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As the Nation’s principal conservation agency, the Department
of the Interior has basic responsibilities for water, fish, wildlife,
mineral, land, park, and recreational resources. Indian Territorial
affairs are other major concerns of America’s “Department of
Natural Resources”.

The Department works to assure the wisest choice in managing
all our resources so each will make its full contribution to a better
United States—now and in the future.

FOREWORD

This is one of a continuing series of reports designed to present
accounts of progress in saline water conversion and the economics of
its application. Such data are expected to contribute to the long-range
development of economical processes applicable to low-cost demineraliza-

tion of sea and other saline water.

Except for minor editing, the data herein are as contained in a report
submitted by the contractor. The data and conclusions given in the report
are essentially those of the contractor and are not necessarily endorsed by
the Department of the Interior.

ii



SECTION
1

2

APPENDIX

TABLE OF CONTENTS

CONCLUSIONS
INTRODUCTION
EXPERIMENTAL EQUIPMENT
PROCEDURE

TEST RESULTS FOR TWO AND THREE IN,
FLUTED TUBES

Presgure Drop

Entrainment

Condensing Film Heat Transfer Coefficients
Vaporizing Film Heat Transfer Coefficients
Overall Heat Transfer Coefficients

TRV RGNS
L]
VPN -

ATR IN CONDENSING STEAM -- EFFECT ON HEAT
TRANSFER IN THE FLUTED TUBE

EFFECT OF INDUCED SHEAR ON EVAPORATING SIDE
OF THREE IN. FLUTED TUBE

7.1 Cylindrical Insert and Spherical Balls
7.2 Spiral Baffle

APPARATUS FOR DETERMINING CONCENTRATION OF
AIR IN STEAM

PROGRAM LISTING

NOMENCLATURE

iii

PAGE

15

18
22
23
24

24
26

41

49

49
50

64

65

69

74



LIST OF FIGURES

Fluted tube.

Profile of fluted tube showing method of

installing wall thermocouples.

Manometer system for measuring pressures and

pressure drop.

Location of special thermocouples.

Mechanical flowsheet of test equipment.

Hookup and switching of special thermocouple

system.

Mechanical details for 3 in.

Modifications required for 2 in.

installation.

Pressure drop in the 3 in.

26 in. Hg vacuum.

Pressure drop in the 3 in.
26 in. Hg vacuum, calculated from tempera-

ture measurements.

Pressure drop in the
18 in. Hg vacuum.

Pressure drop in the
0 in. Hg vacuum.

Pressure drop in the
26 in. Hg vacuum.

Pressure drop in the
18 in. Hg vacuum.

Pressure drop in the
0 in. Hg vacuum,

Entrainment rate in
at 26 in., Hg vacuum

Entrainment rate in
at 26 in. Hg vacuum

the
(W,

the
(W,

iv

in.

in.

in.

in.

in.

w

w

fluted tube.

fluted tube at

fluted tube at

fluted tube at

fluted tube at

fluted tube at

fluted tube at

fluted tube at

in.

fluted tube

500 1b/hr).

in.
250,

fluted tube
1000 1b/hr).

fluted tube

Page

10
11

12

13

14

27

27

28

28

29

29

29

30

30



LIST OF FIGURES (Cont'd.)

Entrainment rate in the 3 in. fluted tube
at 18 in. Hg vacuum.

Entrainment rate in the 3 in. fluted tube
at 0 in. Hg vacuum.

Entrainment rate in the 2 in. fluted tube
at 26 in, Hg vacuum.

Entrainment rate in the 2 in. fluted tube
at 18 in. Hg vacuum.

Entrainment rate in the 2 in. fluted tube
at 0 in., Hg vacuum.

Condensing film heat transfer coefficient
for the 2 in. fluted tube at 26 in. Hg
vacuum. Coefficient based on mean tempera-
ture difference and developed heat transfer
area of 0.67 sq ft/ft of length.

Condensing film heat transfer coefficient

for the 3 in. fluted tube at 26 in. Hg vacuum.
Coefficient based on mean temperature differ-
ence and developed heat transfer area of 1.00
sq ft/ft of length.

Condensing film heat transfer coefficient for
the 3 in. fluted tube. Coefficient based on
mean temperature difference and developed heat
transfer area of 1.00 sq ft/ft of length.

Condensing film heat transfer coefficient for
the 2 in. fluted tube. Coefficient based on
mean temperature difference and developed heat
transfer area of 0.67 sq ft/ft of length.

Vaporizing film heat transfer coefficient for
the 3 in, fluted tube at 26 in. Hg vacuum.
Coefficient based on mean temperature dif-
ference and developed heat transfer area of
0.967 sq ft/ft of length (wL = 250 1lb/hr).

Page

31

31

32

32

32

33

33

34

34

35



LIST OF FIGURES (Cont'd.)

Vaporizing film heat transfer coefficient for
the 3 in. fluted tube at 26 in. Hg vacuum.
Coefficient based on mean temperature differ-
ence and developed heat transfer area of
0.967 sq ft/ft of length (WL = 500 1b/hr).

Vaporizing film heat transfer coefficient for
the 3 in. fluted tube at 26 in. Hg vacuum.
Coefficient based on mean temperature differ-
ence and developed heat transfer area of
0.967 sq ft/ft of length (wL = 1000 1b/hr).

Vaporizing film heat transfer coefficient for
the 3 in. fluted tube at 18 in. Hg vacuum.
Coefficient based on mean temperature differ-
ence and developed heat transfer area of
0.967 sq ft/ft of length,

Vaporizing film heat transfer coefficient for
the 3 in. fluted tube at 0 in. Hg vacuum.
Coefficient based on mean temperature differ-
ence and developed heat transfer area of 0.967
sq ft/ft of length.

Vaporizing film heat transfer coefficient for
the 2 in. fluted tube at 26 in. Hg vacuum.
Coefficient based on mean temperature differ-
ence and developed heat transfer area of
0.648 sq ft/ft of length (WL = 1000 1b/hr).

Vaporizing film heat transfer coefficient for
the 2 in, fluted tube at 26 in. Hg vacuum,
Coefficient based on mean temperature differ-
ence and developed heat transfer area of

0.648 sq ft/ft of length (W, = 330, 670 1b/hr).

Vaporizing film heat transfer coefficient for
the 2 in., fluted tube at 18 in. Hg vacuum.
Coefficient based on mean temperature differ-
ence and developed heat transfer area of
0.648 sq ft/ft of length.

Vaporizing film heat transfer coefficient for
the 2 in. fluted tube at 0 in. Hg vacuum.
Coefficient based on mean temperature differ-
ence and developed heat transfer area of
0.648 sq ft/ft of length.

vi

Page

36

36

37

37

38

39

39



7.4

LIST OF FIGURES (Con'd.)

Overall heat transfer coefficient for the
3 in., fluted tube at 26 in. Hg vacuum.
Coefficient based on mean temperature dif-
ference and developed heat transfer area
of 1.00 sq ft/ft of length.

Overall heat transfer coefficient for the
2 in., fluted tube at 26 in. Hg vacuum.
Coefficient based on mean temperature dif-
ference and developed heat transfer area
of 0.67 sq ft/ft of length.

Additional area required for the 3 in. fluted
tube due to the presence of noncondensable
gas -- a comparison of the Colburn-Hougen
method with experiment.

Profile of steam Reynolds number and air con-
centration -- computer simulation at 26 in.
Hg vacuum for 3 in. fluted tube.

Profile of heat flux with noncondensable
gas -- computer simulation at 26 in. Hg
vacuum for 3 in. fluted tube.

Cylindrical insert installed in 3 in. by 10
ft fluted tube,.

Balls 2.15 in. in diameter installed in 3 in.
by 10 ft fluted tube.

Comparison of heat transfer coefficient with
and without 2 in, diameter cylindrical insert
(see Figure 7.1) at 18 in. Hg vacuum with
fresh water. Coefficient based on mean tem-
perature difference and developed heat trans-
fer area of 1.00 sq ft/ft of length.

Comparison of heat transfer coefficient with
and without 2,15 in. diameter balls (see
Figure 7.2) at 18 in. Hg vacuum with fresh
water. Coefficient based on mean temperature
difference and developed heat transfer area
of 1.00 sq ft/ft of length.

vii

Page

40

40

46

47

48

55

56

57

57



Figure

LIST OF FIGURES (Cont'd.)

Comparison of pressure drop with and without
2 in. diameter cylindrical insert (see
Figure 7.1) at 18 in. Hg vacuum with fresh
water,

Comparison of pressure drop with and without
2,15 in. diameter balls (see Figure 7.2) at

18 in. Hg vacuum with fresh water,

Comparison of entrainment with and without

2 in. diameter cylindrical insert (see Figure

7.1) at 18 in. Hg vacuum with fresh water.

Comparison of entrainment with and without
2,15 in. diameter balls (see Figure 7.2) at
18 in., Hg vacuum with fresh water.

Spiral baffle installed in 3 in. by 10 f¢t
fluted tube.

Comparison of heat transfer coefficient with
and without the Sephton spiral baffle (see
Figure 7.9) at 18 in., Hg vacuum with fresh
water and brine, Coefficient based on mean
temperature difference and developed heat
transfer area of 1.00 sq ft/ft of length,

Comparison of pressure drop with and without
the Sephton spiral baffle (see Figure 7.9)
at 18 in. Hg vacuum with fresh water and
brine.

Comparison of entrainment with and without
the Sephton spiral baffle (see Figure 7.9)
at 18 in. Hg vacuum with fresh water and
brine.

Detailed drawing of flow distributor.

Apparatus for measuring noncondensable
content of steam.

Flowchart for computer program for pre-
dicting heat transfer by Colburn-Hougen
method.

Flowchart for convergence subroutine.

viii

Page

58

58

59

59

60

61

62

62

63

66

67

68



LIST OF TABLES

Range of operating conditions.

Summary of runs with fresh water for 3 in.
by 10 ft fluted tube.

Summary of runs with brine for 3 in. by
10 ft fluted tube.

Summary of runs with fresh water for 2 in.
by 10 ft fluted tube.

Summary of runs with brine for 2 in. by
10 ft fluted tube.

Summary of runs with air in the condensing
steam for 3 in. by 10 ft fluted tube.

Comparison between Colburn-Hougen predic-
tion and experimental results.

Summary of heat transfer runs for 3 in. by

10 ft fluted tube with induced shear and
turbulence.

ix

Page

16

19

20

21

21

43

44

53






1. Conclusions

Data is reported from a single tube pilot plant with 10 ft
copper fluted tubes of 2 and 3 in. diameter. Detailed analy-
tical studies will be included in a later report. Discussion
of the experimental results is included in Sections 5, 6 and 7.
Some of the major conclusions are as follows:

-~ The brine and fresh water pressure drop data for the
3 in. tube and the fresh water pressure drop for the
2 in. tube are correlated reasonably well by a simple
relationship (Equation 5.1). Liquid flowrate had
little effect on the pressure drop.

-- Entrainment rates with brine at the higher heat fluxes
and liquid flowrates used for this study were high,
sometimes in excess of 100 1b/hr.

-~ There is no evidence of flooding of the fluted con-
densing surface as would be indicated by a drop in
condensing film heat transfer coefficient at the
higher heat fluxes.

-~ The condensing film heat transfer coefficient is 3 to
5 times higher than the evaporating film heat trans-
fer coefficient.

-~ Both the condensing film and vaporizing £film heat
transfer coefficients show a trend for an increase
with an increase in temperature,

-~ Sea water (concentration factor of one) gives higher
evaporating film heat transfer coefficients than
fresh water. Brine with a concentration factor of
2,5 to 3.2 gives lower evaporating film heat trans-
fer coefficients than fresh water. One exception
to this is the 1000 1lb/hr rate in the 2 in. fluted
tube. At this condition a very significant increase
in evaporating film heat transfer coefficient is
obtained within a certain heat flux range.

~-- The Colburn-Hougen method (2.2) successfully predicts
the effect on heat transfer of a noncondensable gas
in condensing steam for the 3 in. by 10 ft fluted tube.

~- Some improvement in the heat transfer coefficient was
obtained at a 500 lb/hr flowrate in the 3 in. fluted
tube with inserts in the middle of the tube. The
spiral baffle gave a 9 percent increase in overall
heat transfer coefficient.



2. Introduction

The objective of this study was to obtain data suitable for
engineering design purposes for the fluted tube in downflow VTE
operation and to explore the effect of certain variables upon
performance. Not only was heat transfer data taken but also data
on pressure drop and entrainment. Three in. and two in. nominal
diameter tubes with a 9 ft 10 in. fluted section were tested.
Variables studied were liquid flowrate, salinity and temperature.

The effect of the presence of air in condensing steam on
heat transfer with the fluted tube was also studied. The presence
of air or any noncondensable gas in condensing steam reduces heat
transfer by:

-- Reducing the bulk temperature of the steam, thereby re-
ducing the temperature driving force available for heat
transfer.

-~ Providing a diffusional resistance to transport of the
steam to the liquid interface which further reduces the
available temperature driving force.

Air leakage into distillation effects operating under vacuum
cannot be completely eliminated with present technology. There-
fore, knowledge of the effect on heat transfer of air in the
condensing steam is needed. An earlier segment of this study
(2.1) determined the effect of noncondensables with condensation
at one point on a vertical smooth tube. The relation of Colburn
and Hougen (2.2) for predicting the effect of noncondensables gave
good agreement with the experimental data. 1In the work reported
here heat transfer for the fluted tube with air present in the
condensing steam was checked over the widest range of conditions
feasible with the present equipment. A comparison of the exper-
imental results with the prediction of Colburn and Hougen is
given.

Experiments to determine the effect on heat transfer of
induced shear and turbulence on the evaporating side of the fluted
tube are also reported here. The resistance to heat transfer in
a doubly fluted tube was shown to be much higher on the evaporating
side than on the condensing side. Further improvements in fluted
tube heat transfer must be directed to reducing the resistance of
the evaporating film.

(2.1) OSW R&D Report No. 287 (1967), Houston Research Institute.

(2.2) Colburn, A. P., and O. A. Hougen, Ind. Eng. Chem., 26,
1178-1182 (1934).




Three different methods of inducing shear and turbulence in
the evaporating film were used in a 3 in. diameter by 10 ft
doubly fluted tube:

1. Cylindrical 2 in. diameter baffle in approximate upper
1/3 of tube.

2. Balls of 2.15 in., diameter installed 5 in. apart in
approximate upper 1/3 of tube.

3. Sephton spiral baffle over the full tube length.
Installation of the first two in the upper part of the tube

serves to increase the velocity and shear where they are normally
the lowest.



3. Experimental Equipment

Several different configurations of the fluted tube have been
produced. The one used in this study is generally known as Pro-
file 9. It was tested in both the 3 in. and 2 in. nominal diameter
sizes. A photo of the 3 in. fluted tube tested is shown in Figure
3.1, and Figure 3.2 shows the approximate characteristic tube
dimensions in cross-section based on information from Oak Ridge
National Laboratory (ORNL) (3.1). Both tubes have a 9 ft 10 in.
long fluted section with a smooth portion at each end and are
made of ASTM 375 copper. The 2 in. tube was prepared from a 3 in.
tube at ORNL by cutting out a 1 in. strip, reshaping it and weld-
ing it back together. The 3 in. tube, as received, had a moderately
adherent layer of corrosion product resulting from previous testing
at ORNL. This was removed by a thorough scrubbing both inside and
out until the tube had the appearance shown in Figure 1. The
2 in. tube had apparently not been tested previously.

A flow diagram of the apparatus in which the two tubes were
tested is shown in Figure 3.5 with mechanical details in Figures
3.7 and 3.8. Unevaporated water from the VTE (vertical tube
evaporator) drops to the holdup tank. Makeup water is added
at a rate sufficient to maintain a relatively constant salinity.
Brine recirculation rate is measured with a rotameter. Steam or
hot water flowing to the feed water heater is automatically con-
trolled to maintain the desired feed water temperature. The
water is evenly distributed around the periphery of the inside
of the tube with a Shutte and Koerting model 1/2 SK 622F spray
nozzle with a hollow cone pattern. Most of the water falls
down the inner wall of the tube in an annular film. Some of the
water, however, is torn from the wall by the shearing action of
the steam which is generated. At the bottom of the tube, the
entrainment sampling cone (shown in Figure 3.5 in lowered position)
collects the steam and entrainedliquid. A carefully machined
deflector attached to the end of the tube draws the annular
liquid film away from the sampling cone and directs it to the
holdup tank. Clearance between the entrainment sampling cone
and deflector must be great enough so that the tops of the waves
in the liquid film are not clipped off and enter the sampling
cone with the steam. To further assure that all the liquid is
deflected, a small amount of steam is by-passed through the
clearance between the deflector and sampling cone, bypassing the
cyclone separator. The steam and entrained liquid from the
sampling cone pass through the cyclone separator where the en-
trainment is removed and falls into the entrainment tanks for
measurement,

(3.1) Alexander, L. G., J. D. Joyner, H. W. Hoffman, Advanced
VIE Heat-Transfer Surfaces, OSW Symposium on Enhanced
Tubes for Distillation Plants, Washington, D. C., March 1969



The steam produced in the operation goes to the condenser
and vacuum system, A two-stage steam jet ejector is used to
pull a2 vacuum on the system. Vacuum is controlled at any de-
sired level by bleeding air into the line ahead of the vacuum
system,

Steam flow rate to the four in. diameter shell is automat-
ically controlled to maintain the desired shellside pressure.
The steam is desuperheated with prescribed amounts of water in
a desuperheater. This is a small vessel containing two sections
of wire mesh into which the water required to desuperheat the
steam is metered. The wire mesh prevents the water from passing
out of the desuperheater without being evaporated.

Steam condensate at the bottom of the shell flows through
a steam trap, is then cooled in a heat exchanger and collected
in a condensate tank. This tank has a two position level con-
trol which actuates a pump to automatically pump out the conden-
sate for weighing whenever it reaches a certain level. A
manually controlled vent at the bottom of the shell is required
to prevent the buildup of noncondensable gases. A careful test-
ing procedure during installation finds the major leaks and
allows them to be eliminated or minimized. However, it is
impossible to completely eliminate all leakage. Noncondensables
are also present with the incoming steam. These will in time
build up on the shellside and seriously impede heat transfer
if they are not vented.

Extensive temperature, pressure and flow rate measurements
are taken on each run to permit the calculation of heat trans-
fer rates from material and energy balances independently on
both the shell side and tubeside. Manometers with water or
mercury are used for pressure drop and vacuum measurements
because of their accuracy and reliability., The absolute pressure
and pressure drop measuring system is shown in Figure 3.3.

A special thermocouple system shown in Figure 3.4 was
installed to determine temperature differences for calculation
of experimental individual heat transfer coefficients. Thermo-
couples for this purpose have a stainless steel sheath with
ceramic packing. Six thermocouples were installed in the wall
along the length of the tube. Their location in the wall is
shown in a profile view in Figure 3.2. Slots of 1.5 in. length
were milled into the tube for each thermocouple so that the
conduction error associated with this type of installation
would be minimized. The thermocouples were soldered in place
with a low melting solder, Eutec* Rod 157-B, In the 3 in.

% Eutectic Welding Alloyé Corporation



diameter tube half of the thermocouples were 0.04 in. and half
were 0.02 in. Figure 3.2 shows how each of these are located
but only one thermocouple was used at each position. For the

2 in, tube all the imbedded thermocouples were 0.04 in. diameter.

Locations of all of the special thermocouples are shown
in Figure 3.4. 1In addition to the thermocouples imbedded in
the wall, 0.062 in. diameter thermocouples were used for mea-
suring the temperature of the steam and the vapor produced on
the tube side. Those thermocouples installed on the tube side
were brought out through the lower end of the tube rather than
through the wall in order to avoid disturbing the liquid flowing
down the wall. Special limits of error were requested on all
the sheathed thermocouples., Thermocouples for the three in.
fluted tube were calibrated according to ASTM Standard E 220-64
Method C. For the two in., tube the thermocouples were calibrated
by the manufacturer.

The thermocouples performed very well. The only problem
was an occasional partial short, probably from moisture or
dust, at the end of the thermocouple sheath where the transi-
tion to lead wire was made. This occurred only with the 0.02
and 0.04 in. thermocouples. After the problem was identified,
the shorts were corrected, if they persisted, as soon as the
job could be scheduled. This usually involved cutting back
some of the stainless steel sheath and exposing additional
thermocouple wire which was then connected to the lead wire.

The thermal conductivity of the copper tube wall was so
high that the temperature drop across it in the worst case was
only about 0.2°F, Therefore, the surface temperature could
reasonably be assumed the same as the temperatures indicated
by the thermocouples imbedded in the wall of the tube. The
temperature across the evaporating and condensing films could
then be determined, However, there was no way of obtaining
heat flux at various points along the length of the tube.
Therefore, individual heat transfer coefficients averaged over
the length of the heated section were obtained based on mean
thermal driving forces and the heat flux calculated from the
material and energy balance. The thermocouple hook-up and
switching circuit is shown in Figure 3,6, Temperature differ-
entials are of primary importance in determining the experimental
heat transfer coefficient. For this reason, a thermocouple
switching and measuring circuit was designed so that various
thermocouple pairs could be connected in series opposition.
Since the thermocouples were of the grounded junction type and
it was not practical to electrically insulate them from one
another, an isolating comparator circuit, described by Dauphinee
(3.2) and modified by Vanbo Pak (3.3), was included in the

(3.2) Dauphinee, T. M., Canadian Journal of Physics, 33, 275 (1955)

(3.3) Vanbo Pak, IZMERITEL NAYA TEKHNIKA, No. 6, 23, June 1962



circuit. The thermocouple reference junction used was 150°F
Pace-Wiancko Model BRJR13-12TT.

FIGURE 3.1 Three in., diameter fluted tube.
7
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4, Procedure

The range of operating conditions covered in this study is
shown in Table 4.1. Three levels of tube side vacuum were ex-
plored; 0, 18 and 26 in. Hg vacuum. Temperature driving force
ranged from 2 to 18°F. Experiments were run on a standard 3
in. fluted tube as well as on the special 2 in. fluted tube.
Between the two tubes the liquid flow rate ranged from a low
of 250 to a high of 1000 1b/hr. As indicated in the table, the
Reynolds number of the evaporating liquid in the tube based on
nominal tube diameter varied from about 900 to 5400. Reynolds
number is calculated from

Re = QWL
L 73;; (4.1)
where ReL = Reynolds number of liquid film on vaporizing side
W, o= liquid flow rate, 1lb/hr
T = dimensionless constant, 3.1416
D = nominal tube diameter, ft.
Wy = viscosity of liquid film, 1b/(£ft) (hr)

The fresh water runs used tap water which was softened
before charging to the equipment in a household type softener.
Sea water for testing was obtained from the Freeport Test Bed
or prepared from a commercially available artificial sea salt.
The unevaporated water was recirculated in the system. With
brine recirculation, makeup water was added continuously during
a run to replace the evaporated water and keep a uniform brine
concentration., The amount of water added was accurately weighed
so that its contribution to the material balance could be deter-
mined. The recirculating brine was continuously filtered using
a ten micron cartridge filter.

The pH and alkalinity of the recirculating brine tended
to drift upward during the runs, The pH was determined frequent-
ly during the operation and acid was added when necessary to
maintain scale-free operation. In spite of this, an alkaline
scale was deposited on the inside surface on two occasions when
solubility limits were exceeded., This was removed in each case
by a short period of recirculation of a sulfamic acid solution
containing a corrosion inhibitor.

Data taking at a given condition was not begun until the
system had reached a steady operating condition. The time

15



TABLE 4.1

RANGE OF OPERATING CONDITIONS

Tubeside Vacuum, in. Hg

0 (1 atm) 18 26

Concentration Factor

Range of Differential Temperatures

2 to 18°F

Water Flowrates

Rate Rate Nominal

for for Peripheral Re
3" Tube 2" Tube Rate L
Lb/Hr Lb/Hr Lb/(hr) (in.)

250 - 27 900
500 330 53 ‘
1000 670 106 ¢
——— 1000 159 5400
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required to line out the equipment was normally 30 to 60 minutes
unless some abnormal problem was encountered, such as equipment
mal function or a load change which required readjustment of

the proportional band or reset rate on one of the controllers.
Usually four complete sets of data were taken at intervals of

8 to 15 minutes. Data recorded consisted of temperatures,
thermocouple EMF outputs, rotameter readings, tank levels,
pressures, differential pressures and weight of condensate and
makeup water. Tank levels and condensate weighings were converted
to flowrates and the mean values for these and each of the other
recorded variables were calculated., The averaged values were then
transferred to punched cards for computer analysis. The computer
program included calculation of thermocouple calibration correc-
tions, average individual heat transfer coefficients, material
balance and energy balance.

In order to complete the material and energy balance for each
run, values for the heat loss from both the tubeside and shell-
side were required. These were determined experimentally for a
range of differences between the equipment temperature and
ambient temperature. A samll amount of steam was passed through
both the shellside and tubeside with the pressure equalized be-
tween the two. Changes in level of the condensate tank, holdup
tank, and entrainment tanks were recorded for a period of about
two hours. The changes in levels, resulting from heat loss and
condensation of the steam, were converted into equivalent heat
loss terms for the appropriate portions of the equipment.

17



5. Test Results for Two and Three In. Fluted Tubes

The test results for the three in. tube are summarized in
Tables 5.1 and 5.2 and results for the two in. tube are listed
in Tables 5.3 and 5.4. Data which was unavailable because of
equipment mal function, e.g., short-circuit in thermocouple
connection, or for any other reason are left blank.

The test results are presented graphically in Figures 5.1 to
5.28 with the accompanying discussion in Sections 5.1 to 5.5.

The various headings for Tables 5.1 to 5.4 are further
described as follows:

Run Number

Each of the identifying run numbers in the table includes
a sequential integer number.

Tubeside

Water Rate: Feed water rate to top of tube as measured
by rotameter (FIl in Figure 3.5).

Feed water Temperature: Measurement from thermocouple
TR1-4 in line before control valve used to regulate
flow to tube.

Overall Pressure Drop: Pressure drop between tube inlet
and entrainment sampler (See Figure 3.3).

Tube Pressure Drop: Pressure drop between tube inlet
and static pressure probe (See Figure 3.3).

Entrainment: Amount of water entrained in steam at
the tube exit.

Water Evaporated: Steam at tube exit calculated from
material and energy balance.

Heat Transfer:
Based on shellside material and energy balance.
Heat Balance Check:

Comparison of heat transfer based on shellside to
that based on tubeside.

Lo g-Mean AT: Overall thermal driving force determined
from readings of thermocouples Tl, T4, Bl and B4 in
Figure 3.4.



MARY CF RUNS W

TUBESIDE
Overaldl Tube Water Heat
Water Feed Pressure Pressure Entrain- Evap- Heat Balance
Rate Water Drop Drop ment orated Transfer Check

Run No. Lb/Hr Temp,°F In.Water In.Water Lb/Hr Lb/Hr M BTU/Hr %
vil126<208 500 127,0 30 «20 4eb 7190
viil26.209 780 126,0 30 20 Tel 671
vII126.2)0 2%0 128,0 30 20 12.1 83.2
vill26e211 2%0 1268, 20 o158 12.1 45,4
vill2e.212 500 124,90 ol «10 3,6 4,0
vili26.213 290 126 60 55 14,4 114,86
vil126.214 800 126.,0 50 30 4¢3 9%.7
vill126.215 500 126,40 20 010 5.3
vIi1I26.216 299 126.0 38 13,2
viil2e.217 780 127,.,0 20 19 8,6
vIiI26-218 s00 126,0 «40 33 4.6
vii]a6=219 250 126.0 50 60 10.1
vill18.220 500 170.0 07 «05 5.3
villl8.221 2%0 1700 «08 +0% 9.8
vilil8=222 500 171.0 10 +10 4.6
vill18.223 750 170,0 o10 10 6.7
viil18.22s 2%0 172.0 «20 17 9.l
viill18-22% 500 148,0 20 20 42
vill18.227 250 173.,0 «30 «30 4,7
vi1l26.228 S00 126,90 «30 Y1l 403
vIiIl 0.229 250 213,98 «30 10 6.8
vIll 0.230 506 213.0 10 »10 7.9
Vi1l ¢e231 750 214,0 o185 010
vill 0.232 $00 21%.8 «20 18
vill 0.234 500 214,0 «30 28
vi1126-238% 800 125.0 .18 10
vi1126.236 250 126.0 010 05
viIl26.237 2350 126,0 «30 «20
vill26.238 Fil] 126,0 35 35
VIII 0239 2%0 214.0 23 20
VIII 0240 215,0 29 22
villas.2s] 126,0 25 +20
VIi126-249 126,0 40 20
VIIl 0-282 217.0 10 010

217.0 el0 10
v 217.8 13 10
X 126.0 40 23
X 123.0 80
X 26.268 126,0 35 ]
X 130,0 93 «80
X 181.0
H 190,90
X 172.0
X 213,0
X 214,0
X uOO-“
X 170,
X 172.0
] 126,0
X 125,0
X 126,0
X 217.0
208,0
X 126,0
124,80
X 214,90
X 126,00 017
X 217.0 «09
X 173.,0 0,00
X 173,90 0.00
X 173,.0 0,00 107.2 11244
L 17640 29 0400 109.3 11143

(4) Inside of tube scaled.

for calculating U based on nominal tube diameter of 3.00 in.
for calculating h, based on developed outside heat transfer
estimated to be 1.00 sq ft/ft of length.
for calculating h;y based on developed inside heat transfer
estimated to be 0.967 sq ft/ft of length.
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TABLE 5.1
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FRESH WATER FOR IN., BY 10 FT FLUTED TUBE
HEAT TRANSFER
TEMPERATURES, °F (See Figure 3.4 for locations) wﬂcmNMMWHM%wzw °F
T4 M4 B4 w1l W2 W3 Wa W5 W6 T1 M1 Bl u(1) h (2) h,(3)
] i

131.2 13141 131,46 129.9 129.7 129,8 126,0 12).9 123.7

. 1267 ss
ww”.“ ~w?o 131.1 13000 129.7 12947 123.2 123.2 123.0 1143 Gwm wwww
130.1 130.1 130.5 129.0 128.7 128.7 123,64 123,58 123.3 157N 8284 1810
125.4 128.2 128,3 124.4 124,5 126,44 122,0 121.9 121.8 1823 6634
126,9 _wo.o 126,9 126.1 128,.8 125,7 121.8 121.8 1214 1128 6184
1339 _um.” 130,2 129,6 129,4 121.5 1213 121.0 1211 4380
_.uo-— —U . 133.1 132,7 132.1 122,90 121.8 121.8 mm (1Y 1]
130.1 J?m 129.3 129.1 120,7 122.8 122.8 122.6 (11} 208
nUO-ﬂ on- 129.0 128,6 ﬁW..N 126,0 12,9 123.7 1442 4781
30.7 130.6 129.8 129,6 129.4 122.8 122.8 122.6 ”9e o439
1 a.o 13%8.1 133.8 132.6 129.9 123,55 123,% 123,2 .«n
ww».. 134,1 132.9 131.7 123,9 123.7 1234 1218
:“.n 169.8 169.0 169,1 168, 168,1 160.0 1203
:... me.m 169,1 169.0 167,9 187,9 167.9 1362
17408 _.~ . 173.5 172,9 172.0 168,6 166,7 168,6 1163 708 1254
178.0 _iw.w 173.6 173,1 172.4 168,8 168,68 168.8 1094 4249 1118
:-J —J.q 1727 171.9 170.8 168,4 168,5 168, 4 1563 4419 1724
:o.o _3. ﬁ;.u 175.1 17640 168, 168,2 168,) 1282 436] 1317
-o.u -o.uo 1764 175.,3 178.1 168, 168.) 16841 1408 4281 1582
~5.. _:.» 12844 127.8 127.7 122,4 12244 12202 1208 S839 1274
2134 2 3.8 .zw.m 2131 212.9 2133 211.4 211,58 211,98 2226 11670 2174
213.8 w”o. 213, 21341 213.0 213.3 211,2 21143 211.3 1909 10424 18464
21648 o.w 21644 218,49 215.6 21%,9 211.6 211.7 211.6 1732 10668 1623
216.8 NM -8 216,7 216,1 215.8 216.0 211,.8 211.9 211.9 1880 10498 178¢
;.w.. 2 M.m 221.5 219.9 218,9 218,9 211.8 211,9 21149 1904 7482 1943
~ND-U uwm-w —NM.N _N”-ﬂ 126.0 125.7 123,6 123.7 12,6 1130 k1244 nni.
126.3 _mo. _mo.N 128,60 124,9 124,7 123,3 123,3 123,2 1718 4738 1917
uUOoO WUOow nNO.M 128,1 127.% 123,2 123,2 12340 1663 3949 1680
13404 :. Zq.m 132.6 132.6 124,2 124,1 123.8 1328 6853 1278
-_.o wm .oo m~ -8 217,2 217,.4 216,7 12,4 212,98 212,64 1729 827s 168
221.9 uT. 21. 220.1 220.5 219.3 212,0 212.1 21241 1668 6868 1678
130.8 .wm. 130,7 129,7 129,.8 128,3 12¢,0 124,0 123,.9 1021 4528 1003
So.. _u ol 135,1 133,6 133, 131.8 124,90 124,40 123,7 1094 5699 1082
13448 1 w.n 134.6 133,2 133.7 131.9 126,6 124,83 12442 131 65se 134)
a1s.7 21 '8 215,5 215.1 215.1 215.2 211,2 211.3 211.2 1630(4) 10930 1303 (4)
2129 Sw.. Sw.w 21346 213.6 21347 211.8 211.9 211.8 1252(4)  060e 1167 (4)
218.9 218. 218, 217.7 217.7 217.9 212.0 21201 21240 1538 (4) 1688 (4)
HR 14901 129,7 129.1 129.2 128.7 122,83 122.3 1294 1210
ar 137.6 137.6 138.6 135,8 136,6 125.0 124,6 1223 1183
1332 133,8 133,7 132.2 132,6 1316 123.5 1234} 1 1326
is " 139.5 140,0 137.3 137,90 136,1 122,9 121.7 1228 149
:«U 180,1 179.7 170.4 178,9 177.7 169,.2 169.1 1502 “ﬁ:
11007 _WNL 17649 175,58 178,9 174,46 166,0 166,0 165.9 1483 1624
22128 - « 179,5 178,1 178,3 177.3 168,8 168,8 168,08 1631 1374
1.0 221, 221,6 220.3 220.7 219.7 212,0 212,1 212.0 1872 1794
zo.. 221.0 220,9 219.4 219,7 211, 211.7 20% 088
192 w““w ““mw ”w“u u“u& 160,7 168.6 1003 wS.

L] . L] .’

179.¢ 1796 179,2  177.8  177.8 16729 16704 HH oz
Sw.- 129,4 129,2 120.6 120,4 123,3 123,1 1104 _3.

.ﬂ 131.0 132.0 131.0 130,08 122,% 122.3 1138 t 15
www.o 138,7 138,5 134,2 133.8 121.4 Sno 1043 _“S
220.9 WW“« .m:w.o 218.4 210.3 217,90 211.1 211.2 211} 1566 1538
135 8 3 -D 17.6 216.8 216.5 216¢4 211,2 21142 211.2 1681 158
1 _uw. Sn.o 134,2 134,1 133,9 123,9 123.8 123.3 1129 1043
133 w_u.” :u.u 133.1 133.0 133.0 121,90 121,7 1213 1079 1014
12707 1217 Games adees e 12606 12 i g e 198

L] L]
m._*nuw wnum m.w”.u 214, w“w.u n.ww.u ~”n“m MLHW ”“un _u“”
174,2 176.2  174.0 17308 1720e  lee:]  laed 444
Hed e e 1038 ~3.. 169,] 109,2 1302
o4 .

1704 1793 79,4 7903 17841 “3.. ”.n“. “”“"“ leass “w”u “ww“
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SUMMARY OF RUNS WITH

TABLE 5.3

FRESH WATER FOR 2 1IN,

BY 10 FT FLUTED TUBE

TUBESIDE
Overall Tube Water Heat Log-
Water Feed Pressure Pressure Entrain- Evap- Heat Balance Mean HRAT TRANSFER
Rate Water Drop Drop ment orated Transfer Check AT TEMPERATURES, °F (S Fi 3.4 f i COEFFICIENT
Run No. Lb/Hr Temp,°F In.Water In.Water Lb/Hr Lb/Hr M BTU/Hr % °F T4 M4 B4 wl w2 zwmm »mcw.M!: * ef locstions) wsc\AwaAmo FD°F)
W5 wé T1 M1 Bl U(l
xlv 262347 330 120,0 1.2 45,9 5.3 2.3 5,7 126.6 12602 126.2 (L h (2) h, (3)
. . . . . . 123.0  123,0  122.7 .9 t
"w“ w".wnw 670 126.0 50 7.2 37.2 35.8 3.8 5.8 127,85 127.3  127.4 126.4  126.5  126.3 wwm 3 “ww.w 19,2 118,9  118.3 1543 4568 1745
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Alv 26-38 670 126.0 1.20 .38 Be4 6049 65.5 6.6 11.2 136,88  136.7 136.8  134,7 135.3  135,2  134.8 134.8 3.5 -..o 126+2 1231 1596 sT40 1649
xiv No.umm MWO ~wu.w ~.n° 1.10 9.5 79,1 83,5 3,3 15,8 140,9 1640, 13946 136.7 137.8 137.5 136.9 137.2 wu~.~ pwm.a 125.8 1251 1125 S33s 1109
8352 o la2e. 2.80 2.10 10.3 92.6 99.6 6.9 1702 141.3  141.3  }41.3  138,3  138.7  139.1  138.4  138.6 38, 12e02  1Zeer 1237 1018 188 1034
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- 000  126.0 3.22 3.06 25.4 971  103.7 a7 1707 14300 162.8  142.7  139.9  139.5  160.3  139.5  139.5 304 1oty 12oer 128.0 1099 s8s7 1044
xiv 25:3% 9 1% 4,90 .56 30,7 105.3  10S.4 3.1 17.8  139.0  139.7 138.6  136.1  135.3  136.1  135.3 13508 0° 122.3  125.8  123.9 1128 poLS 1144
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TABLE 5.4
SUMMARY OF RUNS WITH BRINE FOR 2 IN. BY 10 FT FLUTED TUBE
TUBESIDE
Overall Tube Water Heat Log- HEAT TRANSFER
Water Feed Chlo- Pressure Pressure Entrain- Evap- Heat Balance Mean COEFFICIENT
Rate Water rinity Drop Drop ment orated Transfer Check AT TEMPERATURES, °F (See Figure 3.4 for locations) BTU/HR - FT2 . °F
Run No. Lb/Hr Temp,°F G/Kg In. Water In. Water Lb/Hr Lb/Hr M BTU/Hr % °F T4 M& B& wl w2 w3 A ws wé Tl M1 Bl u(l) h (2)
: 2 h, (3)
264353 670 125.0 41,5 .60 9.4 30,4 3l.8 -9,9 6.1 130,5  130.4 13046 1291 129.4 129,6  129,0 ; X
. . . . . . . 29,5
264354 670  125.0  51.3 .68 10.4 30,0 29.8  <=l4,0 6.0  129.8  129.7 129.7  l28.4 128.7 128,9 126.7 wwn“w www.w “ww.m _u.w N 156e
26.3%% eT0 128,0 S1.0 1e16 12.6 52,0 51,0 =8,3 1002 133.8 133.2 133.3 131.6 131.7 131.9 131.6 131.8 131.6 123 .8 -u.m . m.o " 4100 964
26.361 670 125.5 S0.0 $.30 $.90 25.0 108,5 100,7 -24,8 16,9 162.7 142.7 1400 139.9 140.5 139.5 139.9 12801 127.8 ~u.< 963 4435 964
26.362 1000  128.0 54,0 136 +90 21.2 40.9 32,4 16,4 6.0  128.1  127.9  128.0  126.8  126.9 126.6  126.9  126.9 128,112, 125. 1148 6362 1227
26.363 1000  128,5 54,0 7,40 5,70 64,8 89,1 86,6 -2,3 123 135.3  135.5  13%.2  133,0  133.64  133,3  132,3  132.5 13500 123.8 121.¢ 104) 4135 1068
262304 1000 128,0  52.0 13,20 168.0 213.0 113.5  =81,2 17,7 167,4 147,3  147.3 145,3 143.3 143,46 142,4 142,7 139.0 135.3 2.7 1220 1238 3099 et
262365 670  130,0  S1.0 .80 9.1 38.2 34.8 7.9 Tl I8l 13l 1268 125.6  125.6 125.8  126.6  125.7  125.4 12008 1203 12978 1238 3695 1417
670  134,0  S1.0 3,90 12,7 103.5  103.,0 9.3 1900 181.7 1421  181.6 13900 13818 139.1 1385  138.8  137.9 12, 129, 1533 1031 pisd! 1046
1000  126.0  #8,0 2.93 65.6 61.6 64,6 4.5 702 13205 132.6  132.4 130,77  130.6  130.9 130, 130.8 13004 NO.N 1 31 121.2 106 Soss 1011
1000 179.0 38,0 4420 49,5 101,.8 97.0 8,6 10.% 179,5 179.5  119.8 177.3 177.2 177,8 177,1 177.5 176.8 Woo.u Wmo.w nmw.w ~«uu u«~_ loae
670  178,0  37.0 1.40 23.8 6.9 74.6 2.9 9.7 1796 179.6  179.6  177.7 177.8 176,85 178.3 AL 162.3 89 . 1788 6713 1056
1000  126,0  50.0 .76 37.8 26,7 2640 4.0 o7 129.7  129.6 1296 12807  128.8  129.0  128.8 12807 12502  12e.3  12e:9 1817 T3s6
1000 12%.0 51,0 85.7 74.9 78.7 8.7 1004 138,64  137.8 137.6  135.7 135.6 136, 1 1354 128.7  l2s.2 2. 24 992 4631
1000 120,0 56,5 130,5 76,0 7446 -1,8 10,9 138,¢ 138,4 138.4 136,2 136.1 136,0 134,6 133.4 128.5 umo.« wme.m ~owu H¢:
1000 125.0 60.0 1.20 40.2 32,3 34,1 8,1 6,2 132.6 13245 132.5 131.3 131.5 131,6 131,2 131.3 126,6 -o.. o. loss e
_owc mow.e ~w.o 1.80 5.1 98,1 95.0 6.4 11.2 21,7 215.7 w“u.ﬂ 213.6 213.8 214,64 213.6 213.9 204.3 20607 WM»“« “”wm “www
670 05.0 23,0 .98 49,0 76,0 74,3 ~9,.8 9,9 2143 214,2 402 212.5 21244 213.3 212,9 213.1 204, 204,58 20446 1445 8174

(1)
(2)

(@)

Area for calculating U based on nowminal tube diameter of 3,00 in.
Area for calculating hg based on developed outside heat transfer

ares estimated to be 0,67

sq ft/ft of length.

Area for calculating hy based on developed inside heat transfer
area estimated to be 0.648 sq ft/ft of length.




5.1 Pressure Drop

Pressure drop measurements for the fluted tube are shown
in Figures 5.1 to 5.6. The values shown here are overall pressure
drops taken as shown in Figure 3.3.

Pressure drop from manometer readings for the 3 in. tube at
26 in. Hg tubeside vacuum are shown in Figure 5.la. The pressure
drop is quite low for the three in. tube even at this high vacuum
condition. The liquid flowrate has very little effect on the
pressure drop in contrast to the smooth tube where the pressure
drop increases with increasing liquid flowrate. Salinity also
has very little effect on the pressure drop for the three in.
tube. The data are seen to correlate fairly well by the equation

1.8
AP = K Vs
0.7 5.1
o (5.1)
where AP = pressure drop, in. water

K = 3.6 x 10°% for 3 in. fluted tube

Ws = total water vaporized, 1b/hr

Ps = steam density, 1lb/cu ft

The pressure drop in the 3 in. tube at 26 in., Hg vacuum was
determined in a completely independent manner in Figure 5. 1b.
Here the pressure drop is calculated from the difference in
temperature between thermocouples Tl and Bl (see Figure 3.4)
using the properties of saturated steam. The data determined in
this manner are seen to be slightly higher than in Figure 5.la
but more consistent and with less scatter. This indicates that
the stray points in Figure 5.la at the higher steam rates are
the result of measurement inaccuracies and less reliance should
be placed on them.

The pressure drop data for the 18 in., Hg vacuum and one atmos-
phere cases with the 3 in. tube are shown in Figures 5.2 and 5.3,
respectively. As would be expected, the pressure drop decreases
with increasing pressure and resulting higher vapor density.

The curve corresponding to Equation 5.1 is plotted for compar-

ison. Some deviation from this line is seen at one atmosphere.
However, the pressure drop here is less than 0.2 in. water in
most instances and the accuracy of the points is not good at such

low levels,

Overall pressure drop data for the two in. fluted tube at 26

in. Hg vacuum are shown in Figure 5.4. Here the fresh water data
are again shown to follow Equation 5.1 with fair agreement if K
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is given the value of 2.0 x 10-°. 1In contrast to the 3 in.

tube, however, the AP with brine for the 2 in. tube is consis-
tently higher than for fresh water. The largest deviation is
with a brine flowrate of 1000 1lb/hr or a peripheral flowrate of
159 1b/(hr)(in). This is a higher peripheral flowrate than was
tested in the three in., tube. Pressure drop for the three in.
tube at the higher flowrate (1500 1lb/hr) should be obtained.
Higher heat transfer coefficients with the two in. tube (See Sec-
tion 5.4.2) show possible economic benefit from operating at

this condition.

5.2 Entrainment

Entrainment data for the 3 in. tube are shown in Figures
5.7 to 5.10 and for the 2 in. tube in Figures 5.11 to 5.13.
Figure 5.7 shows an unmistakable increase in entrainment with
brine at 500 1b/hr in the three in. tube as opposed to fresh
water. This was generally observed in both the 3 in. and 2 in.
tubes for the range of flowrates and vacuums tested. The in-
crease in entrainment over that with fresh water is greatest
where a high brine recirculation rate is combined with a high
evaporation rate. Although the points for this condition on the
graphs are few, other runs with high vapor and brine rates were
aborted because the entrainment rate exceeded the entrainment
measuring capability of the equipment.

A trend for decreased entrainment was seen in going from 26
in. Hg to 18 in. Hg vacuum for both the 2 and 3 in. tubes at
peripheral flowrates greater than 53 1lb/(hr)(in). However, no
ma jor di fference in entrainment between 18 in. Hg vacuum and 1
atmosphere was found.

Increasing the liquid recirculation rate was found to generally
increase entrainment., One exception to this was entrainment for
the 250 1b/hr flowrate for the 3 in. tube which fell between
the entrainment data for the 500 and 1000 1b/hr flowrates. No
explanation for this was apparent. Entrainment for the 330 and
670 1b/hr flowrate in the 2 in. tube showed little difference
but the 1000 1b/hr flowrate was noticeably higher.

In general, the entrainment data for the 2 in. tube were
higher than for the 3 in. tube. However, the nominal peripheral
liquid flowrate was also generally higher. A comparison between
the 2 tubes for a peripheral flowrate of 106 1b/(hr)(in.) at
26 in. Hg vacuum shows a higher entrainment rate for the 3 in.
tube.

A further exploration of entrainment with brine using equip-
ment with the present entrainment measurement limitations removed
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is needed. This would better define the regions of high entrain-
ment and help to determine factors affecting entrainment. A
system for observing the surface of the vaporizing film is also
desirable to help determine the mechanism resulting in the higher
entrainment for brine as opposed to fresh water.

5.3 Condensing Film Heat Transfer Coefficients

The condensing film heat transfer coefficients for the 2 in.
and 3 in. tubes at 26 in., Hg vacuum are shown in Figures 5.14
and 5.15 respectively as a function of total condensate rate,
Symbols are used to indicate the brine concentration and flowrate
on the tubeside. Tubeside flowrate has no noticeable effect on
the condensing film coefficient. However, the condensing coeffi-
cient for the 3 in. tube in Figure 5.15 with brine on the tube-
side shows a tendency to be higher., The reason for this is not
clear and this trend was not confirmed with the 2 in. tube data
shown in Figure 5.14. Examination of Figures 5.14 and 5.15 shows
no indication of flooding of the fluted condensing surface as
might have been indicated by a drop-off of condensing coefficient
at high condensate rates.

Figures 5.16 and 5.17 show the variation of the condensing
coefficient with steam temperature for the 3 in. and 2 in., tubes
respectively., A significant increase with temperature is seen
for both tubes as would be expected because of the increasing
liquid film Prandtl number. This effect was also noticed with
the circular unenhanced tube (2.1). The coefficients for the
3 in. tube are higher than those for the 2 in. tube, averaging
13 percent more. This could be due to one or more of the follow-
ing:

~~- Difference in surface condition between the two tubes.
-- More reliable thermocouple calibration for the three
in. tube.
-- Higher interfacial shear for the three in. tube. (A
four in. heat exchanger shell was used for both tubes so
the annular cross-section was much smaller for the
three in. tube).

5.4 Vaporizing Film Heat Transfer Coefficients

54,1 Three In. Tube

The tubeside vaporizing heat transfer coefficients for
the 3 in. tube are plotted in Figures 5.18 to 5.22, Examina-
tion shows a general trend for a decrease with increasing vapor
rate, This trend is most pronounced for the 250 1lb/hr flowrate
with fresh water shown in Figure 5.18.
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Evaporating coefficients for brine with a concentra-
tion factor in the range of 2.5 to 3.2 were shown to be lower than
for fresh water. However, heat transfer coefficients with normal
sea water were higher than for fresh water. The effect of brine
concentration seems to decrease as liquid flowrate is increased.

Values obtained when the inside surface of the tube was
scaled as indicated in Tables 5.1 and 5.2 have not been plotted
here., The three in. tube was acid cleaned twice using an inhibit-
ed sulfamic acid solution. Each time the evaporating coefficient
for several runs after that was noticeably higher. These runs
after descaling are plotted and contribute somewhat to the scatter
of the data. The fresh water data in Figure 5.20 are just after
acid cleaning of the tube and are probably somewhat high for that
reason, although they still fall below the normal sea water runs.

The conclusions about brine concentration for the 3
in. tube are based largely on the 26 in. Hg vacuum data as few
unscaled points are available at the higher pressures., A definite
increase in the evaporating coefficient with temperature was
observed for the fresh water rumns in the three in. tube.

54,2 Two In. Tube

Vaporizing heat transfer coefficients for the 2 in.
tube are plotted in Figures 5.23 to 5.26. Data in Figure 5.24
for the 670 1b/hr flowrate show reasonable agreement with the
coefficient for the 3 in. tube at the same peripheral flowrate.
Data at the corresponding peripheral flowrate for the 3 in. tube
shown in Figure 5,20 were slightly higher but this is attributed
to just having acid cleaned the tube, The fresh water data for
the 330 1b/hr flowrate are higher on the average than the corres-
ponding data for the same peripheral flowrate for the 3 in, tube.
No explanation for this discrepancy could be determined unless
it is that the higher interfacial shear in the two in, tube was
particularly effective for enhancing the heat transfer coeffi-
cient at this peripheral flowrate and not at the higher rates.
Some evidence of enhancement in the three in. tube at this
peripheral flowrate is reported in Section 7 where additional
shear was indnced.

At the 1000 1b/hr flowrate in the 2 in. tube shown in
Figure 5.23, a very significant phenomenon was observed with the
brine runs with concentration factor in the range of 2.5 to 3.2.
A very steep increase in heat transfer coefficient is observed in
going from 50 to 60 1lb/hr of water evaporated. This coefficient
drops off as the water vaporized is increased further but is still
very significant in the range of 80 1b/hr water vaporized. This
peripheral flowrate is 50 percent higher than the highest flowrate
tested for the 3 in. tube. Whether this effect is peculiar to
the 2 in. tube or would also be present in the 3 in. tube is not
known. It is unfortunate that there were not provisions for
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observing the surface of the vaporizing film so that differences
in appearance of the vaporizing liquid which might give clues

to the mechanism could be obtained. The pressure drop and en-
trainment were quite significantly higher for these runs than

for corresponding fresh water rums. Spot checks at 18 in. Hg
vacuum and at one atm, shown in Figures 5.25 to 5.26, also showed
that the coefficient with brine at the 1000 lb/hr rate was higher
than for fresh water although the brine concentration was also
decreased to avoid scaling at the higher temperatures.

Additional data should be obtained to determine how
reproducible this effect is, whether it is present in the three
in. tube and whether additional improvement is obtained at even
higher flowrates.

5.5 Overall Heat Transfer Coefficients

Overall heat transfer coefficients at 26 in. Hg vacuum
for the 2 and 3 in. fluted tubes are plotted against overall
temperature difference in Figures 5.27 and 5.28 respectively.
The trends here are the same as for the vaporizing film heat trans-
fer coefficient since this accounts for the major resistance to
heat transfer in the fluted tube.
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COMDENSING FILM CORFPFPICIENT,
BTU/(NR) (8Q FT)(°YF)

FIGURE 5.14.
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FIGURE 5.16. Condensing film heat transfer coefficient for 3
in. fluted tube. Coefficient based on mean temperature
difference and developed heat transfer area of 1.00 sq.ft/ft

of length,.
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FIGURE 5.18. Vaporizing film heat transfer coefficient for the 3 in. fluted
tube at 26 in. Hg vacuum. Coefficient based on mean temperature differ-
ence and developed heat transfer area of 0.967 sq ft/ft of length.
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6. Air in Condensing Steam -- Effect on Heat Transfer in the
Fluted Tube

The reduction in heat transfer caused by the presence of a
noncondensable gas, even in small quantities, in condensing steam
has long been known. The vapor must diffuse through the noncon-
densable gas to reach the vapor-liquid interface where it gives
up its latent heat. This provides an additiomnal resistance which
lowers the vapor-liquid interfacial temperature and thus the
driving force available for heat transfer. Sensible heat is also
transferred since, with a noncondensable gas present, there is
a temperature gradient between the bulk of the fluid and the
surface of the condensate film. A relation for predicting the
effect of a noncondensable gas was proposed by Colburn and Hougen
in 1934 (2.2). Good agreement between this relation and experi-
ment was found for condensation on the outside surface of a smooth
tube (2.1). Application of the Colburn-Hougen relation to the
fluted tube where condensation does not occur uniformly over the
tube but primarily on the ridges has not been previously tested.
The objective of this work was to determine for a range of con-
ditions with the fluted tube what the effect of air in steam is
and to determine if the Colburn-Hougen relation is adequate for
prediction of heat transfer. The equation proposed by Colburn
and Hougen is

where q = heat flux, Btu/ (hr)(sq £ft)

overall heat transfer coefficient, Btu/(hr)(sq £ft) (°F)
h, = local coefficient for transfer of sensible heat through
gas film, Btu/(hr)(sq £ft) (°F)

mass transfer coefficient through gas film, 1b of vapor
condensed/(hr) (sq ft)(°F) (atm)

= temperature of liquid-gas interface, °F

bulk temperature of gas stream on shellside, °F

bulk temperature of steam on tubeside, °F

bulk partial pressure of the shellside steam, atm

vapor pressure of the liquid at temperature t.,, atm

= latent heat of condensation of steam, Btu/lb

(o]
I

~
]
Il

I

g ottt
NS I - N

Basically we see that the latent heat given up at the interface
by the diffusing molecules plus the sensible heat transferred
from the vapor is equated to the heat transferred away from

the interface. The interfacial temperature tj is an unknown
quantity which must be solved for by trial and error. The vapor
and liquid are assumed to be in equilibrium at the interface so
that for any assumed ti the corresponding vapor pressure pj can
be determined. ty varies over the length of a heat exchanger
since the noncondensable gas concentration and value of Kg also
vary with length. Therefore some type of graphical or numerical
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technique must be used to apply this equation to the determination
of the total heat transfer area.

In 1937, it was pointed out by Ackermann (6.1) and independent-
ly by Colburn and Drew (6.2) that the sensible heat carried by
the diffusing molecules was not accounted for in Equation 6.1.
A correction factor was derived to be applied to the sensible heat
term hy (tp-tj). This factor is now generally known as the Acker-
mann correction. The correction is generally ignored because it
is small uiless the noncondensable gas toncentration is much
higher than encountered in this study.

Smith (6.3), in 1942, showed that consideration of subcooling
of the condensate film below the interfacial saturation tempera-
ture was sometimes significant., Equation 6.1 does mnot account
for this and Smith proposed an additional term to correct for it.
This was found to make as much as 10 or 15 percent difference
in the calculated condenser surface area for an organic vapor with
low latent heat. Calculations showed that it was insigni-
ficant for the case at hand.

For the experimental runs, air was metered through a rota-
meter and introduced into the shell of the exchanger with the
steam. The air was removed through the vent at the bottom of
the shell along with any uncondensed steam. Concentration of
air was controlled by varying the amount of air fed in with the
steam along with regulation of the vent rate, The average air
concentration (mean of inlet and outlet) was varied in the range
up to 7 percent by volume except for one run (No. 317) which was
15.7 percent. The condensing steam temperature was varied from
134°F to 224°F and overall temperature driving force was varied
from 4°F to 20°F., The data for the runs with noncondensables
present is shown in Table 6.1. Base runs without air present were
made at conditions corresponding to the air runs to provide a
basis for determining how much effect the air had. The base
runs used here are the runs in Table 5.1 with consecutive numbers
between 288 and 320,

A method for determination of air concentration in the steam
at the inlet and outlet of the heat exchanger was needed. A
simple and inexpensive apparatus devised by Classen (6.4) was
used by Meisenburg, et al (6.5) to measure air in steam at con-
centrations which included the range planned for our tests. A

6.1 Ackermann, G., Forschungsheft, No. 382, 1, (1937).

6.2 Colburn, A. P., and T.B. Drew, Trans, AICHE, 33, 197, (1937).
6.3 Smith, J. C., Ind. Eng. Chem., 34, 1248, (1942).
6.4 Claasen, Chem. Zeit., 13, 133 (1934)

6.5 Meisenburg, S. J., R. M, Boarts and W, L. Badger, Trans.
Am. Inst, Chem. Engrs. 31, 622-635 (1935)
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TABLE 6.1

SUMMARY OF RUMUVS WiTH AIR IN CONDENSING STEAM
FOR 3 IN, BY 10 FT FLUTED TUBE

TUBEZSIDE SHELLSIDE TUBESIDE
Overall Tube Water Heat Log
Water Feed Alr Pressure Pressure Entrain- Evap- Heat Balance Mean h (3
Rate Water Rate Drop Drop ment orated Transfer Check AT i
Run No. Lb/Hr Temp,®F Lb/Hr In.Water In.Water Lb/Hr Lb/Hr M BTU/Hr % °F T4 Mé B4 Wl W2 w3 wa ws W6 T1 M1 51 TR “acmq .

X1l 18-289 %500 168.0 2.73 ole 020 4,2 73.9 79,0 4,9 10.% 18040 179.6 178,4 180,1 176.9 176,40 174.3 173,2 17243 168,7 168,8 16007 1237
XI1 18-290 500 167,90 1,33 28 «2% 3.1 74,5 78,1 3,0 9,0 177.9 1777 177.0 178.0 17642 17S.6 17403 173,3 17245 168,64 168,5 16A¢é 125

X1l 18«293 500 17040 33 o185 1% 2,8 76,8 7%.1 2,6 8.4 176,5 176.5 176,4 176,85 175,3 174,.6 174,1 173,68 168,] 168,1 l6m,1 —Mu”
XII 18=294 500 17160 2.02 30 «20 3,8 12140 126,2 4,5 14,8 183.8 1R3.7 183,0 183,4 180,8 178.0 176,5 174,9 168,6 168,6 16R.S 129s
X1l 26-299 500 uNJ.O 2.60 «Jo 25 6,2 as,8 OU.U 5.4 13,2 137.9 mUioO 136,2 138,1 135,1 131.8 -.G0.0 12846 124,0 12,9 12%.8 1099
X1l 26=300 $00 126,0 1.33 40 «30 6,7 90.8 96,4 4,7 13,0 136,.9 136.7 136,1 136,8 134,606 132,7 13,3 129,7 123,6 123,5 nuw.u 1094
X1l 26-302 $00 12840 33 60 «80 8,9 88,4 OU.-D 5,7 11,2 133,.9 Muunl 133,868 134, 132,1 13].8 13,0 130.4 122,8 122,6 -NW.O —OOM
X1l 26=303 500 12600 1.77 «88 90 3,8 125.,7 132,13 3.4 19.3 143,.8 143.7 142,8 143,6 140,7 137,4 135,1 132.8 124,3 124,1 12346 99

XI1 0308 500 211.0 1.68 3 6,8 93,8 89,3 6.0 8.7 22048 220.6  219,9 220.5 218,5 217,.2 216,3 21544 211,58 211,5 21148 _uum
X1l 26=3])] 500 124.0 1.78 1010 90 9.6 137.9 141,8 S 19, 143.1 1432 142,90 142,9 139,.8 136,9 134,6 131.8 123,58 123,1 122.6 1068
XI1 0=314 $00 21440 1.33 ols «10 27,9 64,1 63,2 “2,9 6.0 218.9 218.7 218, 218,7 217.3 216,3 215.5 218.1 212,.6 212,7 217.6 1663
X1l 0315 500 214,0 40 20 37,9 69,6 69,2 1,8 5,5 217.4 21743 217.2 217.2 216,) 215.9 215.3 2151 211.8 211,80 211.8 1747
X1l o0=316 500 214,0 2008 020 60,9 68,1 6T.7 2,6 Te¢d 219,8 N~0-0 218,5 219,.9 217.1 21%.4 214,3 21440 211.9 211.9 211.8 1658
X1l 26317 500 nNO-o 73 ol0 18 UQO 48,2 Oi.i ]l,) 7.0 129,.1 —NC.O 128,4 128,9 127.7 126,6 -NU.O 125.2 -no. ~Nuoﬂ nNmoi 97¢
XI1 0e319 500 216,0 .73 o0 6,1 5,4 36,7 4,6 3,7 215,64 215,2 214,7 215.3 214,64 213,8 213,3 213, 211,3 211,4 21143 1446
X11 0321 500 21%,0 2.20 e10 010 10,7 78,1 80,5 4,2 9.4 2248,4 2231 219,7 224,08 21946 215.9 214,2 21347 212.5 212,.5 21244 1629
X11 26-322 500 126.0 2.67 39 35 5,3 88,7 90.4 4,3 13,1 136.6 136,45 135.0 136.6 133.3 130,0 127,9 12643 122,.8 122,7 122.5 1146

(3) Area for calculating hy based on developed inside heat
transfer area estimated to be 0.967 sq ft/ft of length.



close examination showed this method to be of limited accuracy.
The steam from a sample is condensed and the relative amounts of
water and air are determined from the levels of two 500 ml burets.
The quantity of water, sometimes as little as a few ml must be
determined by difference from these readings. A major revision

to improve the accuracy was necessary. With the revised system,
condensed steam is collected in a 50 ml buret so that the volume
can be accurately measured., A diagram of the revised apparatus
and the method of using it is included in Appendix I.

For each experimental run the Colburn-Hougen relation was
used to predict how much heat transfer area was required to trans-
fer the same amount of heat under the same conditions. The overall
heat transfer coefficient, U, was determined from the correspond-
ing base runs and was assumed to be constant over the length of
the heat exchanger. The Colburn-Hougen equation was then used
to find the vapor-liquid interfacial temperature so that the true
temperature driving force could be estimated. The values of
K, and h, were determined by the methods recommended by McAdams
(g.6). %he equivalent diameter was calculated based on four times
the cross-sectional area of the annulus divided by the heated
perimeter of the fluted tube. The value of the Schmidt number
used for the determination of KG was taken as 0.55.

The calculation was performed incrementally using a digital
computer starting at the top of the heat exchanger and working
down. Increments of 0.655 ft were used except for the last
increment which was variable so that the heat transfer would match
the corresponding experimental run. A flow chart, nomenclature
and program listing for the calculation are shown in the Appendix.

The results of the comparison of the area predicted by the
Colburn-Hougen equation with the actual area are shown in the
following table:

TABLE 6.2

COMPARISON BETWEEN COLBURN-HOUGEN
PREDICTION AND EXPERIMENTAL RESULTS

Number of Runs 17
Mean of Predicted Areas 9.85 sq ft
Actual Area (Based on

Nominal Diameter) 9.83 sq ft
Mean Absolute Deviation 0.59 sq ft
Standard Deviation 0.42 sq ft

6.6 McAdams, W. H., "Hedt Transmission'", 3rd Ed., McGraw-Hill,
New York (1954).

44



It is seen that the average predicted area is very close to the
actual area. Another method of looking at the same results is
shown in Figure 6.1 where the increase in heat transfer area
caused by the presence of air over that which would have been
required for corresponding runs without air is compared for
experiment and as predicted by the Colburn-Hougen equation.

To further illustrate this concept, let A' be the area
required to transfer the same amount of heat without air present
as with air present but at the same conditions otherwise. A"
will be less than the actual area of 9.83 sq ft. This area,

A', corresponding to each of the runs with air present, can be
calculated using the overall heat transfer coefficient from

the corresponding base runs. The experimental area increase
required to transfer the same amount of heat due to the presence
of air is then

1
Area increase, % = -9;1%,3-’—‘*— x 100 (6.3)

The predicted area increase was obtained by replacing 9.83 in
Equation 6.3 with the value calculated by the Colburn-Hougen
equation. The results are seen to be good over the full range
for which results were obtained.

An example of the steam Reynolds number and air concentration
variations along the length of the tube, a by-product of the
Colburn-Hougen stepwise calculation procedure, is shown in Figure
6.2 for Run No. 300, It is noted that the Reynolds number drops
into the laminar flow region near the bottom of the tube as was
the case for a number of runs. If a large portion of the tube
had been in laminar flow it is likely that the poor agreement
between theory and experiment would have been obtained since the
method used for calculation of KG is suitable only for turbulent
flow.

Figure 6.3 shows the decrease in heat transfer as a function
of distance down the tube as predicted with the Colburn-Hougen
equation for Run 300. It is noted that due to the increasing
air concentration and lower steam velocity the heat flux at the
bottom of the tube is only about 60 percent of that at the top
for this particular run.

45



PERCENT

PREDICTED AREA INCREASE,

L 1 L 1 i 1 | 1

L
O 10 20 30 40 50 60 70 80 SO 100

EXPERIMENTAL AREA INCREASE, PERCENT

FIGURE 6.1, Additional area required for the
3 in., fluted tube due to the
presence of noncondensable gas -
a comparison of the Colburn-Hougen
method with experiment.
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7. Effect of Induced Shear on Evaporating Side of Three In.
Fluted Tube

This series of tests was run to determine the improvement
in heat transfer from inducing additional shear and turbulence
on the evaporating side of the three in. fluted tube., A limited
number of tests were made with three different types of inserts
to determine if the improvement was enough to warrant further
testing. A discussion of the different installations and the
results are given in Sections 7.1 and 7.2.

7.1 Cylindrical Insert and Spherical Balls

Two of the devices tested for inducing additional shear and
turbulence in the evaporating film are shown in Figures 7.1 and
7.2. The three in. by ten ft fluted tube described inm Section 3
was used for the tests. The cylindrical baffle was prepared by
brazing a plate over each end of a two in. diameter brass tube
and installing hooks by which it could be suspended in the tube.
Rubber balls, of 2.15 in. diameter, were used for inducing tur-
bulence as shown in Figure 7.2. The balls were split at the
center and fastened onto the thermocouples in the center of the
tube. Spacers of 3/8 in. diameter plastic tubing were used to
keep the 5 in. spacing between the balls. The baffle was attached
with a 25 1b weight on the bottom as shown in Figure 7.1.

Fresh water was introduced at the top of the tube through
a spray nozzle. Recirculation rates of 500 and 1000 1b/hr were
used with overall temperature differences of approximately 5
and 10°F.

Some of the pertinent results of the runs in this series are
shown in Table 7.1, Overall heat transfer coefficients with the
cylinder insert and suspended balls are plotted in Figures 7.3
and 7.4, respectively., Base run coefficients with no induced
interfacial shear are also plotted for easy comparison., The
cylindrical insert showed an improvement of only about 3 percent
at the 500 1b/hr flowrate. This is probably within the range of
experimental error. The results with the spherical balls sus-
pended in the upper portion of the tube showed an increase of
8 to 12 percent in heat transfer coefficient. At a flowrate of
1000 1b/hr, which is presently more realistic for actual plant
operating conditions, there was no detectable improvement. The
variation with flowrate was remarkably consistent. For each
condition the coefficient with the lower water flowrate was
always higher in this series of runs.

Pressure drop for the cylindrical insert and the suspended
spheres is compared against the base run values in Figures 7.5
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and 7.6, A significant increase in pressure drop was observed
for the cases with induced shear. At high heat fluxes the pressure
drop was roughly 2 to 3 times that of the corresponding base run.

Entrainment measurements, plotted in Figure 7.7 to 7.8,
are seen to be much higher with the inserts. Qualitative obser-
vations had shown earlier that a portion of the water impinging
upon the wall from the spray nozzle will bounce off the wall and
fall down the center of the tube. Entrainment measurements
indicate that without inserts much of this water is redeposited
on the wall again before it reaches the bottom of the tube. The
insert in the middle provides a surface down which this liquid
can flow at least for the length of the insert with little chance
of reaching the wall. This is probably a factor in the higher
entrainment with inserts.

While some improvement in heat transfer was noticed with
these inserts at the lower water rates, it must be remembered
that this is at the expense of a significant increase in pres-
sure drop and resultant reduction of temperature driving force.
The improvement in heat transfer shown here for these particu-
lar baffles is not enough to justify their use when the costs
of manufacture and installation are considered.

7.2 Spiral Baffle

Another method of inducing shear and turbulence on the
evaporating side of the VTE is the spiral baffle. This has
been tested extensively and a significant improvement in heat
transfer has been shown for smooth circular tubes.

The spiral baffle was installed in the three in. by ten ft
fluted tube as shown in Figure 7.9. Two wires attached to the
bottom of the baffle pass through a packing gland at the bottom
of the apparatus. A specially designed coil spring attached to
the wires assured that the 75 lb tension was maintained on the
baffle after the seal was tightened, This took care of changes
in thermal expansion if the seal held the wire tight enough to
prevent the force of the weight from being transmitted to the
baffle. The 1/16 in. o.d. thermocouples were attached to the
center of the baffle as shown in the diagram for measurement of
the vapor temperature. With the baffle under tension, the
thermocouples provided no visible distortion of the normal spiral
pattern of the baffle.

Runs were carried out initially with fresh water. Improve-
ment was less than the 5 to 15 percent reported for the fluted
tube with similar conditions (7.1). Additional runs were then
made with the conditions in Reference 7.1 more closely simulated.

7.1 Sephton, H. H., May 1968 Progress Report on OSW Contract
No. 14-01-0001-1744,
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This included the use of artificial sea water instead of fresh
water and replacement of the spray nozzle with another type of
distributor. Two spiral baffles were supplied from the Univer-
sity of California, Berkeley, by H. H. Sephton, for the test.
The baffle used for the fresh water runs had a 10 in. pitch and
two in. width. This baffle was damaged upon removal and could
not be used again for the test with sea water. A baffle with
8.5 in. pitch and 1.75 in. width, which was found by Sephton to
have comparable performance to the other baffle, was used for
the runs with sea water.

The tests with fresh water were made at 18 in. tubeside
vacuum with recirculation rates of 500 and 1000 1b/hr. Overall
temperature differences of approximately 5 and 10 °F were used.
The results are tabulated in Table 7.1 and the overall heat
transfer coefficient, pressure drop and entrainment are plotted
in Figures 7.10, 7.11, and 7.12, respectively, for both the
fresh water and brine runs. The runs with sea water were made
at the same condition except the higher flowrate was reduced to
800 1lb/hr because this was the flowrate used in Reference 7.1.
In addition, an annular flow distributor was used, as shown in
Figure 7.13, to prevent splashing of the water from the spray
nozzle onto the baffle., The corresponding base runs are also
plotted in the same graphs for easy comparison. The improvement
obtained with fresh water was only about three percent, for the
500 1b/hr water rate. No improvement could be detected at the
1000 1b/hr water flowrate.

For the sea water runs, the baffle gave an improved heat
transfer coefficient of nine percent at a liquid flowrate of
500 1b/hr. This is within the 5 to 15 percent range reported by
H. H. Sephton. At the 800 1b/hr flowrate, however, any improve-
ment was too small to distinguish from the normal data scatter.
The higher heat transfer coefficient with sea water (concentra-
tion factor of one) versus fresh water was again apparent as was
noted in Section 5.

The pressure drop, shown in Figure 7.11, was higher with
the spiral baffle but still lower than the cylindrical insert or
the suspended spheres. Entrainment results are shown in Figure
7.12, The entrainment for the fresh water runs with the spiral
baffle are considerably higher than the corresponding base runs.
This is thought to be the result of the water from the spray nozzle
splashing off the wall and onto the baffle where it runs down
and is collected as entrainment. Use of the annular entrance
device corrected this situation for the runs with sea water.
Entrainment was actually lower with the baffle installed than
the corresponding base runs. However, as was noted in Section 5,
the base runs with sea water are higher than base runs with
fresh water.,
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The percentage improvement in heat transfer for the 3 in.
by 10 ft fluted tube attributed to use of the spiral baffle is
considerably less than for the smooth tube. Use of an annular
entrance device rather than a spray nozzle cuts down on the
liquid which flows down the baffle. This possibly offers some
improvement in heat transfer coefficient although this could not
be separated from the effect of sea water in these tests. How-
ever, an improvement in heat transfer of only 9 percent would
still make installation of the spiral baffle difficult to
justify tor the 3 in, by 10 ft fluted tube.
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APPARATUS FOR DETERMINING CONCENTRATION
OF AIR IN STEAM

Operation of the apparatus is as follows:

The steam-air sample is fed into a small water-cooled condenser.
The condensate and air initially flow into a large aspirator bottle
until the insulated sample line is thoroughly heated. The flow
is then directed into the 50 ml buret by closing stopcock (C),
opening stopcock (B) and redirecting flow through the three-way
stopcock (A). The condensate separates out in the 50 ml buret
leaving the air to flow into 1000 ml buret No. 1. This buret is
initially full of water but the water is displaced by the incoming
air into buret No. 2. When sufficient sample has been taken,
the positions of stopcocks, (A), (B) and (C) are rapidly returned
to their initial position and stopcock (D) is closed. The pres-
sure over the liquid in buret No. 2 is adjusted by controlling
needle valve (E) until the liquid levels in the two 1000 ml
burets are the same. The manometer gives the pressure over the
liquid in buret No. 2 which is the same as the air pressure in
buret No. 1. The air concentration is calculated from the volume
of condensate and the volume, pressure and temperature of the air.
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S
READ DATA

,

Driving Force, Overall Heat Transfer
Coefficient, and Length of Each Increment

Find Air Concentration at the Top, Apparent

4

For the Increment, Find the Air

Flow Characteristics & Mass Transfer
Coefficient

Concentration, Pressure Drop, Temperature,

Y

Call on TANDE to Get the Interface
Temperature. Determine the Heat Flux
for the ith Increment & Find Total
Heat Flux and Area Through
ith Increment

QEXP

Increase Increment

QTheoretical QTheoretical
Greater R Less than
than '

EX Q Q
Compare Theoretical with “Experimental )
Within
| £ .5% of QEXP ¢
"Message" Have the No. of Increments
Exceeded 40, or Has All
The Steam Been Condensed
)
1
Neglect Values of This ; Yes No
— Increment, Make Increment | !

-
Half as Big

"Message' ‘

. By One
\\_/]
-—————
! Make Final Calculations
|
L
Print Out

FIGURE A.2. Fleowchart for corputer program for predicting

heat transfer by Colburn-Hongen method.
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PROGRAM LISTING

PROGRAM OSWRAIR(INPUT,0UTPUT s TAPEG=INPUT s TAPEE=0UTPUT)

od a At A g e S T L T Y Y LY ey Y Y YT LT T TN T LY Y g
C EFFECT OF AIR IN STEAM ON HEAT TRANSFER IN THF FLUTED TURE

C

USING COLRURN=HOUGEN CORRFLATION

(AL T IZ 22T A2 T YL YET Y LY PEY Y FFYTYFE Y TYY Y YT Y Y FRTere ey Yy e eearen

100

101

200

300

203

REAL KG

DIMENSTION QFLUX(50)+Q(S0) s RUNNNDI(B) +S(3)

DIMENSTION RQ{S0) ¢+HH(50)

DIMENSTION SUI(3)sCU(3)

DATA SU(1)+SU(2)9SUI3)sCU(]1) 9CU(2)9CU(3)/=5e09~5e559=10.59
1 1005¢4930491353¢ /

DATA DEsAC /0.1572+0403931/

FUNV(X’=00019844 + 4eR4FE=5%X

DATA S(l)95(2)05(3)/100286E308.846E3o]2.06E3/

READ(5499) RUNNO

FORMAT (BA4)

READ(S4100) TVeTLsUPsWSTeWASNTIsDPNASICTRL ¢ VENT KK

FORMAT (5F10e3/1307XeF10.291298XsF1ne2412)

RFAD(5,101) QNC

FORMAT(F10,0)

WRITE (6s200) RUNNO

WRITFE(50100) TVeTLsUPsWSTeWAINTsNPNASTCTRL s VENT s KK

FORMAT (1H1elH s10Xe7HRUN NOess3IXeBA4//)

WRITE(6+4101) QNC

WRITE(ge300)

FORMAT (1H ////7/777)

AT=9,833/FLOAT(NI)

VENTA=VENT

WRITE(6+4203)

FORMAT (1H s 10X sBHINTERVAL Y6XaSHSTFAMeg X9 1 0OHCONDENSATE ¢ 7X 9 3HATIR$RX
13HATR 99X s 4HHEAT s8X s 8HREYNOLDS /

1 CEX94HRATE yOX o 4HRATE QX o4 HRATE s TX 9 GHCONC 95X 1 0HTR
2ANSFERED 6 X s 6HNUMBER/
2 24XsTHILA/HR) s Xs THILR/HR) s 7X 9 THI(LB/HR) 91X o 12H(WT PERCENT
3)93AXsBRH(RTU/HR) //)

WC=0,

WS=WST = w(

GASIN=WST + Wa

CAT=WA®#10n0,.,/GASIN

XA=SWA/2Q./ ((WST=WC)/18e + WA/29.)

Xv=]1,0=XA

PV=PSATL(TV)
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PS=pV/XV
XAB=WA/29,/({(VENT = WA)/18. + WA/?G9.)
PAR=PS#XAR

PVB=PS - PAR
TVR=TSATL(PVB)
TS=TSATL (PS)

ANDF=TS = TL

0S=S (KK) #ADF

UP=CU(KK) + SU(KK)*®ADF
PT=PSATL(TL)

QYOoT=0,

QFLT=0,

X=AI#0,5

AREA=0,

IC=0

SQASENS = 0,0

DO 10 I=1+50

AREA=AREA+AI

IC=1C+)

DPX=3+4B0E=04®*X##3#DPOA /1447
PTI=PT - nNPX

TL=TSATL(PTI)

XA=WA/2Q4/ ((WST=WC)/18. + WA/29.)
XV=1 «0=XA

CA=WA*1)Nn./ (WST = WC + WA}
PA=XA#PS

PV=PS=-paA

IF (PALT.PV) GO TO 45
X=X=AI+AT/2.

ARFA=AREA=AI

AT=Al/2,

I=I-1

GO TO 10

CONTINUE

TV1=TV

TV=TSATL (PV)

XLAM=HSATV(TVsPV) = HSATL(TV)
XMUV=FUNV(TV)

G=(WST=WC+WA) /AC

RE=G#*(0, 0855/ XMUV
H=0,023%0,4%*G/ (DE#G/XMUV) #80,2
FAC=0+0343%*XLAMRG/ (DE#G/XMUV) #8(,>
CONTINUE

CALL TANDE(TLGUPsPVIFACyTVePAyYPARGKL ¢PSsKIsTI4HyQSENS)
IF ( TI JLTe 04) GO TO 26
SASENS = SQSENS + QSENS*Al

QQ(I) = QSENS * Al
HH(I) = H
11 = 11 + 1

QFLUX(T)=UP®(TI=TL)
QFLT=QFLT+QFLUX (D)
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22

204

22%

35

10

40
230
30

205

250

231
26
25

QII)=QFLUX{I}#Al

QTOT=QTOT + Q(T)

WC=WC ¢+ Q(I)/XLAM

X=X + ATl

WRITE(6+4204) IsWS oWCoWAICASQ(I)sREsTTI K]
FORMAT(13X91308X’F6.1’8X9F6.lQQXQFSQZQSXOF401!6X’F90004X’F8009
15X sFB8e241X413)

WS=WST - w(C

TEST=(QANC = QTOT)/QNC

IF (ABS(TEST).LEes 0.005)G0 TO 30

IF(TESY ,GT. 0.) GO TO 135

WRITE (h4225)

FORMAT(1H /1H +SOH##THEORETICAL Q TOO BIGsADJUST AND TRY A SMALLER
1 INTERVAL®®/)

QTOT=0TOT - Q(I)

SQSENS = SQSENS = QSENS # Al

QFLT=QFLT - QFLUX(I)

X=X = AT ¢+ Al®#p,5

WS=WST + WC

WC=WC=Q(T)/XLAM

ARFA=AREA - Al

Al=AT%#qg,5

I=1=~1

CONTINyYE

IFIWS JLTe O «OR, IC GT, 40) GO TO 40

CONTINUE

VENTC=WST = WC

GO TO 30

WRITE(69230) WSsIC

FORMAT (1H /1H oSXs4HWS= sFB84245Xe4HIC= +13/)

CONTINUE

VENTC=WST « WC

ETA=9.833/AREA*100,

WRITE (6+205) ETASQSyVENTSsVENTCsQTOATsANF sAREA s QNC » SQSENS
FORMAT(1H ///10X94HETA=4F7e295Xs5HAEXP=9F9 095X e THVENTEX=9FT a1 e5Xs
18HVENTCAL=4F7.,1/15X ySHATOT=4F9,095Xs 19HAPP, DRIVING FORCE=,
3F7.2¢5X¢6HAREA =yFB,.4/ 10Xy SHQNC =4F9,0,
45X 9 15HSENSIBLE HEAT= +F9,0//)

WRITE (6+250) (QQ(NN) ¢yNN=1,11)

WRITE (64250) (HH{(NN)s NN = 1,411)

FORMAT ( 9(2XsE10.,3))

ANOA=QNC/ (UP®#ADF)

ACEF=(9,833 = ANOA)*]1090.7ANOA

CHEF=(AREA « ANOA)®#100./ANOA

WRITE (9231) ANOAs ACEF, CHEF

FORMAT (1H //71H 96HANOA= +F1045+5Xs6HACEF= sF10e595X96HCHEF= sF10.5
17)

IF (ICTRL .GT. 0) GO TO 25

GO TO

CONTINYE

END

71



17

50
51

40

42

55%

43

200

SURROUTINE TANDE (TL,UP,PV,FAC,TV,PA]1,PA2,KL,PS,KI, TI,H,QSENS)
TI = TV"I.O

PI = PSATL(TI)

DO 40 I=1s20

FORMAT (1H +10X+E12,5)

PAI=PS - Pl

IF (PI .GE. PV) GO TO 4p

IF (KL .EQ. 0) GO TO 50
PALM=(PAT=PAl1) ZALOG(PATI/PA])
CONTINUE

XLHS = UP#(TI=-TL)

QSENS=H#(TV = TI)

XRHS = FAC®(PV-PI)/PALM + QSENS
TEST=(XLHS = XRHS)/XLHS
PI=PV=({XRHS*XLHS)#0,5 = QSENS)®#Pp| M/FAC
IF (PI «LEe O4) GO TO 42
TI=TSATL(PT)

IF ( TI1.LY, TL) GO TO 42

IF ( ARS(TEST)LE. 0.005) GO TO 4
CONTINUE

CONTINUE

KT=1

GO TO 413

CONTINUE

WRITE=6%550 (

FORMAT (1H +29HTANDE FOUND NEGATIVF PRESSURE/)
WRITE(6s17) TI

WRITE(&s17) PI

Ti==1,

CONTINUE

RETURN

END

FUNCTION TSATL (P)

DIMENSION A(10)

DATA(A(T),1=1,9) /35,15789,74,59258R,2_118206%9,-0,3414674,0,1574
116424-3.1329585E=2,3,8658282F=3,-2.4901784F~4,6,840]1559E=-6/
C=P#14,696

TSATL=A(1)

DO 200 I=1.8

TSATL=TSATL+A(I+]1)# ((ALDG(10.,#C))eu#])

RETURN

END

FUNCTION HSATL(T)

c FUNCTION SUBPROGRAM HSATL

201

DIMENSTION A(l10)

DATA(A(I)yI=146) /=3,2179105E1+1.00880849=1,1516996F~444,8553836
1E=74=7,361R77T8BE=10+9.6350315E-13/
HSATL=A(])

N0201 T=1,+5
HSATL=HSATL+A(T¢]1)#(ToeT)
RFTURN

END '
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c

—
-0

FUNCTLION HSAIV(IsP}

FUNCTION SUBPROGRAM HSATV

DATA AyR4CyDIEsF16/]1e89¢2641462910e980870382.54641462466E5,5,21828/

DATA XHoXJeXKoXLoXMeXN9QoRsUsVeWsYoCloXLCsHP9XKP/] ,2697TES5934635F =4
106eT7T6BF=B84]1e472097¢5566F=6047,83654010132594¢5550444439.238888R4=6
298 ,6540,01601854914,6959,2.3025850942502.36+273.16/

TT=(T-32,)/1.8

=P

TAaU=] 4/ (XKP+TT)

ALFASR® (oo (D*TAUSTAU))

BETA=D®#XLC*#TAU*TAU

GAMA=ALFA®{]1.+2.%*BETA)

DFL=E-F#TpU

EPSI=G=XHe#TAU*TAU

R0=XJ’XK*((IOOOD“TAU)““Zao)

BO=pA-TaU#ALFA

XMU]=Z®2/2.

XMU2= (TAURZ)I ®#4e/4

XMU3= (TAU#Z) ##13./]13,

XLAMISRO®TAUSTAU® (BO® (3, #DEL=-F&TA!)) =DFL#TAU#*2,#GAMp)

XLAMR2=ROZRO*HB0O% (BO/TAU® (4 s HEPST =2, #XH#TAURTAU) =4, #FPST#GAMA)

AA=(13.*Q0-24.*XK*(1000.*TAU)*“24)/TAU

BB=]13.#RN*GAMA

IF (RO)Y 44545

RO==RO

XLAM3=RDa#2# (RO*#AA+BRB)

GO TO 7

XLAM3I=RO##12% (RB=RBO®AA)

HSATV=((

1 Z“(A-2.“TAU*ALFA“(1.’BETA))OXLAMI’XMUIOXLAM?GXMUZ*XLAM3’XMU
13)%Q+XL/TAU+XM/TAY#®R2 [ /2 ,=XN#ALOG (TAU) +W+HP) *U

RETURN

END

FUNCTION PSATLI(T)

DATA AsRB4CeD1AAIBRICCIDNFE/ 1243,7814E=3¢586,826E-5+
11170o2379E-1102187.8462E-603346.313E-394141.13E-597515.484E-12.
1137944R1E=596564,44FE=14/

TK=(T=32,1/1+8 + 273.16

X=647+27 = TK

IF (T «GT. 200.) GO TO 10

XX=X/TK&( A + HEX +CHXHXEX)/ (14 + D*X)

GO TO 11

XX=X/Tk# ( ((EE®X + CC)#X®*X + RR)I#X +AA)/(1e ¢ DD®X)

P=gXP(ALNG(21B.167 ) = XX#2.,30259)

PSATL=P

RETURN

END
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AC

ADF

AT

ANOA

AREA

CA

CAT

CHEF

CU

DE

DPOA

DPX

ETA

GASIN

ICTRL

KG

KK

NI

PA

PS

PT

NOMENCLATURE

Cross-sectional area (Sq Ft)
Apparent driving force (°F)
Area of increment (Sq Ft)

Total area of corresponding run without
noncondensables (Sq Ft)

Total area Colburn-Hougen (Sq Ft)

Air concentration at increment (Wt %)

Air concentration at the top (Wt %)

7% increase in area predicted by Colburn-Hougen
Array of constants of the linear fit of UP vs. At
Equivalent diameter (Ft)

Overall experimental pressure drop (In. H20)
Pressure drop at increment (Atm)

Efficiency, area predicted by Colburn-Hougen/
experimental area (%)

Gas mass flux (Lb/Hr-Sq Ft)
Rate of air and steam (Lb/Hr)
Control to terminate program

Mass transfer coefficient through gas film
(Lb Vapor Condensed/Hr-Sq Ft-Atm)

Vacuum level code

No. of increments

Partial pressure of air (Atm)
Shell pressure (Atm)

Tube pressure (Atm)
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PTI

PV

QFLT

QFLUX

QNC

Qs

QTOT

RUNNO

SU
TI
TL
TS
TV

up

VENT
VENTC
WA

WC

WS

WST

Tube pressure at increment (Atm)
Partial pressure of steam (Atm)

Heat transferred at increment calculated by Colburn-
Hougen (Btu/Hr)

Total heat flux calculated by Colburn-Hougen
(Btu/Hr-Sq Ft)

Heat flux calculated by Colburn-Hougen at increment
(Btu/Hr-Sq Ft)

Experimental heat transfer of run with noncondensables
(Btu/Hr)

Experimental heat transfer on steam only run with the
same driving force of noncondensable run (Btu/Hr)

Total heat transfer rate (Btu/Hr)

Run identification number

Array of slopes of QA vs AT fit

Array of slopes of UP vs AT fit

Temperature at steam-air interface (°F)
Saturation temperature of liquid side at PT (°F)
Saturation temperature of vapor side at PS (°F)
Saturation temperature of steam at PV (°F)

Experimental overall heat transfer coefficient
(Btu/Hr-Sq Ft-°F)

Experimental vent rate (Lb Gas/Hr)
Calculated vent rate (Lb Gas/Hr)
Air rate (Lb/Hr)

Condensate rate (Lb/Hr)

Steam rate at increment (Lb/Hr)
Total steam rate (Lb/Hr)

Distance from the top of the tube to the middle of
increment (Ft)
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XA Mole fraction of air

XLAM Latent heat of steam (Btu/Lb)
XMUV Viscosity of steam (Lb/Hr - Ft)
XV Mole fraction steam
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