, and data for a
doubly fluted tube,

Background material for this study was given in the previous report!
along with detailed descriptions of the equipment, procedures, and in-
strumentation, all of which remained the same throughout this study.
Therefore, only brief descriptions are provided within. In a similar
study, Combs, Mailen, and Murphy? presented extensive experimental data
for various refrigerants condensing on vertical fluted tubes.

The emphasis on fluted tubes stemmed from the performance efficacy
identified in water studies, such as that of Alexander and Hoffman.® The
principle of operation (condensation mode) for the fluted tubes is
pictorially shown in Fig. 1-1. The condensate film is subject to surface
tension forces acting to push it from the crests into the troughs. This
results in the major portion of the crest having a very thin film of
condensate which greatly reduces the resistance to heat flow through the
crest area. The condensate in the troughs is channeled off by gravity
with the heat flow through this area somewhat less. The net effect is
an improvement in heat transfer performance of fluted tubes over con-

ventional smooth tubes.
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CHAPTER II

DESCRIPTION OF EQUIPMENT

Equipment used in this investigation is shown schematically in
Fig. 2-1. The system was designed for a heat load of 5 kW and consisted
of three circuits — an ammonia loop, a primary cooling loop, and a sec-
ondary cooling loop. The ammonia loop was designed for a maximum opera-
ting pressure and temperature of 250 psia and 110°F. The test section,
a single-tube vertical condenser, was built to accommodate tubes of 1-
or 2-in.-nominal diameter and 4 ft in length. The system was manually
controlled, and the heat load was set by the power input to the boiler.
The ammonia loop was constructed of stainless steel to minimize compati-
bility problems. View ports on the test section permitted visual observa-
tion of the condensing surface with the aid of a light at suitable loca-
tions. Water served as the coolant in both the primary and secondary
cooling loops. The primary coolant removed the heat from the tube in
the test section; and in turn, the heat was transferred to the secondary

coolant.

General Flow Description

Flow directions in the system are indicated by arrows in Fig 2-1.
Typically, the ammonia was vaporized in the boiler and passed through an
entrainment separator before entering the condensing test section. The
vapor entered the top of the test section, and the liquid (collected in
the separator) returned to the boiler. The vapor condensed on the outer
surface of the test tube in the test section and formed a falling film
of liquid. The liquid condensate exited at the bottom of the test section,
passed through a condensate measuring station, and returned to the bottom
of the boiler to complete the closed loop. A pump was not needed for the
circulation of the ammonia since the liquid head in the test-section side
of the loop furnished the driving force required for flow through the con-
densate measuring station.

In the primary cooling loop, a centrifugal pump transferred deminer-

alized water from a storage tank to the bottom of the test section and
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upward through the test tube. The primary cooling flow was measured by
rotameters upstream of the test section and controlled by a hand valve
located downstream of the test section. From the top of the test section,
the water returned to the storage tank to complete the closed loop.

The secondary cooling loop removed the heat load from the system by
transferring the heat from the primary cooling water to plant process
water. Primary cooling water recirculating through the storage tank
dumped heat to secondary cooling water which passed through a cooling
coil in the tank and then discharged to a drain. The flow rate of the
secondary coolant was regulated by a hand valve located downstream of
the cooling coil.

Figure 2-2 pictures the system in an overall view, and Fig. 2-3
gives more detail of the test section. These photographs do not show
the insulation that was installed prior to experimental operation to

minimize heat losses.
Test Tubes

The performance of four aluminum tubes (l-in.-nominal diameter) was
previously reported.! Letter designations (A, E, F, and G) were used to
identify the tubes. Additional data for three tubes (A, F, and H) are
reported in this study. Detailed descriptions of the tubes are given in
Table 2-1, and enlarged photographs of tube samples are presented in
Figs. 2-4 and 2-5. Tube H was an aluminum tube with 42 outside and 34
inside rounded flutes (corrugations); therefore, tube H was the only
tube tested that contained inside flutes. For tubes F and H, the out-
side perimeters were estimated as the length of thin tape required to
fit tightly around the outside surface of the tube. The active length
of smooth tube A was 48 in., while for the fluted tubes the effective
length was 46 in. About 1 in. at each end of the fluted test tubes was
taken up by sleeve and installation clearances.

A duplicate of tube F (designated as tube F-7) was also tested with
seven equally spaced neoprene skirts attached to the outside surface. These
tests were conducted to obtain some further indication of the effect of

tube length on the condensing heat transfer performance of fluted tubes.
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In the previous report, data were reported for tube F-1 (F with 1 skirt).
An enlarged photograph of a tube sample is presented in Fig. 2-5 to show
the skirt configuration.

In most tests, a stainless steel rod of 0.50-in. outside diameter
was installed through the center of the test section (inside the test
tube) in order to decrease the hydraulic diameter and increase the
velocity for a given primary cooling volume flow. Both of these varia-
tions tended to increase the heat transfer coefficients on the water side;
and, as a result, improve the accuracy of the Wilson-plot technique"
used to interpret the experimental data. For example, with a smooth
0.87-in.-1D tube (designated tube A), insertion of the 0.50-in.-0D Ttod

decreased the hydraulic diameter by 57% and increased the velocity by 49%.
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CHAPTER III

PROCEDURES AND INSTRUMENTATION

Heat transfer rates and temperature differences in the condenser
were calculated from experimental data taken during steady-state opera-
tions (see Appendix A for sample calculations). Accurate temperature
measurements were critical, since it was sometimes necessary to measure
very small temperature differences (v0.2°F) to within *0.04°F to obtain
reliable heat balances. Further, small condensate flows (as low as 0.0l
gpm) had to be measured accurately for good interpretation of the experi-

mental data.

Steady-State Operation

The heat rate to the boiler was controlled by Variacs which regu-
lated the voltage across the boiler. After setting the heat rate to the
boiler, the primary cooling flow rate was adjusted by the valve down-
stream of the test section. Since the inlet temperature of the second-
ary cooling water was fixed by the plant process water conditions, the
flow rate of the secondary cooling water was used to control the temper-
ature of the primary cooling water. This, in turn, controlled the vapor
temperature in the test section. Temperatures and pressures throughout
the system were monitored to determine when steady-state conditions
existed; steady state was assumed when there was no significant change
in temperatures (*0.1 to 0.2°F) throughout the system over a five- to
ten-minute span.

Once a steady state was achieved, the experimental data were re-
corded., The information recorded included the vapor temperature and
pressure in both the condenser and boiler, the flow rate and temperature
of the condensate, the inlet and outlet temperatures and flow rates of
the primary and secondary coolants, and the voltage and current to
boiler. These experimental data were then used to calculate heat trans-
fer rates and temperature differences in the system and to check pressure-
temperature values against saturation data in the literature (see

Appendix A for examples),
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After all of the data were recorded for a given steady-state sit-
uation, the flow rate of the primary cooling water was changed and the
flow rate of the secondary cooling water adjusted (range of 0 to 4 gpm)
until the system reached a new steady state. When this steady state
was reached, the experimental data were again recorded. The same proce-
dure was followed until data were collected for at least three coolant
flow rates at the same boiler heat rate. In the experiments, the pri-
mary cooling flow rates ranged from 3.0 to 34.0 gpm. The heat rate to
the boiler was then changed, and the entire procedure was repeated at

the new heat rate.

Instrumentation

The voltage across the boiler was measured by voltmeters, and the
current was measured by ammeters. The voltage and current information
was used to control and monitor the power input to the boiler. Pressures
in the boiler and the condenser were measured with gauges (main in-
strument was a U. S. Gauge, Dial No. 33006) capable of spanning the
range of 0 to 300 psig. The ammonia loop was also equipped with a
compound gauge for reading low pressures and subatmospheric pressures.

For temperature measurements, the system was equipped with chromel-
alumel thermocouples; thermocouples were located in the liquid and vapor
of the boiler, in the vapor feed to the test section, in the inlet and
outlet of both cooling water loops, near the condensate measuring
station, and on each heater. The recorded thermocouple data were used
in deciding when the system reached a steady state. In addition, both
a quartz thermometer and a thermistor were located in the vapor feed to
the test section and in the inlet and outlet of the primary cooling water.
Also, a quartz thermometer was located near the condensate measuring
station. The information from the quartz thermometers (Hewlett Packard,
Model 2801A) and the thermistors (Thermometrics, Part No. 5-10-4-wire)
was used for data reduction because of the greater accuracy attributed
to these instruments. However, the experimental data from the three
sets of temperature measuring instruments were checked against each

other to increase the confidence in the temperature measurements.
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The condensate flow in the ammonia loop was measured by two instru-
ments: an integral orifice meter and a turbine flow transducer. These
two instruments were located in parallel with piping permitting the
routing of the flow through either device. An integral flow orifice
assembly was used to adapt a pneumatic d/p cell transmitter (Foxboro
Model 15A) for measurement of low flow rates. With the integral orifice
meter, it was necessary to change orifice plates for various flow ranges.
A turbine flow transducer (Flow Technology, Model FTM-NX3-LJS) equipped
with a range extending amplifier (Flow Technology, Model LFA-300AX)
facilitated operation. The range extending amplifier made it possible
to cover the full range of interest (0.0l to 0.2 gpm) with only one
instrument. Measurements from the turbine flow transducer were used in
reducing the data with the integral orifice meter results used as a
check. The two values always agreed to within a few percent.

The primary cooling water flow was measured by rotameters upstream
of the test section. The information from these two rotameters was
utilized in the data reduction (see Appendix A, Table A-1). The second-
ary cooling water was measured by a small rotameter upstream of the

cooling coil.
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CHAPTER 1V

ANALYSIS

Overall Condensing Coefficients

The heat transfer rate in the condenser can be written:

Q = UAAT , (4-1)
where U is the overall heat transfer coefficient, AT is the mean tempera-
ture difference between the condensing vapor and the primary cooling
water, and A is surface area of the test tube. The heat transfer rate
can be computed from either the condensate mass flow rate (ﬁc) or from
the product of mass flow rate (mw) and temperature rise (ATW) of the

primary cooling water; thus,

Q

Il
3
=2

(4-2)
and
Q=m c_ 4T , (4-3)

where hfg is the latent heat of ammonia, and pr is the heat capacity of
water. In this analysis, all physical property data for ammonia were
taken from ASHRAE handbooks,®~7 where ammonia is designated as Refrig-
erant 717.

The arithmetic mean difference is used for AT, since in most cases
the temperature difference across the water was relatively small. There-
fore, assuming saturated vapor:

AT = T~ (Tw,in * Tw,out)/2 ’ (4-4)

where TV is the ammonia vapor temperature and the second term on the
right is the average of the inlet water temperature (Tw in) and the out-
2

w,out)'
The overall coefficient can be computed from Eq. (4-1) using either

let water temperature (T

Eq. (4-2) or Eq. (4-3) to calculate Q. Defining an overall coefficient

(UO) based »n the outside surface area (AO) and rearranging Eq. (4-1):

u_ = : (4-5)
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The next step in the analysis is the evaluation of individual condensing-

side coefficients from the overall coefficients.

Individual Condensing-Side Coefficients

A technique introduced by Wilson" in 1915 was used as the method of
analysis in this study; this is a graphical method of interpreting overall
coefficients of heat transfer in surface condensers such that individual
condensing-side coefficients can be evaluated. The following treatment
presents the method and describes the application to the experimental
data in this study.

The overall resistance to heat flow (XR = 1/U) in a condenser is

equal to the sum of the individual resistances; thus,

1/U = Rv+ Rfo + Rwall + Rfi + Rw R (4-6)
where RV is the resistance on the vapor (condensing) side, Rwall that
of the wall, Rw that on the water side, and Rfo and Rfi account for any

fouling on the outside and inside surfaces of the tube, respectively.
Introducing individual average heat transfer coefficients (h), neglecting
any fouling, and correcting for differences in areas, the overall coeffi-
cient based on the outside surface area is represented by:

1 1 A,
—_— = — 4 R + — > (4_7)
U h wall ©p )

o v wi

where Ai is the inside surface area of the tube, hV is the vapor-side
heat transfer coefficient based on the outside tube area, and hw is the
water-side heat transfer coefficient based on the inside tube area. For
a smooth tube, the wall resistance based on the outside tube area 1is
given by:

Roa11 = r Kn(ro/ri)/k , (4-8)

where r and r. are the outside and inside radii of the tube, respectively,
and k is the thermal conductivity of the tube wall.

Neglecting the effects of changes in water temperature, the water-
side resistance (l/hw) can be taken as a function of the water velocity

(v). For turbulent flow of water, this can be expressed as
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o« 0.8
l/hw 1/v R

and thus, Eq. (4-7) can be rewritten:

—
—

—— = —— _0'8 -
+ Rwall +a; v . (4-9)

If, following Wilson, the sum of the first two resistances (l/hV + Rwall)
is taken as approximately constant, Eq. (4-9) becomes:

1

— =a_ +a; v0.8 | (4-10)

0

U
In this form, a plot of l/Uo vs 1/v%.8 on ordinary rectangular coordinates
should give a straight line from which the constants a and a; can be
determined. Thus, the constant a, is given by the y-intercept on the
Wilson plot and corresponds to the sum of the first two resistances
(vapor side plus wall) in Eq. (4-9):

1
a = -—+R . (4-11)

0 hv wall
The constant a; is the slope of the straight line on the Wilson plot.

For a smooth tube, Eq. (4-8) can be used to calculate a wall re-
sistance, and hV can be computed from Eq. (4-11). However, for fluted
tubes, it is very difficult to estimate the contribution of the wall due
to the more complicated wall geometry and heat distribution. Accordingly,
the coefficients for the fluted tubes are reported as a composite con-
densing coefficient (h*) that includes both the vapor-side resistance and

the wall resistance:

1
h* = (4-12)
(I/h)) + Roa11
or 1
h* = — . (4-13)
a
(o]

The corresponding composite condensing temperature difference is given by:
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Q

h* A
0

AT = , (4-14)

and represents the temperature difference between the vapor and the in-

side wall of the test tube. A more detailed treatment of this section

can be found in Ref. 1.
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CHAPTER V

RESULTS AND DISCUSSION

Experimental tests in this study were divided into three types:
(1) tests on a vertical fluted tube with seven equally spaced drainage
skirts, (2) tests on both smooth and fluted tubes that had been tilted
30° off vertical, and (3) tests with a doubly fluted tube. Condensing
experiments (274 runs) are documented in Appendix C (Tables C-1 through
C-5), where the experimental data are tabulated along with the overall
condensing coefficients. Heat balance checks are also listed in
Appendix C; over 90% of the runs were better than +5%; and all of the
runs were better than *#10%. Wilson-plot results for the tubes with
smooth inside surfaces are presented in Appendix B, and sample Wilson
plots are given in Appendix A along with sample calculations.

Parameter ranges for the experiments were as follows:

Condensing temperature 299-316 K (79-110°F)

Condensing pressure 1.1 X 10% to 1.7 X 10% Pa (153—245 psia)
Heat load 760—5300 W (2600—18,000 Btu/hr)
Heat flux 4700—54,000 W/m? (1500-17,000 Btu/hr-ft?)

All parameters were based on total outside condensing surface area. Con-
densation data are presented in two dimensional forms in this section.

One dimensional presentation, heat transfer coefficient vs heat flux, is
useful for describing experimental heat transfer ranges. Also, since

both the ordinate and abscissa are based on total outside tube surface
area, results are helpful in determining whether the observed augmentation
is merely an area effect. The second dimensional form, heat load vs
condensing temperature difference, is useful for particular design
considerations, since ''credit'' is allowed for the increased surface area

of fluted tubes.

Tube Length Effects

In the previous report,! data were presented for ammonia condensing

on tube F (48 outside corrugations, 4 ft long) and tube F-1 (a duplicate
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of tube F with one drainage skirt attached to the midpoint of the con-
densing length — "effectively'" 2 ft long). In Figs. 5-1 and 5-2, the
previous data for tubes F and F-1 are plotted along with the present
data for tube F-7 (a duplicate of tube F with seven equally spaced
drainage skirts). Data for a smooth tube (A) are also shown for com-
parison. The seven skirts divide the 4-ft length into "effectively"
eight equal lengths of (.5 ft. As indicated in Figs. 5-1 and 5-2, the
use of skirts has no significant effect on the heat transfer perform-
ance; the data for all three "effective" lengths (4 ft, 2 ft, and 0.5
ft) are very similar, and the data with skirts fall within the normal
scatter of the data for tube F without skirts.

Recent work at the Oak Ridge National Laboratory with refrigerants?
had indicated significant effects of tube length on heat transfer per-
formance with shorter condensing lengths improving the heat transfer
performance. The decrease in heat transfer performance for longer
condensing lengths was attributed to liquid flooding of the drainage
channels or troughs. Hcwever, the larger latent heat of vaporization
for ammonia compared to the refrigerants (5 to 10 times greater) re-
sults in less condensate at the same heat flux. The ammonia data suggest
that the 4-ft fluted tube is not near the flooding stage, and shorter
condensing lengths offer no advantage for the heat flux range tested.
The skirts should provide improvement at higher heat fluxes where flood-

ing would be more pronounced.

Inclined Condenser Tubes

Experiments were run to determine the effect of tube orientation on
the condensing heat transfer performance. Thus, series of tests were
made with tubes A (smooth) and F (48 outside corrugations) in which the
condensing test section had been inclined at 30° from the vertical
orientation. The results for the inclined tubes are shown in Figs. 5-3
and 5-4 along with the previous datal for the vertical orientation. For
the smooth tube (A), the heat transfer performance of the inclined tube
is significantly greater than that of the vertical tube {(approximately

doubled over the full heat flux test range). In contrast, the heat



10,000
9000
50,000
—~ 8000
&
Q. <
: o
£ 7000 E 40,000
32 =
2 z
— —
pd
= ]
U 6000 4
o W
[V (V9]
w [e]
W (&}
S 30,000
(&) [&]
5000 z
< N
Z z
wn w
=4 o
w z
g 8
Z 4000
© e
w = 20,000
= o
B a
g 3000 2
= O
o -
(&) E3
. =
x
£ 2000
10,000
1000
0 o
Fig. 5-1.

21

ORNL —DWG 78-15985

I | I | 1 |
O
J TUBE A (SMOOTH TUBE)
O TUBE F (48 CORRUGATIONS)
® TUBE F-1 (F WITH 1 SKIRT) —
A TUBE F-7 (F WITH 7 SKIRTS)
O
O
o o° A _
od
Jay Y A
o O
® O )
e 90,
o © ® A & -
® ®
L] N
]
o @
O
uim| rmDD
35| % F)) g o @ DQ[[I] o
Opd
| | 1 | | |
10,000 20,000 30,000 40,000 50,000 60,000

Q/A, HEAT FLUX (W/m?2)

| | | I T I | I [ |
2000 4000 6000 8000 10,000 12,000 14,000 16,000 18,000 20,000
Q/A, HEAT FLUX (Btu/hr-f12)

Comparison of heat transfer performance between tube F

(48 corrugations) and duplicate tubes containing equally spaced drainage

skirts — h* vs Q/A.



{Btu/hr)

Q, HEAT LOAD

103

104

10

(W) ORNL-DWG 78—15984A
I [ LR | FTT 11 I I
> —
5 | o/ 70 —
7a) OC€

-® e
o) 7
102 = ’//;)05 E};?CJ _
[ % O TUBE A (SMOOTH TUBE) ]
/ O TUBE F (48 CORRUGATIONS)
[jJJ‘_) ® TUBE F-1 (F WITH 1 SKIRT) —
5 A TUBE F-7 (F WITH 7 SKIRTS) —

s b / _
|
(K) ©

[ I I | I [ I [ [ ]
(°F) 40 2 5 10" 2 5 10
AT * COMPOSITE CONDENSING TEMPERATURE DIFFERENCE

-

Fig. 5-2. Comparison of heat transfer performance between tube F
(48 corrugations) and duplicate tubes containing equally spaced drainage
skirts — Q vs AT*,

ZZ



23

ORNL —DWG 78 -15981

10,000 —
1 | I [ ! I
o}
9000 O TUBE A (VERTICAL)
50,000 I~ @ TUBE A (30° OFF VERTICAL) -
O TUBE F (VERTICAL)
o ® TUBE F (30° OFF VERTICAL)
—~ B00O f—
V.
°, —
r\‘;_ x
e ~
- L B o}
‘\; 7000 |- 3 40,000 o o —
o ~ 0]
a - °
E i oo °
& 6000 — O 0
e ]
w
W o [ ] O
S © 30,000 |- °© 5 .
o 5000 — 2
2 z
5 . .
L ) O
2 & o)
8 4000 [— : ] o
a [ ]
e & 20,000 [~ —
3 3000 (= 2 - -
s} © [ ]
*" )‘4{: [ § n ®
=
2000 ]
10,000 |~ —
ais[m] @D@ %
1000 @& O
B 0o ® %o o5, 0
oL N ] I ] 1 | ]
(wW/m2) 10,000 20,000 30,000 40,000 50,000 60,000
[ T I | I I | ] | I ]
(Btu/br - f12) 0O 2000 4000 6000 8000 10,000 12,000 14,000 16,000 48,000 20,000

Q/A, HEAT FLUX

Fig. 5-3. Comparison of heat transfer performance of a smooth and
a fluted tube for vertical and 30° off vertical orientations — h* vs Q/A.



(Btu/hr) (W)

Q,HEAT LOAD

ORNL-DWG 7815980

5
107 = 1 | T T 11 T 11T 11 | 1
- 2 — o
5 -
— 104 - ]
2 — — / // / ]
S I /C)’,/’. . ~U 7
C @
B T e/ u/ =g m
4 /O ”’ [ 4
10 — (9. [ ] 'D
— o7 a O
— 2 F Q/G)g" [ | ,CU:] ]
> I /‘O [ ] (o
L 0 7
103 |— O// = —
| / a 9/
_ E O TUBE A (VERTICAL) —
/ B TUBE A (30° OFF VERTICAL)
2 = — [jp O TUBE F (VERTICAL) —
5 - / ® TUBE F (30° OFF VERTICAL) —
4 _—
102 L | I | ] L L4 11 | | I I | ] L1
(K) 6 1071 2 5 10° 2 5 104 2 5
| | [T T T 1TT1] | I 1T TP TTTI | i T P T i
(°F) 107! 2 5 10° 2 5 10" 2 5 10

AT *, COMPOSITE CONDENSING TEMPERATURE DIFFERENCE

Fig. 5-4. Comparison of heat transfer performance of a smooth and
a fluted tube for vertical and 30° off vertical orientations — Q vs AT¥*.

ve



25

transfer performance of the fluted tube decreased slightly upon going to
the inclined orientation as shown in Figs. 5-3 and 5-4.

The results for the inclined tests are not surprising. By inclining
the smooth tube, the condensate is allowed to drain (or drip) along the
entire length of the tube; whereas, for the vertical tube, all of the
condensate exits at the bottom of the tube. This results in decreasing
the "effective'" thickness (or resistance) of the condensate film, thus,
increasing the heat transfer coefficient at a given heat flux.

Hassan and Jakob® presented an analytical and experimental treatment
for pure saturated vapors condensing on inclined circular cyclinders.

The study contained some experimental data for steam condensing on in-
clined tubes; however, the deviation of the experimental data from those
obtained analytically was quite large with the experimental film coeffi-
cients 28 to 100% higher than those predicted by the analysis. The
authors suggested that more comprehensive experimental data were necessary
for adequate modeling.

For the fluted tubes, the flutes served as the primary mode of film
removal from the crests along the periphery before flowing down the tube
in the troughs. Inclining the tube, apparently, decreases the overall
efficiency of condensate removal resulting in a slightly greater '"effec-
tive'" film thickness, thus, a lower film heat transfer coefficient. An
analytical model to describe this physical operation would be very com-
plicated 1f at all possible, expecially, considering the difficulties

AN

for the simplier case of the smooth tube.

Doubly Fluted Tube

A doubly fluted tube (H) was tested in order to determine the
effect of water velocity on the overall heat transfer performance of a
tube with inside flutes. The data for ammonia condensing on tube H (42
outside and 34 inside flutes) are plotted in Figs. 5-5 and 5-6 in the
form of heat load versus overall mean temperature difference. Figure 5-5
presents data taken with a 0.5-in.-diam rod installed through the inside
of the test tube, and Fig. 5-6 presents data without the rod in place.

As expected, the heat transfer performance of tube H with the rod
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installed is slightly better than that without the rod due to higher
water-side heat transfer coefficients at the same water flow rate. This
translates to smaller overall mean temperature differences at the same
heat load and water flow rates.

For tube H, unlike other tubes tested with ammonia, the inside
flutes result in water-side heat transfer enhancement. Therefore, the
water-side coefficient is probably not a simple function of water velocity
as assumed for the Wilson plot. Thus, the applicability of the Wilson
plot for the analysis of this data is uncertain; and results with this
method are not presented herein. Only overall heat transfer results are

given (see Appendix C, Tables C-4 and C-5).
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SUMMARY

The experimental data presented in this report add to previous heat
transfer data taken at ORNL for condensation on vertical fluted tubes
(for example, see Refs. 1, 2, and 3). For the range of heat fluxes
tested, the results for the fluted tubes with drainage skirts indicated
that the flutes were not near the flooding state; however, flooding
should become more pronounced at higher heat fluxes where the liquid
films are thicker. Thus, ammonia condensation data at higher heat fluxes
would be useful in determining where shorter condensing lengths offer an
advantage.

The results for the inclined smooth tube showed that considerable
heat transfer enhancement can be achieved by simply inclining the con-
denser. The limiting case of this is the horizontal orientation. How-
ever, in the design of practical multitube condensers, it is necessary
to consider interaction of tubes since condensate will drain from tube
to tube. In contrast to smooth tubes, inclining of a fluted tube
actually caused degradation in the heat transfer performance. More data
are needed at various angles of inclination and for different tube
geometries before any quantitative conclusions can be reached about this
effect.

The data for the doubly fluted tube were the first ammonia data
taken at ORNL in which the inside tube surface was also fluted. This
resulted in an enhancement in the water-side heat transfer coefficient
over that of an internally smooth tube at a given water flow rate; and
thus, an increase in overall coefficient over that for a hypothetical
tube with identical outside flutes and a smooth inside surface. This
increase in water-side coefficient is an advantage over the singly

fluted tubes.
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APPENDIX A

SAMPLES OF DATA REDUCTION

Physical Properties for Ammonia

All property data for ammonia used in data reduction were taken
from ASHRAE handbooks®~7 where ammonia is designated as R-717. The

accuracy of thermophysical properties is discussed in Ref. 6.

Fluted Tube

A sample of the experimental data required for computing the heat
transfer rates and coefficients in the condenser is listed in Table A-1.
The data are for ammonia condensing on tube E (60 square ridges). The
data were presented in the previous report;! however, the method of
analysis is the same for all tubes. Experimental Run 717-051E is used
to demonstrate the procedure followed in reducing the data for an in-
dividual run, and the series of Runs 717-051E through 717-056E are used
to demonstrate the Wilson plot.

For saturated vapor, the experimental pressure (P) of the vapor should
agree with the saturation pressure (psat) of ammonia at the experimental
vapor temperature (Tv). The saturation pressure in ASHRAE for a tempera-
ture of 77.2°F is 146 psia which agrees within the experimental accuracy of
the instruments to the measured pressure (P) of 147 psia for Run 717-051E.
This agreement also indicates that noncondensables were not present in the
condenser in appreciable amounts during operation.

The heat transfer rate in the condenser can be computed both from
condensate flow rate (Fc) and from the flow rate (Fw) and the temperature
rise (ATW) of the cooling water. To calculate the heat transfer from the
condensate flow rate requires the latent heat (hfg) of ammonia at the vapor
temperature (Tv) and the density of liquid ammonia (pc) at the tempera-

ture of the condensate (TC) at the measuring station.



Table A-1. Sample of experimental data — ammonia condensing on Tube E

Vapor feed to test section Condensate Primary cooling water through test section

Run No. Temperature Pressure Flow rate Temperature Flow rate Inlet temp. Outlet temp. Temp. dif.?

T, °F P, psia F.» gpm T °F F,» gpm Tw’in, °F Tw,out’ °F AT °F
717-051E 77.16 147.2 0.03114 77.16 33.4 75.27 75.62 0.284
717-052E 78.39 150.2 0.03119 78.14 17.7 75.64 76.22 0.570
716-053E 78.96 151.7 0.03096 78.68 9.55 74,77 75.78 1.01
717-054E 79.84 154.2 0.03105 79.40 7.70 74.92 76.16 1.23
717-055E 82.02 159.7 0.03082 81.22 5.10 75.30 77.13 1.83
717-056E 82.69 161.7 0.03119 81.82 4.65 75.38 77.40 2.02

45

a .
Corrected for temperature offset of instruments and pressure drop effects.
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For

T 77.2°F o

C C

v 77.2°F hfg

37.6 1b_/ft3
m

T

502 Btu/1b
m

The heat transfer rate can be calculated from Eq. (4-2) with the conden-

sate mass flow rate given by:

m =F p_ ., (A-1)
so that
Q = Fg o hgg (A-2)

(0.03114 gpm) (37.6 lbm/ft3)(502 Btu/1b_) (1 ft3/7.481 gal) (60 min/hr)

4710 Btu/hr.

The heat transfer rate also can be computed from the primary cooling water

and is given by Eq. (4-3) where

m =F p (A-3)
and therefore,

Q, = F, Py Sy AT, (A-4)

where cpw and p, are the heat capacity and density of the primary cooling
water, respectively. These values are calculated at the average tempera-
ture of the primary cooling water. In this particular example, the change
in temperature is so small that the variation in properties is insignifi-
cant. The properties for water in this range (v75°F) is a density (pw) of
62.2 lbm/ft3 and a heat capacity (cpw) of 1.0 Btu/lb_-°F. With the in-
formation for Run 717-051E,

Qw = (33.4 gpm) (62.2 lbm/ft3)(1.0 Btu/lbm-°F)(0.284°F)(1 ft3/7.481 gal)
(60 min/hr) = 4730 Btu/hr .

The percent difference between the two heat loads is given by:

(AQ/Q) X 100 = (Q, — Q_)/Q.X 100 (A-5)

(4730 — 4710)/4710 X 100

= 0.4 .

The heat balance obtained by the two different methods thus agreed within

acceptable limits.
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The overall condensing coefficient can be computed from Eq. (4-5)
with either QC or Qw' However, since the heat rate from the condensate
flow (QC) is considered the more accurate of the two, it is used in the

calculation. The mean temperature difference (AT) is given by Eq. (4-4):

AT = Tv_'(Tw,in * Tw,out)/2 ’ (4-4)

and for Run 717-051E,

AT = 77.16 — (75.27 + 75.62)/2 = 1.71°F .

The outside surface area (Ao) of tube E is listed in Ref. 1 (Table 2-1,

p. 8). Applying Eq. (4-5) and using the data for Run 717-051E,

y = _Q_ _ 4710 Btu/hr

o — = = 1720 Btu/hr-ft2.°F ., (4-5)
A BT (1.60 ft2) (1.71°F)

The same calculations illustrated for Run 717-051E can be carried out
for the other five runs in Table A-1. The results of the calculations for
all six runs are shown in Table A-2. The six heat rates can be averaged

to obtain a mean heat load for the series of runs, so that

4700 Btu/hr ,

Q

c,avg

Q

w,avg

4800 Btu/hr .

Water velocities (v) are calculated from the volume flows of water
(Fw) and the cross-sectional area of the annulus (AC):
v =F/A, , (A-6)
and AC is given by:
A = aD%/4 — wD>/4 (A-7)
c i T
where Di is the inside diameter of the test tube and Dr is the outside

diameter of the solid rod inserted through the test tube (Dr = 0.5 in.).
From Ref. 1 (Table 2-1, p. 8) for tube E, Di = 0,87 in., so that

A, = m(0.87/12 ft)2/4 — 7(0.50/12 ft)2/4 = 0.00276 ft2

and for Run 717-051E,

3 .
v = (33.4 gpm) 1 ft 1 min ) 0.00276 ft2 = 26.9 ft/sec .
7.481 gal 60 sec
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able A-2.

Sample information for the Wilson plot — ammonia condensing on Tube E

Condenser heat load

b

Condenser mean

Primary cooling

Run No. Qc’a Qw’ (AQ/Q) X 100 temp. diff., water velocity, (1/v)0-8
Btu/hr  Btu/hr AT, °F v, ft/sec

717-051E 4710 4730 0.4 1.71 26.9 7.18 10-2
717-052E 4700 5030 7.0 2.47 14.3 1.19 10_1
717-053E 4660 4810 3.3 3.69 7.70 1.95 10~1
717-054E 4660 4740 1.7 4.30 6.20 2.32 10_1
717-055E 4590 4650 1.3 5.80 4.11 3.23 10_1
717-056E 4640 4690 1.1 6.30 3.75 3.47 10‘1

Overall
coefficient, Ue
Btu/hre ft2-°F

670

490

460

aCalculated from condensate flow of ammonia.

bCalculated from temperature rise and flow of the primary

cooling water.

S¢
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To generate the Wilson plot, it is necessary to take the reciprocal
of the overall coefficient and to raise the water velocity to the negative
0.8 power. These values are shown in Table A-2 and were used to construct
the Wilson plot shown in Fig. A-1. The data points shown in Fig. A-1 were
fitted by a least-squares method of the first order to determine the best

linear fit to satisfy the following relationship:

0.8

/U =a +ayv , (4-9)

where a; is the slope of the straight line and a, is the y-intercept.
For this particular run series,

-4
1.51 X 107,

a
O

5.81 X 10°°

I

aj

As indicated in Fig. A-1, the data show good linearity and allow extrapo-
lation to infinite water velocity (zero water-side resistance) with some
confidence. The reciprocal (l/aO or h*) gives the composite heat transfer
coefficient of the condensing film and wall. For the series of Runs
717-051E through 717-056E, the composite coefficient is 6600 Btu/hr-ft2.°F
as shown in Fig. a-1. The corresponding composite temperature difference

is given by Eq. (4-14):

AT* = — 4700 Btu/hr = 0.4°F | (4-14)

h* A (6600 Btu/hr-ft?.°F) (1.60 ft2)
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Fig. A-1. Wilson plot for ammonia condensing on tube E (60 square

ridges) — Runs 717-051E to 717-056E.
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APPENDIX B
WILSON-PLOT RESULTS

Tables B-1 through B-3 summarize the experimental conditions for
all series of runs used to construct Wilson plots. The results from
the Wilson plots are also listed. The condenser heat load was taken as
the average heat load based on the condensate flow (Qc,avg) for a series
of runs (see Appendix A for an example). Individual runs are documented

in detail in Appendix C.



Table B-1. Summary of experimental conditions and results from Wilson plots
for ammonia condensing on tube F-7 (a duplicate of tube F with 7 skirts)

Condensing temperature Condensing heat transfer Condensing temperature

Series of runs Condenser heat load range coefficient, h* difference, AT*

W (Btu/hr) N (°F) W/m? - K (Btu/hr-ft”-°F) . °F)
717-030F7 to 035F7 2400 (8500) 300-306 (80-91) 35,000 (6100) 0.7 (1.3)
717-036F7 to O041F7 2000 (6900) 303-307 (85-94) 34,000 (6800) 0.6 (1.0)
717-042F7 to 047F7 3500 (11900) 304—-312 (87-103) 30,000 (5200) 1.2 2.2)
717-048F7 to 053F7 1300 (4600) 303-306 (85-91) 40,000 {7000) 0.3 (0.6)
717-054F7 to 057F7 5000 (16900) 304-312 (88-102) 26,000 (4000) 2.0 (3.06)
717-048F7 to 063F7 1700 (5900) 304-308 (87-95) 36,000 (6300) 0.5 (0.9)
717-0064F7 to 069F7 2800 (9700) 304-312 (87-102) 36,000 (6300) 0.8 (1.5)
717-070F7 to 074F7 1100 (3700) 303-305 (85-89) 45,000 (8000) 0.2 (0.4)

716-075F7 to 080F7 4100 (13900) 304-310 (8799) 30,000 (5300) 1.4 2.5)

Ov




Table B-2. Summary of experimental conditions and results from Wilson plots
for ammonia condensing on tube AT (smooth tube 30° off vertical)

Condensing temperaturc Condensing heat transfer Condensing temperature
Series of runs Condenser heat load rangce cocfficient, h* difference, AT*
W (Btu/hr) K (°r) W/m2-K  (Btu/hr-ft2.°}) K (°F)
717-001AT to O006AT 3300 (11200) 304-314 (88-105) 14,000 (2400) 2.5 (4.5)
717-007AT to 010AT 5100 (17300) 306317 (91-110) 11,000 (1900) 4.9 (8.9)
717-012AT to 0O17AT 2200 (7600) 302-309 (84-96) 19,000 (3300) 1.2 2.2
717-018AT to 023AT 1300 (4500) 303-307 (85-92) 22,000 (3900) 0.6 (1.1)
717-024AT to 029AT 2600 (8800) 302-308 (83-95) 16,000 (2800) 1.6 (3.0)
717-030AT to 035AT 1800 (6100) 302-307 (84-92) 16,000 (2800) 1.2 (2.1)
717-036AT to 040AT 910 (3100) 300-303 (81-85) 20,000 (3600) 0.4 (0.8)
717-041AT to 046AT 3700 (12800) 304-311 (88-100) 14,000 (2400) 2.8 (5.1)
717-047AT to 052AT 3000 (10200) 305314 (89—104) 15,000 (2700) 2.0 (3.6)

187




Table B-3. Summary of experimental conditions and results from Wilson plots
for ammonia condensing on tube FT (F 30° off vertical)

Condensing temperaturc Condensing heat transfer Condensing temperature
. - 3 Condenser heat load range coefficient, h* difference, AT*
Series of runs — T —
W (Btu/hr) K (°F) W/m2-K  (Btu/hr.ft?-°F) K (°F)
717-001FT to O0O06FT 2900 (9900) 303310 (85-98) 18,000 (3200) 1.7 (3.0)
717-007FT to O12FT 2000 (6900) 304—309 (87-97) 26,000 (4000) 0.8 {(1.5)
717-013FT to O18FT 1300 (4500) 302-300 (84-91) 37,000 (6600) 0.4 (0.7)
717-019FT to 024FT 3700 (12500) 303312 (85101} 20,000 (3600) 1.8 (3.3)
717-025FT to O030FT 2000 (6800) 302-307 (84-93) 31,000 (5400) 0.0 (1.2)
717-031FT to 036FT 2800 (9700) 303-310 (85—99) 27,000 (4700) 1.1 (2.0)
717-042FT to 046FT 5000 (17100) 302314 (84—1006) 14,000 (2400) 3.8 (6.8)

717-047FT to O52FT 4200 (14500) 302-313 (83-104) 18,000 (3200) 2.4 (4.4)

v
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APPENDIX C

EXPERIMENTAL DATA

Tables C-1 through C-5 document 501 runs which yielded 92 data
points or Wilson plots. The tables summarize the experimental data used
in data reduction. In addition, the tables list saturation pressures
and heat balance checks. Velocities are presented along with Reynolds
number for the water flows. Also, overall heat transfer coefficients
are tabulated. The information was generated by a computer code used
for data reduction, and the runs are grouped in series corresponding to
Wilson plots. Several series of runs were discarded because of problems
with operation and/or instrumentation. An average inside diameter for
tube H was estimated as 0.88 in. to allow calculation of water velocities

through the tube.



Table C-1. Experimental data for ammonia condensing on tube F-7 (a duplicate of tube F with 7 skirts)

Run No. Tv’ P, Psat’ Fc’ c’ mc’ Fw’ v, Re Tw,in’ Tw,out’ ATw’ aT, Qc’ Qw‘ ég—x 100 Uo»
°F psia psia gpm °F lbm/hr gpm  ft/sec °F °F °F °F Btu/hr  Btu/hr Q Btu

hr-ft?

R-717-030FP7 79.48 152.7 151.7 0.0558 79.21 16.79 34.0 24.8 84342 75.61 76.18 0.50 3.58 8381. 843¢. 0.6 2252.
R=-717-031P7 80.69 155.7 154.8 0.0564 80.25 16.94 17.7 12.9 43787. 75.20 76.17 0.96 5.01 8u32. su9u. 0.7 1622.
R-717-032P7 83.51 163.2 162.3 0.05€3 82.79 16.88 9.5 6.9 23656. 75.29 77.10 1.81 7.32 8353. 8587. 2.3 11C0.
R-717-033P7 87.65 174.7 173.8 0.0542 86.38 16.14 4.8 3.5 12061. 7T4.92 78.22 3.34 11.08 7919. 8038, 1.5 689.
R=-717-034P7 87.71 175.2 174.0 0.0565 86.52 16.84 5.2 3.8 13089. 75.13 78.35 3.25 10.97 8265. gu71. 2.5 726,
R-717-035f7 91.05 184.7 183.7 0.C570 89.471 1€.90 3.8 2.8 9739. 75.29 79.56 4.29 13.62 8233. 3241. 0.1 582.
R-717-036F7 84.81 167.7 165.9 0.C471 83.58 14.310 34.0 24.8 91094, 81.80 82.26 0.39 2.78 6961. 6632, =4.7 2410,
R=717-037FP7 86.46 171.2 170.5 0.C475 85.05 14.17 17.7 12.9 47690, 82.08 82.90 0.82 3.96 6971. 7232, 3.7 1694,
R-717-038P7 88.26 177.2 175.6 0.0476 86.54 14.17 9.8 7.2 26593. 81.95 83.37 1.642 5.60 6943, 6997. 0.8 1194,
R-717-039§7 91.52 186.2 185.2 0.0476 89.3% 14.%3 5.3 3.3 14456 g1, 7¢ 8431 264  B.u9  6ART6.  T7012. 2.0 7EC.
R-717-040P7 92.58 189.7 188.3 0.C478 90.33 14.18 4.7 3.4 12768. 81.68 8u4.64 3.00 9.42 63€3. 7029, 2.1 704.
R-T717-041P7 93.86 193.7 192.2 0.0478 91.471 14.15 4.0 2.9 10999. 81.585 85.04 3.41 10.52 6353, 6879. 0.4 628.
R-717-042P7 86.63 172.2 171.0 0.0821 85.70 24.48 34.0 24.8 90365. 80.98 81.77 0.72 5.25 12041, 12229. 1.6 22CE.
R-717-043F7 89.69 180.2 179.7 0.0827 88.56 24.56 17.7 12.9 47580. 81,59 83.01 1.41 7.39 12001. 12477, 4.0 15€5.
R-717-044P7 93.28 191.2 190.5 0.0831 91.92 24.56 9.8 7.2 26711, 81.79 84,25 2.46 10.26 1191C. 12113. 1.7 1118,
R-717-045°P7 98.96 209.7 208.5 0.0839 97.18 24.59 5.4 3.9 14710. 81.45 85.94 4.53 15.27 11773, 12169. 3.4 743,
]-717-046P7 100.84 214.7 214.7 0.0843 98.84 2u4.67 4.7 3.4 12922, 81.61 86.71 S.14 16.68 11755, 12052. 2.5 67S.
R-717-047P7 103.23 223.7 222.8 0.0851 101.18 24.80 4,0 2.9 11056, 81.61 87.59 6.060 18.63 1175¢. 11977. 1.9 608.
R-717-048P7 85.10 168.7 166.7 0.0319 B8u.16 9.55 34.0 24.8 92514. 83.12 83.u48 0.28 1.80 4712, 4834, 2.6 2524,
R-717-049F7 85.64 169.2 168.2 0.0318 84.66 9.50 17.7 12.9 48019. 82.79 83.33 0.53 2.59 4682. 4724, 0.9 1744,
R=-717-050FP7 86.85 172.7 171.6 0.0315 85.47 9.39 9.8 7.2 26752, 82.66 83.63 0.97 3.7 4617. 4761. 3.1 1199.
R-717-051P7 88.58 177.7 176.5 0.0317 86.91 9.44 5.5 4.0 15057. 82.21 83.90 1.73 5.52 462c, 4793. 3.6 807.
R=-717-052F7 89.52 179.7 179.2 0.0319 87.75 9.47 4.7 3.4 12794. 82,34 8u4.32 2.01 6.19 4630. 4724, 2.0 721,
R-717-053F7 90.49 182.7 182.1 0.0316 88.u8 9.39 4.0 2.9 10928. 82.49 84.77 2.30 6.86 4582. 4586. 0.1 643,
R-717-054P7 88.13 176.7 175.2 0.1179 87.57 35.06 38.0 24.3 88738. 79.36 80.47 1.04 8,22 1718€. 17674. 2.8 2013,
R-717-055P7 96.70 202.2 201.1 0.1197 95.77 35.17 9.9 7.2 26223. 79.63 83.23 3.61  15.27 169 22. 17742. 4.8 1068.
R=717-056F7 106.03 232.7 232.6 0.1224 104.33 35.51 5.5 4.0 15030. 80.43 86.87 6.47 22.38 167 24. 17766. 6.2 72C.
R-717-057F7 101.86 217.7 218.1 0.1216 100.45 35.u9 7.0 5.1 18876. 80.061 85.11 5.12 19,30 16879. 17893. 6.0 843.
R-717-058F7 87.38 174.7 173.1 0.0407 86.02 12.12 34.0 24.8 94539, 84.89 85.29 0.33 2,28 5951. 5631. -5.4 2511,
R-717-059F7 88.63 177.7 176.6 0.0410 87.05 12.20 18.5 13.5 51600. 85.01 85.70 0.68 3.27 5975. 6294. 5.3 17.58.
R=-717-060F7 90.25 182.7 181.4 0.0410 88.50 12.19 9.7 7.1 27193, 84,91 86.13 1.23 4,73 5948. 5965. 0.3 1211,
R=-717-061FP7 92.53 189.7 188.2 0.0406 90.317 12.03 S.4 4,0 15254, 84,58 86.71 2.16 6.89 5842, 5875. 0.6 817.
R=717-062F7 93.42 191.7 190.9 0.0413 91.18 12.21 4.8 3.5 13368. 84.53 86.97 2.u48 7.67 5918. 5913. -0.1 T4l
R-717-063P7 94.58 195.7 194.5 0.0412 92.07 12.%7 3.9 2.9 11024. 84,36 87.30 2.96 8.75 5882. 5835. -1.3 6u48.
R-717-064F7 88.56 177.7 176.5 0.0669 87.51 19.89 34.0 24.8 93957. 84,26 84.90 0.56 3.99 9741, 9583, -1.6 235S5.
R-717-065P7 89.99 181.7 180.6 0.0665 88.78 19.75 18.4 13.4 50823. 84.00 85.08 1.07 S. 46 9647., 9867. 2.3 1704.
R=-717-066P7 93.09 191.2 189.9 10,0672 91.46 19.89 9.8 7.1 27316. 84.32 86.28 1.96 7.80 9645, 9607. -0.4 1152,
R-717-067FP7 97.51 205.2 203.7 0.0679 95.53 19.97 S.4 3.3 15157, 84,11 87.65 3.58 11.63 9593. 9639. 0.5 795.
R=-717-068F7 99.92 212.7 211.6 0.0689 97.75 20.18 4.6 3.4 13145, 8u4.54 88.69 4.19 13.30 9640. 9699. 0.6 698.
R-717-069P7 101.56 217.7 217.1 0.06%2 99.34 20.24 4.0 2.9 11262. 8u4.28 89.13 4.87 1u4.86 9633. 9654. 0.2 624.
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Table C-1 (continued)

Run No. Tv’ P, Psat’ Fc‘ Tc’ mc’ Fw’ Vs Re Tw,in’ Tw,out’ ATw’ aT, Qc’ Qw’ aQ X 100 Uo:

°F psia psia gpm °F lbm/hr gpm  ft/sec °F °F °F °F Btu/hr  Btu/hr Q Btu

hr-ft2.°F

R-717-070F7 85.07 168.2 166.6 0.0251 83.69 7.52 34.0 24.8 929u5, 83.53 83.83 G.23 1.39 3709. 3969. 7.0 2576.
R-717-071°P7 85.79 169.7 168.6 0,023 84.17 7.57 17.5 12.3 47875, 83,52 83.97 0.45 2.04 3726. 3920. 5.1 1760.
R-717-072F7 86 .60 172.2 170.9 0.0251 84.87 7.50 9.8 7.1 26654, 83.30 B8u4.07 0.78 2.92 3691, 3779. 2.4 1218,
R-717-073F7 88,41 177.2 176.0 0.0251 86.28 7.49 5.5 4.0 15169, 83.45 8u4.78 1.37 4.29 3670. 378u4. 3.1 8z3.
R-717-07u4F7 88.75 178.2 177.0 0.0245 86.68 7.29 4.8 3.5 13170. 83.22 84,75 1.58 4.76 35695, 3776. 5.8 722,
R-717-075F7 B87.42 174.,2 173.2 0.0966 B86.65 28.76 34.0 24.8 90164, 80,74 81.65 0.85 6.22 14120, 1349, 1.6 2185,
R-717-076%7 89.64 180.7 179.6 0.0969 88.74 28.78 18.4 13.4 48782. 80.37 81.98 1.60 8.47 14065. w732, 4.7 16 CCa
R=717-077F7 93.73 193.2 191.9 0.0%78 92.57 28.87 9.8 7.2 26286. 80.27 83.15 2.88 12,03 13982, w171, 1.4 1120.
R-717-078F7 102.30 219.7 219.6 0.(€989 100.24 28,88 4.5 3.3 12065, 78.99 85.19 6.25 20.21 13721, wozu, 2.2 654.
R=717-079F7 101.19 216.7 215.8 0.0993 99.22 29.02 4.9 3.6 13064, 79.09 84.84 5.79 19.22 13822, 14105, 2.0 693,
BR-717-080P7 99.36 211.2 209.8 0.09€8 97.62 28.56 5.5 4.0 14649, 79.00 B84.10 5.12 17.81 13855. 14040. 1.3 749.
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Table C-2. Experimental data for ammonia condensing on tube AT (tube A — 30° off vertical)

Run No. Tv’ P, Psat’ Fc‘ Tc‘ Me» Fw’ Vs Re Tw,in’ Tw,out’ ATw’ aT, Qc’ Qw’ AQ X1 Uo'
°F psia  psia  gpm °F by /hr gpm  ft/sec °F °F °F °F stu/hr  Btushe QX 190 gy

hr-ft2.

R=717-001AT 87.81 175.2 174.3 0.0776 86.84 23.10 17.7 14.3 45898. 77.01 78.33 1.31 10. 14 11332, 11585. 2.2 1067.
R-717-002AT 91.84 187.2 186.1 0.0785 90.82 23.23 9.5 T.7 24714, 76.7C 79.15 2.45 13.91 11297. 11606. 2.7 775.
R=717-003AT 97.17 203.7 202.6 0.0785 95.22 23.09 5.4 4.4 14267, 76.35 80.49 4.13 18.74 11100. 11234, 1.2 566.
R=717=-004AT 99.38 210.7 209.8 0.0789 97.14 23.15 4.7 3.8 121358. 76.37 81.19 4.81 20.60 1107 2. 11285. 1.9 513.
R=717-005AT 105.30 229.7 230.0 0.08C3 102.61 23.35 3.3 2.6 8627. 76.06 83.00 6.94 25.77 11016, 11252, 2.1 408.
R=717-006AT 90.57 179.7 182.3 0.1213 88.47 36.04 34.4 27.7 87482, 75.58 76.71 1.06 14.43 1757S. 18225. 3.7 1164.
R=-717-007AT 95.4% 195.2 197.2 0.1227 93.26 3€,21 17.7 14.3  4u956. 74.99 77.11 2.11 19.40 1747 1. 1B666. 6.8 86C.
R-717~00BAT 102,32 218,2 219.7 0.1244 99.92 3¢.32 9.8 7.3 25484, 75,61 79.37 3.77 24.82 17257. 18505. 7.2 GEY.
R=-717-009AT 107.02 234.7 236.1 0.1261 104.37 36.59 7.6 6.1 20067. 76.48 B81.32 4.85 28.12 17194, 18452. 7.3 584,
R=717-010AT 109.93 2u44.7 246.8 0.1277 107.09 36.89 6.3 Sel 16558. 75.92 81.81 5.93 31.06 17215, 18614. 8.1 529.
R=717-012AT 83.96 164.2 163.6 0.0516 82,49 15.47 34.4 27.7 91587. 79.51 80.04 0.6 4.19 7652. 7928. 3.6 1744,
R=717-013AT 85.99 169.2 169.1 0.0523 84,23 15.63 17.7 14.3 47200. 79. 44 80.35 0.90 6.09 7696. 7956. 3.4 1207.
R=-717-014AT 88.77 177.7 177.0 0.0518 86.69 15.44 9.8 7.9 26327. 79.69 81.29 1.60 B8.28 75%7. 7832. 3.6 872.
R=717-015AT 92.75 189.7 188.9 0.0526 90.17 15.59 5.4 4.4 14754, 79.73 82.50 2.81 11.64 7569. 7645. 1.0 621.
R=717-016AT 94.07 193.7 192.9 0.0529 91.35 15.65 4.7 3.8 12820, 79.59 82.82 3.27 12.86 7574, 7718. 1.9 563.
R=717-017AT 95.59 198.7 197.6 0.0531 92.61 15.69 4.0 3.2 10872. 79.56 83.33 3.79 14.15 7568. 7563. -0.1 511.
R-717-018AT B84.67 166.2 165.5 0.0310 82.00 9.28 34.4 27.7 94637. 82.25 82.60 0.28 2.25 4584, 4736. 3.3 1946.
R-717-019AT 86.54 171.2 170.7 0.0310 83.72 9.26 7.7 14.3 49185, 82.99 83.50 0.51 3.30 4555, 4494, ~1.3 1319.
R-717-020AT 88.04 175.7 175.0 0.0312 85.04 9.30 9.8 7.9 27428, 82.95 83.89 0.95 4.63 4560. 4653. 2.0 941,
R=-717-021AT 90.04 181.2 180.8 0.0311 86.62 9.26 5.5 4.5 15480. 82.73 8u4.38 1.68 6.49 4523, 4662. 3.1 666.
R=-717-022AT 90.96 183.7 183.5 0.0313 87.49 9.31 4.6 3.7 12822, 82.70 8u.66 1.97 7.28 4536. 4515, -0.4 595.
R=-717-023AT 91.74 185.7 185.8 0.0312 88.04 9.28 4.0 3.2 11179, 82.60 B84.84 2.26 8.02 451¢. 4514, -0.0 538,
R=717=-024AT 82.47 159.7 159.5 0.0604 81.05 18.12 34.4 27.7 88774. 76.79 77.79 0.53 5.17 8991. 9078. 1.0 1660.
R=-717-025AT 84.98 166.7 166.4 0.0603 83.07 18.04 17.7 14.3 45856. 77.08 78.12 1.02 7.38 8905. 9051. 1.6 11E2.
BR-717-026AT 87.71 174.2 174.,0 C€.06C7 85.84 18.10 10.0 8.1 25950. 76.84 78.63 1.79 9.98 8881. 8930. 0.6 850
R=717-027AT 92.43 188.7 187.9 1n.0612 89.84 18.13 5.3 4.3 13894, 76.57 79.90 3.36 14.19 88C7. 8928. 1.4 593.
R=-717-028AT 93.63 191.7 191.5 0.0611 91,02 18.07 4.7 3.8 12398. 76.50 80.21 3.73 15.27 8756. 8818. 0.7 548.
R=717-029AT 95.01 196.7 195.8 0.0611 92,06 18.06 4.0 3.2 10465. 76.23 80.53 4.32 16.63 8723. 8624, -1.1 5C1.
R=-717-030AT 83.66 162.2 162.7 0.0415 81.05 12.47 34.4 27.7 91716. 79.67 80.10 0.36 3.78 6169. 6247. 1.3 15€1.
R=717-031AT 84.80 166.2 165.9 0.0419 82,40 12.56 17.7 14.3 47236. 79.59 80.33 0.73 4.84 6199. 6419. 3.6 1223.
R-717-032AT 87.08 172.7 172.2 0.0420 B84.25 12.55 9.8 7.9 26477. 79.89 81.19 1.30 6.54 6167. 6378. 3.4 901.
R=717-033AT 89.90 180.7 180.3 0.0421 86.80 12.53 5.6 4.5 14994, 79.70 81.90 2.24 9.09 6121, 6213. 1.5 643.
R=-717-034AT 90.95 183.7 183.4 0.0421 87.65 12.53 4.8 3.8 12830. 79.65 82.21 2.57 10.02 6107. 6099. -0.1 582.
R-717-035AT 92.29 187.7 187.5 0.0423 88.81 12.57 4.0 3.2 10831. 79.62 82.65 3.05 11.16 6106. 6090. -0.3 523.
R-717-036 AT 80.51 155.2 154.4 0.0208 77.01 €.28 17.7 14,3 46227, 78.04 78.43 0.38 2.28 3129. 3373. 7.8 1313.
R-717-037AT 81.81 158.2 157.8 0.0207 77.75 6.25 9.9 B.0 26131, 78.36 79.00 0.65 3.13 3103. 3251. 4.8 gyue,
R=717-038AT 83.18 162.2 161.4 0.0207 78.76 6.24 5.5 4.5 14582. 78.14 79.29 1.19 4.47 3090. 3289. 6.4 661.
R=717-039AT 83.80 163.7 163.1 0.0206 79.39 6.20 4.7 3.8 12302. 78.08 79.42 1.36 5.05 3069. 3184. 3.8 581.
R-717-040AT 84.65 165.7 165.4 0.0217 79.93 6.51 3.9 3.1 10230. 77.96 79.61 1.67 5.86 3217. 3243. 0.8 524.
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Table C-2 (continued)

Run No. Tv’ P, Psat’ Fc’ TC, m., Fw. v, Re Tw,in’ Tw,out’ ATw, AT, Qc, Qw’ 59 y 100 Uo’
° psia psia gpm °F 1bm/hr gpm  ft/sec °F °F °F °F Btu/hr  Btu/hr Q Btu

hreft2-

BR-717-041AT B88.15 175.2 175.3 0.0882 86,13 26.30 34.4 27.7 91740, 79.49 80.31 0.75 8.25 12892. 12922. 0.2 1493,
R=T717=-042AT 91.71 184.7 185.7 0.0893 89.13 2€.50 17.7 14.3 47144, 79.04 80.57 1.52 11.90 12893, 13466. 4.8 1034,
R-717-043AT 96.75 200.7 201.3 0.09C4 94.19 26.€2 9.9 8.0 26885, 79.63 82.29 2.66 15.79 128408. 13218, 3.2 775.
R-717-044AT 102.32 219.7 219.7 0.0913 93,14 26.68 5.5 4,5 15068. 79.2%1 83.68 4.71 20.98 12677. 13041, 2.9 5717.
R-717-045AT 105.59 230.7 231.0 0.0929 102.19 27.05 4.6 3.7 12574, 79.09 8u4.71 5.65 23.69 12752, 12959. 1.6 514.
R=717-046AT 99.58 209.7 210.5 0.C910 96.64 26.70 7.7 6.2 20922, 79.62 83.00 3.40 18.27 12765. 13085. 2.5 667.
BR=717-047AT 88,50 176.7 176.3 0.067C4 86.60 20,97 34.4 27.7 9Juu92. 81.96 82.64 0.61 6.21 10274, 10417. 1.8 1581.
R-717-048AT 91,18 184,2 84,1 0.07C6 89.06 20.97 17.7 4.3 48721, 81.87 83.07 1.19 8.71 10213, 10525. 3.1 1120.
R=717=-089AT 95.23 197.2 196.5 0.0717 92.69 21.17 9.8 7.9 27275. 82.29 84.46 2.17 11.85 10222, 10628. 4.0 824,
R=-717-050AT 99.86 212.7 211.4 0.(C723 97.00 21.20 5.4 4.4 15220. 81.76 85.55 3.83 16.20 10130. 0413, 2.8 5¢7.
R=717=-051AT 102.22 219.7 219.3 0.0732 99.15 21.39 4.7 3.8 13211, 82. 16 86.59 4.45 17.84 10165, 10409. 2.4 S44.
R=717-052AT 104.19 227.2 226.%7 0.0733 101.017 21.38 4.0 3.2 112004 82.13 87.29 5.17 13.48 10116. 10223, 1.1 496,

LY



Table C-3. Experimental data for ammonia condensing on tube FT {tube F — 30° off vertical)

F ., T m

Run No. V' P, Psat’ c c’ c’ Fw’ vs Re Tw,in’ Tw,out’ ATw’ aT, Qc’ Qw’ A X 100 UO’

°F psia psia gpm °F 1bm/hr gpm ft/sec °F °F °F °F Btu/hr  Btu/hr Q __Btu

hr-ft2.°f

R=717-001FT 85.21 165.7 167.0 0.0679 81,34 20,34 34.4 25.1 89674, 73.48 80.15 0.60 5.40 10033. 10314, 2.8 17¢1.
R-717-002FT 86.99 170.2 172.0 0.06€2 82,99 20.43 17.7 12.9 46095, 79.15 80.33 1.17 7.25 10042, 10349. 3.1 1334.
R=-717-003FPT 90.35 179.7 181.7 <(.0685 86.12 20.41 9.8 7.1 25801 79.67 81.72 2.06 5.65 9g58. 10051. G.3 994.
R=717-004PT 95.41 196.2 197.1 0.0681 90.87 20.16 5.0 3.7 13398. 79.43 83.35 3.96 14.02 9729. 9962. 2.4 669,
R=-T717~-005PT 96.31 198.7 199.9 0.06€7 91,68 20.30 4,7 3.5 12641. 79.57 83.74 ba21 14.65 9778. 9953. 1.3 643,
R-717-006PT 98,12 205.7 205.7 0.C6S2 93.51 20.41 4.0 2.3 10590. 79.41 B4, 35 4.96 16.25 9791. $800. 0.1 581,
R=-717-007FT 86.94 172.2 171.8 0.0470 83.25 14.06 34.5 25.2 9u4580. 83.68 84,15 0.u0 3.03 690CS. 6919. 0J.1 220cC.
R-717-008BPT 89.16 177.7 178.2 0.0476 85,31 14.21 17.7 12.9 49025. Bu4.36 135,18 0.81 4.33 6952, 7179. 3.3 1527.
R-717-009FT 91.46 184.,2 185.0 0.0480 87.35 14.27 9.8 7.1 27314, 84.58 86.00 1.42 6.17 6945, 695z. 0.1 108¢<,
R=-717-010PT 94,44 194.2 194.,0 0.0476 89.77 14.12 5.2 3.9 tus547. B4.29 86.91 2.66 .84 6828. 69308. 1.2 T4y,
R=-717-011FT 95.55 197.7 197.5 0.0487 91.16 1. 4.8 3.5 13324, B4.38 87.29 2.95 9.72 6951, 6995. 0.6 689.
B-717-012FT 56.87 20i.7 20i.7 ©.0457 S§2.23 1i4.50 4.0 2.5 11173, 84, 21 AB7.068 3.49 106.S52 6573. 8537. -0.0 61C.
R-717-013PT 84.45 165.7 164.9 0.03C6 83.07 9.20 34.5 25.2 93167. 82.52 B82.8u4 0.25 1.77 4543, 4337. -4.5 2471,
?-717-014PT 85.48 168.7 167.7 0.0308 81.00 9.24 17.7 12.9 47944, B2.66 83.19 0.52 2.56 455¢, 4574, 0.4 1716.
R=-717-015PT 86.97 172.2 171.9 (0.031) 82.29 9.29 9.8 7.2 26785, 82.79 83.7 0.93 3.73 4567. 4508, =0.9 1181,
R-717-016PT 89.60 179.7 179.5 0.0312 8u4.32 9.31 5.3 3.9 14529, 83.35 8u4.77 1.75 5.69 4550. 4633. 1.9 771.
R=717-017PT 90.53 182.7 182.2 0.0311 85.20 9.27 4.6 3.3 12553, 83.29 85.24 1.99 6.26 4521, 4531, 0.2 695.
R-717-018PFT 91.21 184.7- 184.2 0.0312 85.88 9.29 3.9 2.9 10823, 83.18 85.41 2.25 6.92 4524, 4417. =2.4 63C.
R=-717-019PFT 85,14 167.2 166.8. 00,0862 83,00 25,82 34.5 25.2 83441, 78.28 78.88 0.73 6.66 127 38. 12633. -0.8 1842.
R=-717-020FPT B86.66 1712 171.0 0.C860 B4.12 25.70 17.7 12.9 45109. 77.28 178.75 1.46 8.65 12637. 12856. 1.7 1408.
R=-717-021FT 90.43 182.7 181.9 0.0865 B87.54 25,74 9.8 7.2 25276. 77.25 79.87 2.63 11.87 12556. 12918. 2.9 1015.
R=717-022FT 96.51 201.2 200.5 0.C870 92.94 25.67 5.3 3.8 13598, 76.92 81.68 4.60 17.21 12358, 12569. 1.7 652.
R-717-023PT 98.14 206.7 205.8 0.C879 94,53 25.88 4.7 3.4 12198, 76.78 82.14 5.40 18.68 12416, 12661. 2.0 640.
R-717-024PT 101.13 215.7 215.6 0.0885 97.28 25.94 3.9 2.9 10300. 77.11 83.39 6.31 20.88 12359, 12363. 0.0 570.
BR-T717-025PT 83.80 163.7 163.1 0.0462 80.45 13.89  34.5 25.2 91095, 80.63 81.07 0.38 2.95 6871. 6471. -5.8 2245,
R=-717-026PT 84.86 166.7 166.0 0.0466 B1.43 14.00 17.7 12.9 46710. 80. 41 81.20 0.78 4.05 6909. 6931. 0.3 1642.
B-T717-027PT 86.94 172.2 171. 0.0464 83.21 13.89 9.8 7.2 26099. 80.43 81.83 1.40 5.81 6827. 6869. 0.6 1131,
R-717-028FT 89.82 180.7 180.1 0.0466 85.49 13.90 S.4 4.0 14477, 80-11 B82.56 2.49 8.49 6791. 6770. -0.3 771.
B=717-029PFT 91.10 184.7 183.9 0.0470 86.77 13.99 4.7 3.4 12490, 80.09 82.99 2.93 9.56 6813. 6862. 0.7 687.
R-717-030PT 92.91 190.2 189.3 0.0471 88.30 13.98 3.9 2.9 10556, 80.55 83.93 3.40 10.67 6786. 6668. =-1.7 613.
BR=-717-031PT 85.33 167.7 167.3 0.0661 83.13 19.80 3u4.4 25.1 90795. 80.50 81.13 0.57 4.51 9764. 9747, -0.2 2086.
R-717-032PT B87.66 174,7 173.9 0.0667 85.33 19.90 17.7 12.9 47143, 81.00 82.10 1.10 6.11 9767. 3704. -0.6 1539,
8-717-033PT 90.82 183.7 183.0 0.C672 88.25 19.96 9.8 7.1 26143, 81.09 83.11 2.03 B8.72 §728§. 9854. 1.3 1075.
R-717-034PT 95.50 197.7 197.3 0.0676 92.35 19.98 5.4 3.9 14530. 81.72 B4.66 3.67 12.66 96 36S. 9842. 2.1 7 34.
R-717-035PT 97.02 202.7 202.2 0.0680 93.90 20.03 4.7 3.8 12749, 81,15 85.28 4.17 13.80 963 1. 9754. 1.3 672.
R-717-036PT 98.96 209.2 208.5 0.0683 95.61 20,07 4.6 2.9 10907. 81.06 85.89 4.84 15.49 961C. 96066. 0.6 598.
R=717-042PT 84.17 164.7 164.1 0.1178 79.73 35.42 34.5 25.2 81763. 71.82 72,98 1.69 11.77 1751C. 18725. 6.9 1433,
R-717-043FPT 87.86 174.7 174.4 0.1179 8325 35.29 17.7  12.9 42348, T2.10 T4.14 2.04 14,74 17310. 18057. 4.3 1131,
R-717-044PT 94.67 195.2 194.8 0.1199 89.86 35.53 9.9 7.3 24u480. 73.43 77.08 3.66 19.41 17175. 18157. 5.7 852.
R-717-045PT 102.39 220.7 219.9 0.12C8 96.98 35.45 5.5 4.0 133840, 73.12 79,49 6.40 26.08 16838. 17728. 5.3 622.
B=-717-046FT 106.24 233.7 233.3 0.1225 100.88 35.73 4.7 3.4 11844, 73.34 80.9 7.62 29.12 16819, 17864. 6.2 557.
R=717-047PT 83.00 161.7 161.0 0.0980 79.75 29.49 34.5 2S.2 B4281, 7T4.25 75.17 0.85 8.29 14612. 14698. 0.6 1658.
R-717-048PT 85,28 167.7 167.1 0.0996 81.86 29.86 17.7 12.9 42958. 73.35 175.07 1.72 11,03 14728, 15187. 3.1 1286.
R-717-049PT 90.53 182.7 182.2 0.1001 86.50 29.83 9.8 T.2 24434, T4.38 77.41 3.04 14,63 14549, 14918, 2.5 958.
R~717-050P7 98.16 206.7 205.8 0.1026 93.76 30.24 5.5 4.0 13903. 74.67 80.07 S.45 20.79 14505. 1942, 3.0 672.
R=-717-051PT 100.69 214.7 214.2 0.1033 96.33 30.33 4.7 3.4 11975, 7u4.50 80.81 6.35 23,04 14465, 14950. 3.3 6CE.
R=T717-052PT 103.84 225.2 224.9 0.1038 99.28 30.33 4.0 2.9 10159, 74.63 82,04 7.42 25.50 14361, 14699. 2.4 542.
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Table C-4. Experimental data for ammonia condensing on tube H {0.5-in.-0D rod on water side)

Run No. Tv’ P, Psat’ Fc’ Tc’ Mes Fw’ v Re Tw,in’ Tw,out’ ATw’ aT, Qc’ Qw’ aQ Uo’
°F psia psia gpm °F ]bm/hr gpm ft/sec °F °F °F °F Btu/hr Btu/hr Q X 100 Btu

hr-ft2.

R-717-00118 85.71 169.2 168.4 0.0387 85.24 11.54 34.0 27.4 44142, 83.50 83.90 0.33 2.01 5687. 5614. -1.3 16C7.
R~717-002H 87.05 172.7 172.1 0.C3€7 86.41 11.54 17.1 13.8 22371, 83.99 B84.68 0.69 2.71 5669. 5920. 4.4 1187.
R=-717-003H 88.01 175.2 174.9 0.0390 87.23 11.61 9.8 7.9 12902, 83.85 85.02 1.18 3.58 5691. 5818. 2.2 904,
R=717-00uH 89.52 179.7 179.2 0.0388 88.49 11.53 5.5 4.5 7292, 83. 81 85.87 2.08 4.68 5636. 5762. 2.2 684.
R-717-005H 90.12 181.7 181.0 0.03€9 89.00 11.53 4.7 3.8 6173. 83.79 86.24 2.48 5.11 5631. 5797. 2.9 62€.
R-717-006H 90.64 183.2 182.5 0.03€8 89.29 11.52 4.0 3.2 5253. 83.65 86.50 2.88 5.56 5616. 5728. 2.0 574.
R-717-0C7H 86.75 171.7 171.3 0.0773 86.29 23.03 34.0 27.4 43486. 82.09 82.85 0.69 4.28 11323, 11720. 3.5 1503.
R~717-008H 88 .32 176.7 175.7 0.0776 87.92 23.07 17.4 14.0 22303, 81.97 83.33 1.34 5.67 11304. 11675. 3.3 1133,
R=717~009H 90.83 184,.2 183.1 0.C777 92%.12 23.03 10.C 8.1 12956. 82.38 84.68 2.30 7.30 11228. 11499. 2.4 874.
R-717-010H 94.80 196.7 195.1 0.0790 93.90 23.28 5.5 4.5 7308. 83. 10 87.26 4.20 9.62 11248. 11589. 3.0 664,
R-717-0114 96 .05 199.7 199.1 0.0791 95.04 23.26 4.7 3.8 62184 83.18 88.06 4.92 10.43 11211, 11491, 2.5 611.
R=-717-012H 97.05 203.7 202.3 0.C789 96.02 23.18 4.0 3.2 5298. 82.95 88.61 5.69 11.28 11144, 11289. 1.3 S€2.
R-717-013H 89.09 179.2 178.0 0,12¢%5 88.85 37.27 33.3 26.8 42275, 81.28 82.45 1.10 7.23 1823¢. 18257. 0.1 1433.
R=717-014H 90.93 184.7 183.4 0. 1253 90.49 37.12 17.7 14.3 22419, 80.63 82.73 2.10 9.25 18089. 18534, 2.5 1111,
R-717-015H 94.88 196.7 195.4 0.1271 94,22 37.43 9.8 7.9 12654, 80.96 8u.71 3.76 12.05 18084. 18481, 2.2 8%3.
B~717-016H 100.59 213.7 213.8 0.12S0 99.60 37.68 5.5 4.5 7323. 81.74 88.35 6.65 15.55 17973, 1842G. 2.5 657.
R-717-017H 102.82 221.7 221.4 0.1311 101.61 38.18 4.7 3.8 6244, 82.07 89.87 7.84 16.85 18118. 18313, 1.1 611.
R~717-018H 86.87 172.2 171.6 0.0312 85.46 9.32 34.0 27.4 45007. 85.15 85.48 0.26 1.55 4581. 4461, -2.5 1675.
R-717~-019H 88.18 175.7 175.4 0.031) 86.67 9.32 17.7 14,3 23593, 85.75 86.31 0.55 2.15 4566. 4840. 6.0 12CE€.
R=717-0204 89.14 178.2 178.1 0.0311 87.55 9.26 9.9 8.0 13303. 85.82 86.75 0.93 2.85 4531, 4614, 1.8 902,
R=717-021H 90.15 181.2 181.1 0.0311 88.u4u 9.24 5.5 4.5 TJu3l6. 85.64 87.29 1.09 3.69 4510. 4672. 3.6 694,
R-717-022H 90.70 183.2 182.7 0.0310 89,14 9.20 4.7 3.8 6289, 85.75 87.66 1.95 4,00 4486. 4550, 1. 4 638,
R=717-023H 91.34 185.2 184.6 G.0307 89.74 9.1 3.9 3.1 5255. 85.81 88.07 2.28 4,40 4437, 4438, 0.0 573.
R-717-024H 88.10 175.2 175.1 0.0570 87.24 16.97 34.0 27.4 4uB874, 84.78 85.35 0.50 3.04 8319, 8532. 2.5 1556.
R=-717-0254 89.39 179.2 178.9 0.0577 88.37 17.14 18.4 14,8 24381, 84.92 85.87 0.94 4.00 8381. 8638. 3.1 11¢z.
R=-717~-026H 91.86 186.7 186.1 0.0578 90.60 17.13 9.8 7.9 13205. 85. 67 87.36 1.70 5.34 8329, 8350. 0.2 886.
R-717-027H 93.94 193.2 192.5 0.0579 92.53 17.10 5.4 4.4 7345, 85.42 88.49 3.1 6.93 8281. 8436. 1.9 673.
R-717-028H 94 .81 196.2 195.2 0.0580 93.37 17.10 4.7 3.8 6360. B85.54 89.08 3.58 7.51 8261. 8390. 1.6 625.
R=717-0294 95.90 199.2 198,06 0.0585 94.33 17.23 3.9 3.2 5339. 85.54 89.7u 4.23 8.26 8306. 8272. -0.4 571.
R=717<030H 87.75 174.2 174.1 0.0676 87.03 20.13 34.0 27.4 44320, 83.71 84.36 0.58 3.72 $5876. 9905. 0.3 1509.
R-717-0318 89.25 178.7 178.4 0.0682 88.37 20.26 17.7 14.3 23168. 83.81 84.95 1.14 4.87 99 11, 10066. 1.6 1156,
R=717-032H4 91,61 186.2 185.4 (0.0687 90.61 20.33 9.9 8.0 13105, B4.22 86.24 2.02 6.38 9894. 3981. 0.9 881.
R-717-033H 94.62 195,2 194.6 0.0686 93.40 20.24 5.4 4.4 7287. 84.49 88.10 3.66 8432 9783. 9929, 1.5 668.
BR~717-034H 95.32 197.7 196.8 0.0686 94.13 20.21 4.7 3.8 6275. 8u4.25 B8B.44 4,23 8.97 9757. 9890. 1.4 6 18,
R-717-035H 96.55 201.2 200.,7 0.0689 95,20 20.27 3.9 3.2 5281. 84.22 89.19 4.99 9.84 9759. 9763. 0.0 563.
B-717-036H 86.38 170.7 170.2 0.0470 85.72 14.00 34.0 27.4 44212, 83.60 84,07 0.40 2,55 689 1. 6801. -1.3 1536.
R=-717-037H 87.48 173.7 173.4 0.0472 86.75 14.06 18.5 14.9 24150, 83.76 B84.54 0.77 3.33 69Gu4. 7125. 3.2 1179,
R-717-038H 89.45 179.2 179.0 0.0475 88.61 14.11 9.8 7.9 12989. 84.29 85.70 1.41 4,46 6896. 6938. 0.6 878.
BR=717-039H 91.21 185.2 184.,2 0,0474 90.30 14,03 5.4 4.3 7154, 84. 11 86.66 2.59 5.82 6834, 6982. 2.2 6€7.
R=717-040H 91.69 186,2 185.,7 0.0472 90.77 13.98 4.7 3.8 6206. 84.00 86.93 2.97 6.23 68G2. 6932. 1.9 621.
R-717-041H 92.85 190.2 189.2 0.0478 91.82 14.13 3.9 3.2 5243, 84.24 87.71 3.49 6.88 6859. 6850. -0.1 566.
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Table C-4 (continued)

Run No. Tv’ P, Psat’ Fc‘ Tc’ mc’ Fw’ Vs Re Tw,in’ Tw,out’ ATw’ aT, Qc’ Qw’ AQ X 100 Uo’
°F psia psia gpm °F 1bm/hr gpm  ft/sec °F °F °F °F Btu/hr  Btu/hr Q 0 Btu
hr-ft2.
R=-717-042H 86.02 169.2 169.2 0.0899 85.78 26.80 34.0 27.4 42627. 80.42 81.28 0.79 5.17 13196.  13349. 1.2 141,
R=717-043H 87.89 174.7 174.5 C.C9C5 87.48 26.92 17.7 14,3 22274. B83.37 81.93 1.55 6.74 13204, 13713, 3.9 1113,
R=-717-044R 90.85 183.7 183.1 0.0912 90.26 27.03 9.8 7.9 12535, 80.70 83,42 2.72 8.79 13177. 13385. 1.6 852.
R-717-045H 94.85 196.2 195.3 0.0918 93.97 27.05 5.4 4.4 7057. 81.05 85.91 4.91 11,37 13069. 13338. 2.1 653.
R=717-0U46H 95.96 199.2 198.8 0.0922 94.97 27.14 4.7 3.8 6077. 80,88 86.54 5.70 12.24 13081, 13312. 1.8 6C7.
R=717-047H 97.17 203.2 202.6 0.0917 96.11 26.93 3.9 3.2 5111, 80.51 87.17 6.68 13.33 12947. 1309C. 1.1 552.
R=717-048H 84.73 165.7 165.7 0.0239 83.85 7.13 34.0 27.4 43945. 83.19 83.48 G.22 1.40 3522. 3681. 4.5 1433,
R=717-049H4 85.37 168.2 167.4 0.0240 8u4.52 7.18 17,7  14.3 22974, 83.46 83.90 0.43 1.69 35420 3823. 8.0 1194,
R=-717-050H 86.43 171.2 170.4 10,0238 85.53 7.10 9.8 7.9 12869. 83,36 8u.59 0.73 2.20 3495, 3587. 2.6 901,
R=717-051H 87.15 173.2 172.4 0.0235 86.09 7-.02 5.4 4.4 7119. 83.56 84.85 1.33 2.95 3447, 3630. 5.3 665.
R=717-052H 87.42 173.7 173.2 0.0231 86.31 6.89 4.6 3.7 6010. 83.46 85.00 1.57 3.19 3is2. 3610. 6.7 602.
R-717-053H 87.85 175.2 174.4 0.0236 86.80 7.02 3.9 3.2 5142. 83.46 85.24 1.79 3.5) Juuy. 3519. 2.2 5€0-
R=717-054H 86.50 171.2 170.6 0.1C17 86.16 30.31 34.0 27.4 42489. 80.11 81.07 .90 5.91 1490&. 15197. 1.9 1433.
R=717~055H 88.46 176.7 176.1 0.1019 87.96 30.29 17.7 14.3 22204. 80.03 81.76 1.72 7.56 w842, 15223. 2.6 1115,
R=717-056H 91.82 187.2 186.1 0.1030 91,22 30.47 9.8 7.9 12512, 80.37 83.45 3.08 9.91 14820. 15159. 2.3 845.
R-717-057H 96.10 200.2 199.2 0.1032 95.23 30.34 5.4 4. 4 7049. 80.66 B86.12 5.49 12,71 14620. 14940. 2.2 653.
R=-717-058H 97.76 205.2 204.5 0.1040 96.71 30.51 4.7 3.3 6114, 80.89 87.20 6.34 13,71 ueu7. 14840. 1.3 607.
R=717-059H 99.90 212.7 211.5 0.1C47 98.77 30.¢€4 3.9 3.2 5177. B81.16 88.66 7.51 14.99 14638, 14733. 0.7 SEE.
R=-717-060H B4.43 166.2 16u4.8 0.02€8 83.68 8.61 34.0 27.4 43750. 82.81 83.12 0.24 1.47 42513, 4088. -3.9 1647.
B~-717-061H 85.11 167.7 166.7 (0.0288 Bu4.06 8.62 17.7 14.3 22832, 82.92 83.42 0.49 1.94 4281, 4302. 2.6 1244,
R-717~-062H 85.90 169.7 168.9 0.0281 8u4.91 8.40 9.8 7.9 12726. 82.87 83.74 0.88 2.60 4138. 4304. 4.0 904,
BR-717-063H 87.56 174.2 173.6 0.0287 86.22 8.56 5.5 4.4 7198. 83,30 8u4.84 1.58 3.u9 4203, 4354. 3.6 68ec.
R-717-064H 88.09 176.2 175.1 0.02€66 86.85 8.53 4.7 3.3 6138. 83,46 85.27 1.84 3.72 4182, 4314, 3.2 638.
3-717-065H 88.72 178.2 176.9 0.0286 87.32 8.51 3.9 3.2 5158. 83.54 85.67 2.14 4.1 4166, 4203. 0.9 576,
R-717-066H 86 .90 172.7 171.7 0.1064 86.50 31.69 34.0 27.4 42563. 80.23 81.22 0.92 6.17 15577. 15689. 0.7 1434,
R=-717=-067H 88.61 177.2 176.6 0.1071 88.07 31.83 18.0 14.5 22521, 79.79 81.58 1.78 7.93 15590. 15957. 2.4 1117,
R=717-068H 92.62 189.7 188.4 0.1076 91.85 31.80 9.8 7.9 12569. 80.68 83.89 3.22 10.33 15443, 15808. 2.4 849,
R=~717-069H 97.17 203.7 202.6 0.1080 96.19 31.72 5.4 4.4 7096. 81.10 86.78 5.72 13.23 15247. 15552, 2.0 655.
R-717-070H 98.59 208.7 207.2 0.1088 98.55 31.83 4.7 3.8 6165. 81.10 87.65 6.59 14.22 15251, 15482, 1.5 610.
8-717-071H 101.17 216.7 215.8 0.1090 100.00 31.84 3.9 3.2 5214, 81,57 89.43 7.88 15.67 15166. 15447. 1.9 550.
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Table C-5. Experimental data for ammonia condensing on tube HN (tube H with no rod on water side)

Run No. Ty P, Pat? Fer Ter Me» Fus Vs Re Tw,in’ Tw,out’ AT, aT, Qc» Q> 59 y 150 Uge

°F psia psia gpm °F 1bm/hr gpm  ft/sec °F °F °F °F Btu/hr  Btu/hr Q Btu

hr.ft2.°F

R=T717-0014N 83.75 164.7 163.0 0.04S3 82.91 14.76 33.3 18,0 109122, 80,52 80.99 o.uu 3.00 7304, 7276. ~0.4 1385.
R-717-0024HN 84.10 164.7 163.9 0,04S1 83,13 14,69 17.7 9.5 57570. 79.73 80.58 0.79 3.95 7262. 6949, -4.3 1046,
R-717-003HN 84.39 165.7 164.7 0.0495 83.42 14.81 13.3 7.2 43105. 79.30 80.u44 1.10 4.52 7317, 7305. ~-0.2 919.
R-717-004HN 85.77 169.2 168.5 0.0u4S1 B8u4.58 14.67 8.3 4.5 27143, 79.43 81.17 1.71 5.47 7229. 7110. =-1.6 71,
R=-717-005HN 88.27 176.7 175.6 0.0u462 86.68 14.66 4.9 2.7 16214, 79.42 82.35 2.91 7.39 T1€3. 7161. =C.3 553,
R=-717-006HN 88.84 178.2 177.3 0.0497 87.20 14.78 4.6 2.5 15298, 79.49 B2.66 3.14 7.77 7237. 7282. 0.6 529.
R=717-0074N 87.00 173.7 172.0 0.1173 86.32 34.97 33.3 18.0 106914, 78.57 79.66 1.05 7.89 17183, 17476, 1.7 122€,
R=-717-008HN 89.68 180.7 179.7 0.1181 89.07 135.(65 17.7 9.5 57095, 78. 48 80.50 1.98 10.19 17126. 17510. 2.2 9E5.
R-717-009AN 91.74% 186.7 185.8 0. 1178 90.80 34.88 13.3 7.2 43389, 79.35 81.75 2.67 11.34 16967. 17695. 4.3 850.
R-717=-010HN 95.05 196.7 195.9 0.1176 93.90 34.66 8.3 4.5 27294. 79.22 83.45 4.20 13.71 1674 1. 17315. 3.4 694,
R=-717-011HN 100.10 213.2 212.2 0.1184 98.71 34,65 5.1 2.8 17063. 79.04 B85.86 6.79 17.65 16545, 17275. 4.4 532.
P=717-012AN 101.77 217.7 217.8 0. 1189 100.20 34.70 4.5 2.5 15279, 78.90 86.59 7.66 19.03 165C9. 17378, 5.3 493,
R=717-0134N 83.41 162.7 162.1 0.0249 82,09 7.46 34.0 18.3 113059. 81.32 32.08 0.22 1.47 3693. 3816. 3.3 1430.
BR=717-014HN 83.78 163.2 163.0 0.0252 82.30 7.54 17.7 9.5 58730. 81.54 82.00 0.42 1.97 3731. 3717. -0.4 107¢.
R-717-0154N 83,95 164.7 163.5 0.02%2 82.46 7.54 13.3 7.2 44095, 81.41 82.00 0.55 2.24 3729. 3623, -2.8 944,
R=-717-016AN B84.87 166.7 166.0 0.0254 83.15 7.59 8.2 4.4 27155. 81.53 82.49 ¢.93 2.86 374€. 3786. 1.9 744,
R=-717-017HN 86.21 169.7 169.8 0.0253 84.24 7.55 5.1 2.8 17072. 81.75 83.23 1.45 3.72 3716. 3689. -0.7 5€8.
R-717-018HN 86.72 171.7 171.2 0.02%52 8u4.50 7.52 4.6 2.5 15u87, 81.96 83.60 1.61 3.94 3637. 370C6. 0.1 533.
R-717-019AN B85.53 169.2 167.9 0.C66% 84,72 19.98 17.7 9.5 57522, 79.53 80.65 1.08 S.44 585C. 9536, =-3.2 1029.
R=717-020BN 86.54 171.7 170.7 0.0668 85.72 19.91 13.3 7.2 43394, 79.67 81.15 1.43 6.14 9795. 9514. =-2.9 907.
R-717-0214N 88.43 177.2 176.1 0.0668 87.u47 19.86 8.3 4.5 27344, 79.72 82.08 2.33 7.53 9731. 9678. -0.5 734,
R=-717-0224N8 91,16 185.2 184.1 0.06€5 89.81 19.73 5.1 2.8 16861, 79.58 83.37 3.76 9.69 9608. 9556. -0.5 563,
R-717-023HN 92.16 138.2 187.1 0.0666 90.65 19.73 4.6 2.5 15356. 79.60 83.86 4,23 10.43 9589. 9761. 1.8 523.
R-717-024HN 85.43 166.2 167.6 0.0670 83.89 20,05 33.3 18.0 108394, 79.92 80.52 0.57 5.21 9885. 9469. -4.2 1078.
R=717-025HN 86.22 170.7 169.8 0.03C3 84.66 9.04 33.3 18.% 114176, 84. 32 8u4.61 0.26 1.76 4449, 4402. ~-1.0 144cC.
B-717-026HN 86.91 172.7 171.7 0.03C2 85.10 9.02 17.7 9.5 60776. 84, 33 B84.84 0.48 2.33 443z, 4212, =-5.90 1082,
R=-717-027HN 87.36 173.7 173.0 0.0303 85.54 9.04 13.3 7.2 45738. 8u4.38 85.05 0.65 2.65 4438, 4299, -3.1 952,
B=717-028HN 88.40 176.7 176.0 0.03C6 86.42 9.13 8.3 4.5 28774, B4.54 85.63 1.05 3.31 4471, 4376. =2.1 T€E7.
R-717-029HN 89.72 180.7 179.8 0.03C4 87.57 9.06 5.1 2.8 17674, 84. 47 B86.24 1.73 4,37 4424, 4409. -0.3 575.
R=-717-030HN 90.14 181.7 181.0 0.0306 87.99 9.09 4.6 2.5 16140. 84.51 86.u46 1.91 4.65 4439, 4433, -0.1 542,
B=717-031HN 86.46 171.7 170.5 0.0839 85.76 25.01 34.0 18.3 111959, 80.78 81.52 0.71 5.31 12303, 12127. -1.4 13H8.
B=717-032HN 88.17 175.2 175.3 0.0835 '87.13 2u4.85 17.7 9.5 58410. 80.63 82.02 1.37 6.84 12180. 12079. -0.8 1012,
R=-717-033AN B89.45 179.2 179.0 0.0843 88.39 25.05 13.3 7.2 44068. 80.73 82.58 1.82 7.80 12247, 12139. -1.1 892,
R-717-034HN 91.74 186.2 185.8 0.0842 90.42 2u4.95 8.4 4.6 28177. 80.79 83.75 2.93 9.47 12137, 12332, 1.6 728.
B=717-035HN 95.70 198.7 198.C 0.0843 94.08 24,84 5.1 2.8 1725S. 80.95 85.78 4.81 12.33 11981, 12235. 2.1 5¢€z.
BR-717~036AN 96.60 201.2 200.8 0.0846 9u.81 24.90 4.6 2.5 15774. 80.96 86.21 5.22 13.02 11983. 12104. 1.0 523.
BR-717-037HK 86.05 169.7 169.3 0.0999 85.25 29.83 33.3 18.0 107427. 79.02 79.97 0.92 6.55 14687. 15267. 3.9 1275.
R~717-038HN 88.24 175.7 175.5 0.1011 87.25 30.07 17.7 9.5 57239. 78.83 80.56 1.70 8.55 14740. 14984. 1.7 9€C.
BR-717-039HN 89.53 179.7 179.3 0.1011 88.59 30.02 13.3 7.2 43115. 78.73 81.04 2,27 9.65 14672, 15074. 2.7 864.
R-717-040HN 92.51 188.7 188.1 0.1019 91.32 30.14 8.4 4.6 27715. 79.02 82.64 3.57 11.68 14640. 15053. 2.8 712,
BR=717-08148 97.78 205.2 204.6 0.1036 96.27 30.43 5.0 2.7 16546. 79.15 85.27 6.09 15.57 14608. 15066. 3.1 533.
BR-717-042HN 98.86 208.7 208.1 0.1051 97.17 30.83 4.6 2.5 15565. 79.16 85.81 6.62 16.38 14762. 15363. 4.1 512.
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Table C-5 (continued)

Run No. Tv’ P, Psat’ Fc’ Tc’ Me» Fw’ Vs Re Tw,in’ Tw,out’ ATw’ oT, Qc’ Qw‘ aQ X 100 Uo’
°F psia psia gpm °F 1bm/hr gpm  ft/sec °F °F °F °F Btu/hr  Btu/hr Q Btu
hr-ft2.
R-~717-043HN 87.15 173.2 172.4 0.0676 B86.34 20.14 33.3 18.0 112152 82.68 83.30 0.59 4.16 3894, 9801, -0.9 1350.
R-717-044AN B88.58 176.7 176.5 0.0675 87.52 20.09 17.7 9.5 59727. 82.58 83.71 1.09 5.43 98 40. 9669. ~1.7 1029.
R-717-045HN 89.44 179.2 179.0 0.0676 88.36 20.10 13.3 7.2 W4967. 82.57 Bu.04 1.43 6.13 9824. 9438. -3.4 91C.
R-717-046HN 91.69 186.2 185.7 0.0675 90.36 20.01 8.3 4.5 28447, 82.95 85,32 2.34 7.56 373¢. 9711, =-0.2 732."
R-717-047HN 94.69 195.2 194.8 0.0680 93.02 20.07 5.2 2.8 17861. 83.03 86.84 3.78 9.75 3700. 9771. 0.7 565.
R-717-048HN 95.63 198.7 197.7 0.06€1 93.95 20.07 4.6 2.5 16083. 83.07 87.32 4.22 10.43 3680. 9735. 1.1 5217.
R-7T17-049HN 84,41 165.7 164.8 0.0176 81.90 5.28 34.0 18.3 115066. 83.30 83.u8 C.15 1.02 2510, 2493, -4.5 1455,
8~717-050HN B84.94 167.2 166.2 0.01E0 AZ.96 5.40 7.7 3.5 55557. 83.35 83.68 £.3C 1.42 2667. 2631. -1.3 1264,
R-717-051HN 85.25 168.2 167.1 0.0183 83.30 .46 13.3 7.2 45124. 83,37 83.82 0.42 1.66 2695. 2890. 3.9 922.
R-717-052EN 85.77 169.2 168.5 0.0177 83.56 5.31 8.3 4.5 28209. 83.39 84.038 0.66 2.03 26 14, 2724, 4.2 731.
R-717-0534N 86.35 171.2 170.2 (0.01€2 84,02 5.43 5.1 2.8 17310. 83.027 84.18 1.08 2.73 2672. 2753. 3.0 556.
R-717-054AN 86.50 171.7 170.6 0.0181 84.13 S.u1 4.5 2.4 15154, 82.91 84.15 1.22 2.97 2664, 2712. 1.8 509.
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APPENDIX D

ST CONVERSION FACTORS

An attempt has been made to present all key tables and figures in

dual units (ACU and SI).

to convert from ACU to SI units:

To convert from

Btu/hr
Btu/hr. ft2
Btu/hr. ft2.°F
Btu/hreft2.°F
Btu/lbm
Btu/1b_-°F
m

ft
ft2
ft/hr?
ft/sec
gpm
in.
1bf/ft
1b _/hr-ft

m
1b_/hr.ft2

m
psia
A(°F)

Temperature conversion:

cm

N/m

Pa-s

Pa«s/m

Pa

A(K) or A(°C)

T(K)
T(°C)

The following conversion factors may be used

Multiply by

.2929

152

.730

.675

.324 X 103

.184 X 103

.3048

.0929

.35 X 1078

.3048

.309 X 1079
2,54

14.59

4.134 X 10-%
1.356 X 1073
6.895 X 103

0.5556

O N O O MMV O

5/9 X [T(°F) — 32] + 273.15
5/9 X [T(°F) — 32]






4-11.
12.
13,
14,
15.
l6.
17.
18.

19-23,
24,
25.
26.
27.

28-37.
38.
39.

61,
62-235,

236.
237,
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239,
240.
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