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ABSTRACT

Hea t transfer and hydrodynam ic perfo rmance of three dif-

ferent spirally fluted tubes was determined. The tubes were

5/8” in nominal diameter and were made of alum inum. Results

were compared to 5/8” OD , smoo th copper -nickel and aluminum

tubes.

Data was taken by condensing steam at about 3 psia on the

ou ts id e surface of a hor i zon ta l ly moun ted tube i n th e cen ter

of a tube bank. The center tube was cooled by water on the

inside at veloc ities of 3 to 25 feet per second. The overall

• heat transfer coefficient was determined directly from exper-

imental data. The Inside and outside hea t transfer coeffi-

cients were determined us ing the Wilson plot technique. The

cool ing water pressure drop was measured inside the tube and

converted to the friction factor in the enhanced section.

The overall heat transfer coefficientsof the enhanced

tubes were as large as 1.75 times the corresponding smooth

tube value for the same mass flow rate of cooling water. The

inside heat transfer coefficients increased by about a factor

of 3 whIle the outside heat transfer coefficients decreased

by 10 to 20 percent when compared to smooth tube values.

The results of this work indicate that the required con-

denser surface area can be reduced by 50 percent if these en-

hance d tubes are used In  place of smooth tubes.
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I .  INTROD UCTION

A. BACKGROUND INFORMATIO N

In recen t years , there  has been an i ncrease d awaren ess

regard i n g t he use of en h ance d hea t tra -nsfer surfaces in the

design of heat exchangers. By using enhanced heat transfer

sur faces , heat exchangers can be designed to be smaller in

size which can result in a savings in capital costs. In

addition , they can also be designed ~to be more efficient

which will save on operating costs.

A recent study by Search [1] of an air aircraft carrier

m a i n con denser  c o n c l u ded tha t mar i ne con denser  hea t l oa ds , at

constant pumping power , can be increased by up to 50 percent

us i n g he at trans fer en h ancemen t tec h n iq ues .  He a l so  c o n c l u d e d

that the use of corrugated copper -nickel tubes can be used to

decrease condenser weight and cost for constant pumping power

and constant heat load when compared to the conventional con-

denser design. Search also concluded that size and weight

savings on the order of 40 percent could be realized depending

on the heat transfer enhancement method used.

The possibilities of such savings has spurred much research

and man y design efforts in recent years. Bergies [2 ,3] has

summarize d extensive works in both single phase and two phase

hea t transfer enhancement. He has compiled and listed the

man y efforts that have been undertaken. In addition , Berg les

has compared the results of several different experimenters

us ing a variety of performance criteria.

16
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In th e par ti cular case of s team con densers , a variety of

tests have been conducted to study the behavior and performance

of enhanced tubes. Palen , C han , and Taborek [4] tested

several Tur botec tubes manufactured by Spiral Tubing Corpor-

ation. The purpose of these tests were to compare the per-

formance of the Turbotec tube to the smooth tube. The tests

were conducted using a tube bundle consisting of 196 tubes.

Steam at 55 psig or 105 psig was on the shell side of the

condenser , wh i le wa ter at mass flow ra tes be tween 380,000 ibm/hr

and 800,000 lbm/hr were used on the tubeside. The average

bulk temperature of the cooling water was 245 to 320 °F.

Eissenb erg [5] performed an extensive study of condenser tube

heat transfer coefficients using a multi-tube bundle. He

conducted his tests on copper -nickel roped tubes using a steam

vapor temperature between 160 and 300 0F. Newson an d Hodgson

[6] conducted heat transfer experiments on 32 different types

of tubes. All of their experiments were conducted with satur-

ated steam at atmospheric pressure (212 °F) on the outside of

a single vertically mounted tube. Water was pumped throu gh

the inside of the tube at a rate sufficient to maintain the

LMTD cons tan t a t 1 1°F. Wa tkinson et al. [7] conducted tests

on 18 Noran d a For ge F i n tubes. The i r tests were con duc ted
with a single tube orientated In a horizontal position. Steam

was sup plied to the outside of the tube at atmospheric pres-

sure or at a slightly higher pressure while water was used on

the inside. Catchpole and Drew [8] conducted experiments on

five radially grooved tubes. In these tests steam was supplied

17
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at 2 psla and the coolin g water velocity was maintained at

10 ft/sec. The tubes could either be tested in a sin gle tube

arran gement or as a bundle. Young et al . [9] compared the

Korodense tube , manu fac tured by t he Wolver i ne D i v i s i on of

Un iversal Oil Products, to a smoo th tube. T hese tes ts were

conducted at two different steam temperatures of 100°F and

2120F. The cooling water velocity was varied from about

3 ft/sec to about 6.5 ft/sec. Rothfus [10] tested inter-

nally finned tubes made from aluminum and copper. The tubes

were moun ted horizontally and measured for water side perform-

ance only. The water was heated by means of heating tapes

wrapped around the outer walls of the test tube.

The tubes used in each of the above tests are widely dif-

ferent in geometrical shape. Still another tube design has

been proposed recently by General Atomic Company [11]. It is

fabricated differently than the above mentioned tubes, resu lt-

ing perhaps in different heat transfer performance when com-

pared to other enhance d sur face tubes alrea dy on th e mar ket.
In addition , for each of the experiments mentioned above ,

there was a different test procedure and/or set of conditions

used. The need ex ists therefore for a systematic and consist-

ent method to test and analyze all enhanced surface tubes.

Beck 112] designed a test facility at the Naval Postgrad-

uate School that permits the testing of a single , horizontally

moun ted , condenser tube. Pence [13] built and tested this

system . He conducted his tests using a smooth copper-nickel

tube. The results of Pence ’s tests indicate that the

18
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test facility is technicall y sound and that further experi-

men ts with enhanced -surface tubes are possible.

B. GOALS OF THIS WORK

As men tioned earlier , the enhanced -surface tube manu-

factured by General Atomic Company was ready to be tested.

The purpose of this thesis was then two-fold:

1. to determine the heat transfer and pressure drop

performance characteristics of three different spirally

fl uted tubes manu fac tured by Genera l A tom i c Com pany and to

com pare the i r per formance to smoo th tube o pera ti on , and

2. to develop a consistent method for arriving at per-

formance c harac ter i s ti cs. To accom pli s h thi s , two alterna-
tive data reduction schemes were used. One scheme was based

on the smooth end geometry of the tube, which seemed to be

what was used most often in the existing literature. A second

me thod was based on the en hanced sec ti on ’s geome try . To
accom plish these reduction schemes , a computer program and the

necessar y equations were developed.

1

’
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II. EXPERIMENTAL FACILITY

A. TEST FACILITY

The test facility is seen in Figure 1. The layout was

des igned by Beck [12] and built and tested by Pence [13]. A

detailed description of the components used in the various

systems may be found in these reports. Only a general descrip-

tion of the various systems will be found within this report.

Particular attention will be focused on the experimental tubes ,

their construction and their location within the test section.

See A ppendix A for calibration procedures of components re-

quiring calibration.

B. STEAM SYSTEM

The steam system is shown in Figure 2. The boiler is an

electrically heated Fulton Boiler which produces saturated

steam at 100 lbm/hr. The steam leaves the boiler via a 3/4

Inch line and the boiler-Isolation valve (MS-i). The water

con tained In the steam is removed by the steam separator. The

steam continues through the system past a flow meter and

through the throttle valve (MS-3) where the pressure is reduced.

The steam next passes through the desuperheater wherein water

from the feed system is Injected in order to remove some of

the sensible heat from the steam . The steam continues on Into

the test condenser where part of it Is condensed on the test

tube. The steam not condensed Is collected in the vapor outlet

20 
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and sent to the secondary condenser wherein the latent heat

of vaporization Is removed. If the boiler fails , s team may be

provided via the house-steam-cross -connect valve (MS-2). Steam

could be routed around the test condenser to the secondary

condenser via the bypass valve (MS—4). All steam lines (except

sec tion downstream of MS-3 , see [13]) were insulated with one

Inch fiberglass insulation.

C. TEST CONDENSER

The test condenser is shown in Figures 3, 4, an d 5. Steam

enters via the top. It then passes through the expansion

sec ti on over th e ba ff le se para tors , and through three layers

of 150 mesh screen and flow straightener into the tube bundle.

The condensate collects at the bottom of the test condenser

where It flows through two 1/2 inch lines to the hotwe ll .

The viewing window , shown in Figure 3 and Figure 4, a l lows

viewing of the condensation process. Two types of pyrex glass

windows were used. One type was a standard pyrex glass plate ,

1/2 inch thick. The second type of window was an Owens -Corning

pyrex glass with a transparent electrically conducting coating

applied over the surface. A Lambda power supply set at 20 VDC

and 1.5 A was used with this window to supply power to the

electrically conducting surface to minimize fogging effects.

T he tube s hee t arran gemen t Is as seen i n Fi gure 5. There

are e i ght 5/8 i nch OD , 18 gauge, 90-10 copper-nickel tubes

arrange d In a typical condenser configuration , with a spacing
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to diameter ratio (S/D) of 1.5 , around a single test tube.

The test tube Is the only tube with water passing through it.

This arrangement was selected to best simulate the steam flow

con ditions in an actual condenser.

The test condenser Is insulated with two inches of Johns-

Manv il l e Aerotube sheet insulation.

D. CO NDE NSATE AND FEEDWATER SYSTEMS

The con dens ate an d feedwa ter systems a re s hown i n Fig ure

6. T he tes t con denser h otwe l l col l ec ts th e con densate from

the test tube , while the secondary condenser hotwe ll collects

the condensate from the secondary condenser. Valve C-i allows

isolation of the test condenser hotwe il so the condensate mass

from the test condenser may be measured. Valve C-4 is a vent

valve between the test condenser hotwell and the test condenser.

The condensate is pumped from the hotwe lls to the feedwater

tank by the condensate pump. The feed pump routes the water

from the feed tank to the boiler via the solenoid-controlled

va lve FW-3 , a hot-water filter , and the boiler-isolation

valve, FW-4.

The fee dwa ter tem pera ture i s ma i ntaine d be tween 130°F an d

140°F by thermostat controlled heaters. This reduces fluctua-

ti ons i n the bo i ler ou tput and p rov i des a source of wa ter at

a temperature near saturation for the desuperheater.

If house steam is used , th e condensa te i s returne d to th e
house system via C-3.
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The condensate lines are insulated with 3/4 inch Johns—

Manv ill e Aerotube insulation. The feedwater lines are insu-

lated with 1/2 inch thick fiberglass insulation.

E. COOLING WATER SYSTEM

The cooling water system is a partiall y-closed system as

shown in Figure 7. The water is pumped from the supply tanK

via a 7-1/2 HP pump. The water is routed to the test tube

via one of two rotameters. A low flow rotameter allows up to

1.48 gpm to flow through the test tube , while a high flow

rotameter permits up to 18.8 gpm . The water returns to the

supply tank via a dry cooling tower. The dry cooling tower

was constructed using four large radiators connected in series.

The water was directed through the radiators and outside air

was forced over the cooling surface by a centrifugal fan.

The bypass -rotameter , downstrear of CW-3 , is provided to

permit an increased volume of water to flow through the cool-

ing tower.

The system pi ping was reduced from 1 inch to 5/8 inch

(approximate OD of all test tubes) at a distance of approxi-

mately 2-1/2 feet ahead of the test condenser to insure fully

developed flow at the test-tube entrance. Pressure taps were

installed In the permanent piping at the ends of the test tube

(see Figure 8) to permit the measurement of the overall

pressure dro p.

The cool ing water lines were Insulated with 1 Inch thick

Jo hns -Manv lll e Areotube Insulation.
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F. SECONDARY SYSTEMS

1. Vacuum System

The vacuum is maintained by a mechanical -vacuum pump

and a vacuum re gula tor w hi c h i nduces an a i r l ea k i nto the
vacuum line. A nitrogen trap is provided at the inlet to the

vacuum p ump to remove en tra i ne d wa ter from th e v a cuum li ne
thus preventing contamination of the vacuum pump oil.

2. Desuperheater

The desuperheater removes sensible heat from the -
superheated steam by injecting feed water at about 1500F. The

feedwater flow into the desuperheater is controlled by DS-i

and measured by a rotameter. The excess water is collected in

a tank , located below the desuperheater , and returned to the

feed-water tank periodically during the experimental runs.

3. Pressure Tap (PT) Tube Pressure Drop Measurement System

The PT tube pressure drop measurement system is as

shown in Figure 9. This system was designed to allow connect-

ing of the PT-tube to the manometer and to facilitate the

measur ing of the various pressure drops across the tube. Figure

10 shows how a typical PT tube is connected in the system.

24



G. INSTRUMENTATION

1. Flow Ra tes

Ful ton rotameters were used to measure the flow rate

of water in the cooling water system and the desuperheater ,

while an Ellison Annubar and a differential water manometer

were used to determine steam flow .

2. Pressure

Several different types of pressure measurement

devices were used in this facility . They were: a Bourdon

tube pressure gage which was used to measure boiler pressure ,

a compound gage which was used to measure the secondary con-

denser pressure , an absolute pressure transducer and a 30

inch mercury manometer which were used to measure the test

con denser pressure , an d a 12-foot mercury manometer which was

used to measure the cooling water pressure drop across the

test tube.

3. Temperature

There were three types of thermocouples used in this

facility . Stainless steel sheathed , copper -constantan thermo-

cou ples were used as the primary temperature monitoring devices.

Eleven temperatures required for data reduction were measured

us ing these devices. Table 1 lists the locations monitored.

Figure 2 shows the location of six vapor space thermocouples.

Cool ing water thermocouples were located as shown in Figure 7.

Teflon coa ted copper -constantan thermocouples were used as
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secondary measuring devices. Table 2 lIsts the locations

monitored using these thermocouples and an iron-constantan

thermocouple was used to measure the boiler temperature.

4. Da ta Col lec ti on an d D i s p lay

An Autodata collection system was utilized to record

and display the temperatures in degrees Celsius obtained from

the primary thermocouples and to record and display the pres-

sure in cm Hg inside the test condenser. See Table 1 for

channel numbers of the temperature monitoring devices.

A 28 channel-digital pyrometer was utilized to dis-

play the temperatures obtained from the secondary thermocouples

and a single channel pyrometer disp layed the temperature from

the iron -constantan thermocouple. See Table 2 for channel

num bers.

H . TE ST TUBES

The enhanced tubes tested during this study were manufac-

tured by General Atomic Co. Three aluminum tubes were made.

Each has an overall length of 48 inches and an enhanced sec-

tion length of 36 inches. They have helical flutes on both

the inside and outside surfaces , which are formed by running

a flat strip through rollers wh ich cause the flat surface to

become wavy. The wavy strip is then spirally wound and seam

welded to form a tube. Figure 11 shows a short section of

spirally fluted tube rolled from strip and the start of a

roll from strip. Figure 12 shows the three tubes and their
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res pective helix angles (HA) manufactured for this experiment.

F ig ure 13 shows a cross sec ti on v i ew of eac h of these tubes.
As s een i n Fig ure 12 , the helical portion of the test

tube , henceforth referred to as the enhanced section , is

welded to a smooth piece of aluminum tube , herea fter re ferre d

to as the smooth end. Each end of the tube has this smooth

end to facilitate installation into the condenser tube sheet.

In addition to the above tubes , three special tubes were

manufactured by General AtomIc Co. to permit the measurement

of the pressure drop throughout the test section. These

tubes are shown in Figure 14. Three static pressure holes

were drilled in each tube ’s enhanced section by the EDM process.

The holes located at each end of the enhanced section were

inspected with a boroscope by General Atomic Co. and found to

be free of burrs. Figure 15 shows the relative location of

these taps as well as the static pressure taps in the smooth

en d s.
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III. EXPERIMENTAL PRO CEDURES

A. INSTALLATION AND OPERATING PRO CEDURES

1. PreparatIon of Condenser Tubes

Pr i or to any run , the condenser tubes had to be pro-

perly prepared to insure filmwise condensation. The prepara-

tion of the tubes was standardized in an effort to minimize

errors due to different surface conditions. The wall thermo-

cou p le also ha d to be p re pared and i ns ta ll ed In s u c h a manner
as to reduce the possibility of Introducing errors.

The tubes manufactured by General Atomic required a

special installation procedure into the test condenser since

they have a larger diameter along the enhanced section than

a l on g th e i r smoo th en d s. T hese p roce dures are descr ib ed i n
detail in Appendix B. Basically, the test tubes were prepared

by first installing a thermocouple to measure the wall temper-

ature. Secondly, their exterior and interior surfaces were

cleaned to insure proper wetting characteristics and to insure

that all deposits were removed.

The copper -nickel tube , tube 4 In Table 3, was prepared

in accordance with the procedure given in Pence [13], w hereas
the smoo th alum i num tube , tube 5 In Table 3, was prepared in

accor dance with the p rocedures li s ted i n A pp en di x B.
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2. System Operation and Steady State Conditions

Pence [13] developed a detailed set of operating pro-

cedures for this system. They are included , with minor changes ,

In this report as Appendix C.

In general it takes about three hours from in itial

light off until steady state conditions are established. The

feedwater is heated up to 140°F by energizing the feed tank

heaters and recirculating the water. After installation of

the test tube Is complete , the vacuum system can be activated.

The data collection system is programmed , including setting

the date and time in accordance with reference [14]. The

cooling water system is placed in operation. The 18.8 gpm

rotameter Is set at about 50 percent flow to allow adequate

venting 0f both legs of the 12-foot manometer. The rotameter

is then reset to the lowest flow point for system operation .

The steam system can now be placed into operation.

Steady state conditions must be established prior to

d a ta co l lect i on. To determ i ne thi s , two param eters wer e

monitored. They were the cooling water inlet temperature and

the steam vapor temperature. The cooling water inlet tempera-

ture did not rise more than 1°F/hr. The steam vapor tempera-

ture did not vary more than 6°F between the six vapor thermo-

coupl es i n th e con denser nor did the chan ge i n tem pera ture at
an individual thermocouple exceed 0.5°F. The steaming condi-

tions and cooling water flow conditions remained constant while

establishing steady state conditions.
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The time for the system to stabilize was generally

about one hour which is somewhat less than that reported by

Pence [13]. The probable reason for this is that with the

addition of a much higher capacity cooling tower , the cooling

water temperature stabilized much faster than in his tests.

This is evidenced by the fact that the cooling water Inlet

tem pera tures were on the or der of 10°F lower for this experi-

ment than for those experiments performed by Pence. The

ambient temperatures , however , were nearly the same.

The procedure outlined above is for a full data col-

lection run. There were two other types of runs conducted.

Isothermal pressure runs were conducted on the test tubes to

allow comparison of the non -isothermal and isothermal friction

factors . Also the special pressure tap tubes were tested by

connecting these tubes to the PT tube pressure drop measurement

system to a l low measuremen t of p ressure d ro p s th rou gh ou t th e
enhanced sections. Both types of pressure runs required only

the cooling water system and Instrumentation systems to be

ener gized.

3. Ma i ntena nce Proce dures

Per i odi ca l ly th e sys tems re qu i re d var i ous forms of
maintenance. Following each run , the boiler received two

bottom blow downs to remove any sediment that may have settled.

T he supply tank In the coo li ng wa ter sys tem re qu i re d occas i onal

refilling. Water treated by routing tap water through a com-

merc ially rented resin bed was used to reduce the amount of
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contaminants in the water that could deposit on the tubes.

The filter in the feedwater line required changing approxi-

mately every three months to prevent low boiler levels due

to lack of feedwater. The condenser glass window required

cleaning after approximately fi ve runs. T hi s was true w h ether

using the heated glass or the standard pyrex glass. Prior to

reinstalling the pyrex glass, a light coating of Glycerol

Rea gen t A CS HOCH 2CHOHCH 2OH , was applied to the inside surface

to enhance the viewing of the condensation process.

B. DATA R EDUCTION PRO C ED URES

In evaluating the data obtained from the heat transfer

runs , two objectives were established. The first of these

was to present the data in such a way as to make it immed-

iately useful to the designer. The second objective was to

establish a reduction scheme that would allow the comparison

of enhanced tubes based on their actual internal surface areas.

1. Reduction Based on the Smooth End Diameter , D1

To mee t th e condenser des ig ner ’s nee d s , it was
felt that the data should be reduced using the smooth end

d iameter. This would allow a direct substitution of an en-

hanced tube for a smooth tube and is especially important when

considering the comparison of a wide variety of tube types.

In addition , a nom i nal area was def i ne d . T he nom i nal area was
based on the outside surface area of a 5/8— Inch OD smooth tube.

31



- . - ~~~~ - -~~~~~ ---  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Appendix D , th e sam p le c a lcula ti ons , is a complete

listing of the equations used to evaluate the data. Appendix E

is a derivation of the probable error In the data reduction

equations , followed by a sample error analysis for tube 2,

45°HA.

a. Overal l  Hea t Trans fer Coe ffi c i en t

The method employed to arrive at the overall heat

transfer coefficient is straightforward and similar to that

employed by many researchers in the past.

The heat transfer rate to the cooling water is

given by

Q = rn c~ (Tc0 - Tc
~

) ( 1)

The heat transfer ra te can a lso be foun d from the overa ll hea t
transfer coefficient by

Q = U,.~ A ,~ LMTD • (2)

w here

- Tc)
~~ - 

(T - Tc )
LMTD = V 0 . (3)

- Tc .~in 
~T - Tc )

V 0

After combining equations (1), (2), and (3) it is found that

r~~c T -Tc 4
U P l n ( ~~ ‘ ) . (4)

n v 0

32 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~-~~~~~~~~~~~ -——



A schematic illustration of the procedures to arrive at U~ is

shown In Fig ure 16 .
To remove the effect of the tube wall material , a

corrected heat transfer coefficient is found from

U = 
1 (5)c 1 1

w here Rw is the calculated wall resistance.

b. Inside Heat Transfer Coefficient

The Nusse lt number on the inside Is found from

the Sieder Tate relationship, found in Holman [15] as:

Nu = c. Re Pr (
~~/ i~ 

) . ( 6 )
b w

~n the above equation , c.~ Is referre d to as the S ieder Ta te
constant. The remainder of the right hand side of the above

equation (Re08 Pr 1”3 (lI /
~
.i
~
)°
~~
4) will be referred to as the

S i eder Ta te parame ter , and the procedure for arriving at this

value is illustrated schematically in Figure 17. The Wilson

plot is used to arrive at the value of the Sieder Tate constant.

The Wilson plot was developed in 1915 by Wilson [16], and has

been modified by several researchers since. The procedure used

In this research was developed by Brlggs and Young [17].

The W i lson p lo t Is merel y a p lo t of i/Un versus

the inverse of the Sleder Tate parameter which should be a
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straight line when varying the cooling water velocity . The

reason ing behind the Wilson plot can be seen in the follow-

i ng deve lo pmen t.

The overa ll heat transfer coefficient can be

wr itt en as:

1 
. ( 7 )

D
D
~
h
~ 

+ Rw +

The inverse of equation (7) is:

ii ~~ 
= 

D1 h 1 
+ R

~~
+

~~
L . 

(8)

If (R w + ) is assumed to be constant and equati on (6) Is

solved for h 1 in terms of the Sieder Tate param eter , equation .

(8) can be rewrit ten as:

1 
= 

D0 Re °~
8 Pr~~

’3 (u /u ) 0.l4 
+ B , (9)

where B = R + ~~
!_

The form of equation (9) Is then exact ly that of a straight 4
line ,

= M X + B  , (10)

where:

V • , ( lOa )
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V 1 and- Sieder Ta te parame ter ‘ (lOb)

M = 
D0 ( lOc )

C
i b

The values of h U n and the Sleder Tate parameter

are obtained by varying the water velocity and holding the

other parameters , suc h as wa ter tem per atures , steam vapor

temperatures and condenser tube wall temperature , near ly con-

stant. When 1/U n is plotted versus Re °8 Pr~~’~
3 (ii/u wr

°14

a linear regression subroutine [18] fits these points to a

straight line and then solves for the slope , M , and the inter-

cept , B. Knowing the slope , N , the Sieder Tate constant , c.~,

can be found from equation (lOc). The inside heat transfer

coef f ic i en t, ~~ is then found from equation (6).

Once the Inside heat transfer coefficient , h 1,

is known , then the Nusselt number can be solved for in

equation (6), to find the Stanton number,

Nu — h 11RePr - 
c~~G

The cooling water properties (p, ~i , k , ~~
Pr) are solved for as shown In Appendi -x D. A ppendix 0 also

demonstrates the procedure for arriving at the water viscosit y

ev aluated at the condenser tube wall , MW .
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c. Outside Heat Transfer Coefficient

The outside heat transfer coefficient , h0, can

now be found from equation (7). Figure 18 schematically

iflustrates the vari - ous steps outlined above.

d. Friction Factor

The friction factor for the test tube is found

from:
(p )(AP )(144)(2g )

TS
IS i

The variables used in equation (12) are solved

for as shown in Appendix 0, while the geometric constants are

found in Table 3. APTS~ however , i_ s reduced from the measured

pressure drop outlined bel ow.

APTS is the pressure drop in the enhanced section

of the test tube. The measured pressure drop, APm as seen in

Figure 8, Is taken over the entire tube length , a distance

of 51-1/8 inches. Since the enhanced section is only 36

inches long, the pressure drop over each of the smooth ends

must be subtracted off of the measured pressure drop. This

is done by calculating the friction factor in the smooth ends

using:

f 0.079 for Re < 30,000 , (13 )
Re

or
for Re > 30,000 . (14)

Re
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The smooth -end-section press ure drops can then be calcualted

from ,

(f )(4)(L
s 

- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

As can be seen in Figure 13 , th e cross sec ti ona l

flow area of the enhanced section of the test tube is less

than the cross sectional flow area of the smooth end of the

tube. Therefore , the water undergoes an expansion and a con-

traction at the exit and entrance to the enhanced section of

the tube. Associated with the expansion and contraction pro-

cesses are certain irreversible losses which cause additional

pressure drops to occur. These pressure drops must also be

subtracted off of the measured pressure drop and are caicu-

lated as shown in reference [19]:

~~e/cn 
= 

~“TS ~~e 
+ K

~~
) . (16)

Since the variations in the contraction and expansion coef-

ficients Kcn an d Ke are slight over the range of Reynolds

numbers use d , an average of these values was used in equation

(16).

T herefore , AP15 is found using equations (15)

and (16):

= APrn - 
~~s 

— 

~~e/cn ‘ 
(17)

and the friction factor for the test section is solved for

in equation (12).
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e. Per formance Criteria

To com pare th e en hance d , or augmented tubes with

the smooth tube , it was necessary to use some meaningful

performance cr it er ia.
Using the Colburn Analogy , as found i n reference

[20], provided one such criterion. Using this analogy , the

heat transfer performance is compared to the friction -factor

per formance as seen in Appendix 0.

Berg ies [3] outlin es several performance criteria

based on the inside heat transfer coefficients by solvin g for

the ratio of augmented to smooth tube areas while holding

various parameters constant. One such ratio is defined by

A h Nu /Pr°4
= = 0 4  (18)

s a Nu a/Pr

which assumes that Q, m , Di., Tb and LMTD are constant , and

Rext = Rw + 1/h 0 = 0. In equation (18) the augmented heat

transfer coefficient ha is the value h~ referred to earlier.

In this situation the flow velocities for the smooth and

augmented tubes are the same.

The area ratio defined by equation (18) does not ,

however , take into account the increases in pressure drop

and hence the increases in friction factor caused by enhance-

ment techniques. The increase In pressure drop can be included

when evaluating the performance of an enhanced tube compared

to that of a smooth tube. Bergles [3] shows this by defining
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an area ratio for constant pumping power as well as for con-

ditions as defined for in equation (18).

The pumping power is given by:

P = (p V ~ 0
2) 4 f (h.) (a-

.) (19)

= (irDL) fv 3

where irDL is the inside surface area for the tube in question.

By setting the pumping power of a smooth tube equal to the

pum ping power of an enhanced tube , it is found that:

A v3 f Re 3 fa — s s — S S

S V~ ~a 
Re a ~a

Notice , that in this situation of constant pumping power , the

flow ve locities and hence Reynolds numbers are different for

the smooth and the augmented tube.

The heat flow rate is given by:

Q = h 1 A~LMTD 1 . (21)

Since the heat flow Is also assumed to be constant in both

the enhanced and smooth tubes , the area ratio can be found

A h Nu /Pr°4
= = 

Nu:/Pr
°.4 

. (22)
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Equation (20) can now be Set equal to equation

(22) to show :

A Nu /Pr°4 Re 3 1’
= 

Nu:/Pr
°.4 

= 

Re~ f: 
(23)

If Nu 5 is replaced in the above equation by the

Dittus Boelter relationship as found in Ll5]:

Nu 5 = 0.023 Re
~
°8 Pr0 4  , (24)

an d f 5 is replaced by equation (14):

- .046 4
Re
~
°2 

(1 )

equation (23) can be solved for the smooth tube Reynolds

number in terms of the augmented conditions:

/Re 3 f
Re y a a 

0 4 (25)S 2Nu afPr

In these expressions.

pD. v
Re
~ 

= 1 S (26)
p

Kno wing Re
~
, equation (23) can be solved for the resul ting

area ra tio.

Since a sizeable portion of the overall resistance

In a naval con denser could be caused by the wall resistance

and the outside thermal resistance , th e area ra ti os as define d
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by Bergies [3] should be expanded to include these external

resistances. If the heat flow is written by equatio n (2):

Q = U,~ A~ LMTD ( 2)

and a thin wall thickness Is assumed , then the external re-

siStance effects on the area ratio can be includ ed in the

analysis. The wall thickness must be assumed to be small

since the nominal area is based on an outside diameter of

5/8-inch.

Invoking all of the assumption s made earlier ,

then the results of the consta nt pumping power case are again:

A v 3 fa — s s
~~

— -  3S V~ ~a

In addition , constant heat flow results in:

A a —

A~~~~~W 
. (27)

s a

As before , these two area ratios can be set equal , and it is

found that:

A U v3 fa — S — S Sç ç  3 fa

As mentioned by Search [1], for smooth tubes, it is found in

general that:

U
~ 

• C , (29)
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w here C i s a cons tan t for a gi ven tu be s i ze , ma teria l an d

wa ter i n l et tem pera ture. A lso , from equation (14), it is

known that

= 
.046 (14)

S

By c hoos i ng v a~ Ua~ 
and 

~a 
and substituting equation (26) for

Re
~ 

into equation (14), equation (28) can be solved for the

corresponding smooth tube velocity , as:

1
f v3 C p D . 1 1 1 ~ 2T~_ r  a a , 1 

~~~~~~~ (30)s 
— ‘•(Ua)(~

O46) 
~

Know i ng v 5, then equation (29) is solved for U
~ 

and equation

(28) is solved for the area ratio.

In selecting the values of the constants to sub-

stitute into equation (30),the following procedures were

utilized:

(1) Ua was correc ted to 70°F using the procedure

defined in reference [21],

(2) C was determined by using the values of U~
and v for the smooth copper -nickel tube in run 4, and solving

for C in equation (29). The value for C is not a constant

over the range of flows observed , there fore , an avera ge value
of C = 251 , was ob tained and used. The resulting error in

a t any velocity was less than 7 percent.

(3) The dynamic viscosity used was an average

value of the viscosities at each flow point used in the area

ra ti o analys i s.
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See Ap pen di x F for a summ a ry of th e area

ra tio procedures and the results for both cases where

Rext = 0 and Rext $ 0.

2. Reduction Based on the Hydraulic Diameter , Dh

The reduction procedures for this method were similar

to the procedures used for the reduction based on D1. The

major obstacle in obtaining meaning ful results was in deter-

mining the enhanced section ’s geometry , and once determined ,

how best to apply it to the available equati ons.

a. En h ance d Sec ti on Geome try

It is well -known how critical the measurement of

the hydraulic diameter is to heat transfer and fluid flow.

There were two alternative methods available and both were

exam i ned . T he vo l umes of th e en hance d tubes were measure d

and , by using the length of the tube , the cross-sectional

area was obtained. Knowing the cross-sectional area and using

the perimeter information provided by General Atomic , a

hydraulic diameter could be found. This diameter was discarded

In favor of the diameter found by using a planimeter to measure

the wetted perimeter from an enlarged view of Figure 13. The

hydraulic diameter is then found from:

4A
I., C
LI

h
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Similar problems were encountered in determining

the wall thickness and subsequent wall resistance. See

Appendix G for details of this procedure.

b. Heat Transfer Coefficients

To introduce this geometry into the equations used

to solve for the heat transfer coefficients , it is first ne-

cessar y to reca ll th a t the res i s tance to hea t f l ow across a
tube is equal to the sum of the individual resistances as

shown earlier. Therefore ,

R1 - 1 + w 1 2A 0U0 
- 

A 0h0 Amet A
~
h 1

where:

A0 
= 2,r Pw0 , (33)

A 1 = 2ff Pw 1 , and (34)

Amet = 2ir 1’bar (35)

By setting l/A 0U0 
= l/A~U~~ and multiplying through by A0

allows us to obtain the overall heat transfer coefficient

based on the same nominal geometry that was used in the

plain —e nd reduction. The equation takes the form :

A A R  A
0 1 o w  o

A nUn 
= 

Amet A i h i

Equation (36) Is solved exactly as was equation (8) In section

B. l.a. of this chapter to obtain the Wilson plot. The inside
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and outside heat transfer coefficients (h1 and h0
) are then

solve d for as they were in the plain -end reduction except as

modified by the different geometry . The equations used are

listed in Appendix 0.

Equation (36) was verified by comparing the re-

sults of the copper-nickel and aluminum smooth tubes for

equation (36) to the results obtained using the equations

derived from equation (8).

c. Friction Factor

The analysis for this reduction scheme is identi-

cal to the smooth end reduction scheme except as modified by

the different geometry used.

d. Performance Criteria

The area ratios were not used in the reduction

based on the hydraulic diameter.

The Colburn Analog y was used exactly as for the

smooth end reduction case described earlier , an d s hown i n
Appendix 0.

3. Compu ter Pro gram

A com puter program was developed to facilitate both

rapt d and consistent reduction of the data. A flow diagram

is shown in FIgure 19. Appendix H is a listing of the pro-

gram. The program can essentially be divided into four

regions.
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Region 1. In this section , th e trans por t proper ti es

an d flow characteristics are determined . The equations used

for the transport properties were obtained from reference (22].

Region 2. In this section , the heat transfer

coefficients are found.

Regi on 3. The en hance d sec ti on p ressure drop an d

resul ti ng fric ti on fac tor are found i n thi s sec t ion.
Region 4. In this section , the ratio of heat trans-

fer performance to friction factor performance is found.

The area-ratio equations were not programmed at this time ,

but could be included at a future date.

The program development was such that the data would

be evaluated for both the smooth end diameter geometry and

the hydraulic diameter geometry each time the program was

activated. This was done using a simple interation technique

an d a series of logic statements. The copper -nickel smooth

tube and the aluminum smooth tube were used to proof the

hyd raulic diameter geometry section of the program as

men tioned above.
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IV. RESULTS AND DI SCUSSION

A. INTRODUCTION

Table 3 lists the various runs made and the corresponding

tubes used during these tests. Tables 4 through 12 contain

all the data used to evaluate the performance of the enhanced

and smooth tubes.

It is seen in Table 3 that several more runs were made

for tube 1 and tube 4 than the other tubes. Tube 1 was the

first tube tested and , therefore , the procedures for testing

the enhanced tubes were evaluated using this tube. Run 3 on

11 October 1977 was conducted with a twisted tape installed

at the tube inlet. These tapes were provided with each tube

and were manufactured such that they had the same helix angle

as their respective tube. The results of this run can be

found in Table 13. Basically, the pressure drop increased by

about 15 percent without a corresponding increase in the heat

transfer performance as compared to the results of run 2. It

w as ori g inally intended to Include the twisted tape tests

within the scope of this experiment , but due to time constraints

fur ther testing using these tapes was not done.

Run 7 on 7 November 1977 was conducted solely for the pur-

post of making a movie of the alternate flooding and draining

between the flutes of the 45° HA enhance d tube. The movie was

filmed such that views of the alternate flooding and draining

wou l d be seen as v iewed from the top as wel l  as from the

bottom of the tube.
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Figure 20 is a sequence of six frames from this movie.

The arrow on the top left frame points to a short length of

reflected light. In the next frame down , the arrow points

to the same spot , but the reflected light now appears to be

about twice as long as it was in the first frame. In the

third frame down , it is seen that the length of light Is

about the same as it was in the top frame. The sequence of

three frames to the right show the same type of behavior ,

but in a different spot on the periphery of the tube. This

figure demonstrates how the condensate builds up in the

troughs to a certain level and then drains off as drops fall

off the bottom of the tube. The Set of three frames on the

right demonstrates how this flooding and draining shifts from

trough to trough. As the movie is viewed , the periodic nature

of this alternate flooding and draining is evident.

Run 11 was the repeatability run for the 45° HA tube.

The results of this run were compared to the results of run

2. As can be seen in Tables 14 and 15 , the results are well

within the experimental error band. The Sieder Tate constant

for run 2 is about 0.081 while in run 11 it is about 0.078,

a difference of less than 4 percent.

Both tube 2 and tube 3 results were repeatable as can be

seen In Tables 16 and 17 for the 300 HA tube and Tables 18 and

19 for the 600 HA tube. Run 10 on 5 January 1978 was a poor

run; ther efore , the results of this run are not included.

Run 4, taken with the copper-nickel smooth tube , was con-

ducted to Insure that this experimenter could duplicate other
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ex per imen ters ’ resu lts for a smooth tube. As can be seen in

Tab l e 20, th e S i eder Ta te cons tan t was abou t .02 5 as compare d

to .027, the value most often found in the literature.

Runs 5 and 6 were conduc ted to de term in e th e effec t of

the wall thermocouple location on the wall temperature record-

ed. It was determined that the circumferential location of

the thermocouple had a profound impact on the value of the

wall temperature . For this reason , all of the data runs were

conducted with the wall thermocouple located on the bottom of

the tube , thus insuring that the location of the wall thermo-

couple would not introduce unaccountable differences in the

resul ts.

S i nce a li near re gr ess i on su b rou ti ne was use d to ob ta i n
the slope for the Wilson plot , the heat transfer information

obtained was very much dependent on how well the linear re-

gression program could fit the data. Figure 21 shows that

the generated curve fit the data very well.

B. RES ULTS BASED ON FLOW RATES USING 1.48 GPM AND 18.8 GPM

R 0 TAM El ER S

The 1.48 gpm rotameter was Installed so that more points

at low cooling water velocities could be included in the

anal ysis. It was installed after the initial data runs were

comple ted , since it was felt that Information in the range

of veloci ties from 1 to 4 ft/sec would be useful when evaluat-

ing the performance of the augmented tubes. This required

that the results for velocities over the range of both
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rotameters be compared to the results for velocities over the

range of just the 18.8 gpm rotameter. The heat transfer re-

sul ts for th e ran ge of f low ve l oc iti es for bo th ro tame ters
did not compare well with the heat transfer results obtained

for the flow velocities for just the 18.8 gpm rotameter. It

was found however that by basing the results of the later runs

on the flow velocities over the range of the 18.8 gpm rota-

meter only, repeatability of the results for the initial data

run was poss ible.

After a careful examination of the results, It was deter-

m i ned th at the reason for thi s anomal y was due to var i a tio ns
in the outside heat transfer coefficient at low velocities.

Since at low flow velocities the average cooling water tem-

perature increases , the tube wall temperature also increases

which in turn causes the outside heat transfer coefficient

to vary significantly as can be seen from Nusselt ’s

equ~t~on [15]:

~~~~~~~ 
g hfgkf

3 
1/4

D (T v -

The overall heat transfer coefficient , based on the outside

area , is a function of h 1, h0, an d Rw as discussed earlier

an d as seen In equation (7) which Is re—written below:

U 1 
. (7)n o 1

D1h~ w
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As was shown in Chapter III , equation (7) is reduced to

the form of a straight line where h
~ 

is a function of the

Reynolds number and thus the water velocity , assuming both

the wall resistance and h0 rema i n cons tan t ov er th e ran ge of

water velocities used. The fact that h0, as shown by equa-

tion (37) above , may not be constant at low water velocities

violates one of the basic requirements of the Wilson Plot

technique. Since , at low ve loc i t i es , it is impossible to

keep the variation in h0 small , the Wilson Plot for the flow

velocities of the 1.48 gpm and 18.8 gpm rotameters together

will yield a significantly different value for the Sieder

Tate constant than for the velocities over one rotameter ’s

range. This is seen in Figure 22. By superim posing a

straight line over the 1.48 gpm rotameter points , it is ob-

vious that the slope of the straight line would be greater

than that of the straight line obtained from the linear re-

gression subroutine [18]. On the other hand , if a straight

line is superimposed over the 18.8 gpm rotameter points , a

slope somewhat less would be realized. The smaller slope

would in turn result in a hi gher Sieder Tate constant as seen

in equation (lOc). This Is precisely what happens when the

1.48 gpm rotameter points are not used in evaluating the data.

Since the initial data runs were taken without the 1 .48

gpm rotameter points , and since the pressure drop information

Is felt to be more reliable at the higher velocities through

the test tube, the results that follow therefore , are pre-

sented based on the 18.8 gpm rotameter points only unless

speci fie d otherwise.
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C. PRESSURE DROP RESULTS USING THE PRESSURE TAP TUBES

T he General Atom i c Co. was success ful i n d r illi ng th ree

0.024 Inch diameter holes into the test section of three

spirally fluted tubes similar to the heat transfer test tubes.

(See Figures 14 and 15.) These tubes were connected to the

pressure drop measurement system independently, and the pres-

sure drops were measured at different water flow velocities

throu gh th ese tubes. The p ressur e dr o p measuremen ts a re
summar i ze d i n Tab l es 21, 22 , and 23. Figure 23 is a plot of

the pressure drop for 60 percent flow through the 18.8 gpm

rotameter for each of the three different General Atomic tubes.

Note the linear variation of the pressure drop along the

length of the tubes. Using this pressure drop information ,

it was possible to compute the f~’iction factor inside the test

section without having to apply any corrections. It was also

possible to examine the actual expansion and contraction los-

ses caused by the abrupt geometry change in the test tube.

The expansion and contraction losses were obtained by

com putin g the appropriate pressure drops using equations (38) H

and (39) below:

~~cn ~~5— 6 
- 

~~Ac - 

~~ 
- (38)

= 

~
‘2— 6 - 

~
‘5-6 — 

~~5-3 
- LWT + 

~
‘Ac

- 

2 
(39)

52 

_ - ~~~-~~~~~~~~~—- , - .
- ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — . .~~~~ -- ‘ .



w here ~~~~~ 5-6’ ~~~~ 
are th e p ressure d rops across th e

pressure tap tubes as seen in Figure 15 , and where:

p 2  2
~~Ac = ( 1 - a )  (40)

~P3 ~= (36 - L3 5) , and (41)
3— 5 -

= is the pressure drop across the smooth

end of the tube between the hydraulic

diameter section and tap 2 or tap 6.

Now the abrupt exit and entrance coefficient can be deter-

mined using equations (42) and (43):

2g
V — k f l  C
“cn 

— 

~~
r

c f l  2~~PV TS
2g

K = 

~~e 
. (43)

Pv TS

These values were found at specific flow velocities and then

an avera ge of th ese va l ues was use d i n re duc i ng the overa ll

pressure drop to the pressure drop in the three foot enhanced

section. Tables 24, 25 , and 26 summarize this procedure.

Knowing Kcn an d Ke and using equation (12) the friction

factor inside the enhanced cection was determined as ~outlined

In Chapter III. Tables 27, 28, and 29 summarize the friction

fac tors for th e PT tubes. Se e Ap pen di x H, samp l e ca l cu l a ti ons
for PT tubes , for an in— depth demonstration of the procedure.

As can be seen when comparing the friction factors found

in Table 14 to those found in Table 28, the friction factors
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found by reducing the pressure drop using the values of 
~~

and Ke as found in [20], are significantly different than the

friction factors found by reducing the pressure drop using

the values of 
~~ 

an d Ke found in this experiment.

The pressure drop across the PT tubes was significantly

higher than the pressure drop across the corresponding tubes

manufactured for the heat transfer measurements. The most

obvious reason for this difference in pressure drop was due

to the differences in the internal geometry of the pressure

tap tubes as compared to the heat transfer tubes. The PT

tubes were not from the same stock that the actual test tubes

were f rom , but in fact they were tubes that had been manu-

factured earlier in order to test out the manufacturing

technique. Since there is no convenient way of verifying

the geometry of the PT tubes , the results Dresented hereafter

are based upon the pressure drop measurements taken with the

heat transfer tubes , using the data reduction scheme mentioned

earlier. This procedure was used knowing that there is an

error in the expansion and contraction loss factors.

D. RESULTS BA SED ON THE SMOOTH END DIAMETER , D~

In as much as the primary purpose of this experiment was

to evaluate the per formance of the augmented —co ndenser tubes

manufac tured by General Atomic , compos ite plots comparing the

var ious performance parameters of these tubes and smooth tubes

are prov ided. Although it would be highl y desirable to corn-

pare these special tubes with other augmented tubes of
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different geometries, compar ison with existing results was

avo ided in most cases due to differen ces in experimental con-

ditions. The reason for this is due to the uniqueness of

this test facility as well as the fact that there are prob-

able differences in the data reduction schemes.

1. Hea t Transfer Coefficients

The first comparison is in Fi gure 24, which shows

the corrected overall heat transfer coefficient versus mass

flow rate. As expected , the enhanced tubes ’ overa ll hea t

transfer coefficients are superior to the overall heat trans-

fer coefficients for the smooth tubes. At a cooling water

mass flow rate of 1.3 lbm/sec , it is seen that the smooth

tubes (both aluminum and copper -nickel) have a corrected

overall heat transfer coefficient of approximately 1100 BTU/

hr~ft
2 °F and that the 45° HA enhanced tube has a coefficient

of approximately 1689 BTU/hr ft2 °F. This is a 53 percent

increase in corrected overall heat transfer coefficient for

the General Atomic tube over the smooth tubes. If the over-

all heat transfer coefficients of the three augmented tubes

are compare d , it is seen that the 600 HA tube (Table 3, Tube 3 )

outperforms the other two augmented tubes. The reason for

this is clearl y seen in Tables 14 , 16 , and 18. The outside

heat transfer coefficient is higher for the 600 tube , thus

the outside thermal resistance Is smaller. As can be seen in

equa tion (7) this makes U larger. The probable cause of this

is that the steeper helix angl e allows for better condensate
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drainage off this tube when compared to the 30~ and 450 tubes.

This fact will be discussed in more detai l in a following

sec ti on.
The corrected overall heat transfer coefficient of the

copper-n ickel smooth tube and the aluminum smooth tube compare

well up to about 1.3 lbm/sec . At higher mass flow rates ,

there appears to be some divergence in the data. It is sus-

pected that an oxide film builds up on the exterior of the

aluminum tube more than on the copper — nickel tube. This in

turn caused the outside thermal resistance of the aluminum

tube to be higher than the corresponding resistance in the

copper -nickel tube. This can be seen by referring to Table 20

and Table 30 where the outside heat transfer coefficient for

the aluminum tube is less than for the copper — nickel tube.

The inside heat transfer coef ficients are , however , comp ar a b le.

2. Pressure Drop and Friction Factors

Figure 25 is a compar ison of the pressure drops versus

mass flow rate for the tubes tested. As can be seen , the

pressure drops of the enhanced tubes increase at a much faster

rate than the pressure drop for the smooth tubes. Neither the

30° HA tube nor the 45° HA tube has as dramatic a pressure

drop as the 600 HA tube. T he reason for thi s Is eas ily seen

when referring to Figures 12 and 13. The flutes on the 300 HA
tube have the most gentle departure from the tube axis while

the flutes on the 600 HA tube have the most profound departure.

Therefore , the flutes on the 600 HA tube approach the geometry

of straight radial fins which merel y protrude into the tnside

56 

-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - - - - -  —.- 



of a smoo th tube, causing significant turbulent mixing to

occur. Th e f l utes on the 300 HA tube are such that they tend

to impart more swirl to the fluid , with less turbulent mixing.

These facts are further evidenced by referring to

Figure 26. The friction factor for the 600 HA tube at a

Reynolds number of 40,000 is approximately 0.057. The friction

factor for the smooth tube at this Reynolds number is about

0.0059. The friction factor of the augmented tube is then

nearly ten times that of the smooth tube. The 45° HA tube

and the 300 hA tube do no t exper i ence as g rea t an Increase i n
the friction factor , however , the rise is , never th e l ess ,

significant. As expected the friction factor for the 30° HA

tube has~ the smallest value among the enhanced tubes for

Re > 10 ,000. Below this Reynolds number , the friction factor

for the 300 HA tube is greater than for the 45° HA tube. The

reason for this was felt to be caused by inaccuracies in read-

ing the pressure drop at low flows.

3. Performance Cri teri a

In 1883, Reynolds [23] mathematically expressed , for

smooth tubes , th e ana l ogy between hea t trans fer an d momen tum
transfer as:

St = . (44)

In 1933 Colburn [24] extended this analogy to include Prandtl

num ber effe ct s:

St Pr 2”3 = (45)
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The Colburn Analo gy then provides a useful method to compare

the performance of the enhanced tube to the smooth tube.

Figure 27 is such a comparison . It shows the tube perform-

ance f ac tor , 2jff as a function of Reynolds number. As can

be seen, the ratio 2j/f is less than one for all three of the

enhanced tubes , which tn iicates that the performance of these

tubes is inferior to that of a smooth tube. But , as will be

seen la ter , the tube performance factor is highly dependent

on which tube diameter is used to evaluate the heat transfer

and friction performance. The most important fact to glean

from this figure , then , is the relative performance of the

three enhanced tubes. The 300 HA tube clearly outperforms

the other two . The reason for this can be readily seen in

Figures 28 and 26. Figure 28 shows that the inside heat

- 
- transfer performance is very nearly constant for the three

enhanced tubes while in Figure 26, the frictional resistance

of the 30° HA tube is seen to be much less than the other

two tubes.

An area ratio such as defined by equation (22) in

Chapter III can be found from Figure 28. In this figure , the

Sieder Tate correlation is used in place of the Dittus Boelter

correlation as used in equation (22). A value of (Nu pr l
~
’3

is found at the same Reynolds number for both the

smooth tube and the enhanced tubes. The area ratio is then

found by taking a ratio of these dimensionless groups. As

can be seen, this area ratio would make the enhanced tubes

appear to be very desirable for condenser use.

— 
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However, as explained In Chapter III , with this area

ratio, the additional frict ional resistance of the enhanced

tubes is ignored. By evaluat ing the area rat io for a con-

stant pumping power , these additional frictional effects are

Include d in the results as shown in Figure 29.

The results in this figure , howev er , are for an exter-
na l resistance equal to zero. As shown earlier , area ra ti os
for a non—zero ex ternal resistance could also be found , and

these resul ts are p lotted in Figure 30.

When Figures 29 and 30 are reviewed , the 30° HA tube

appears to have the best overall performance. The area ratio

for this tube is under one over the entire range of Reynolds

num bers used. In the range of Reynolds numbers that are of

interest to the condenser designer (Re < 50,000) the highest

area ratio is for the 45° HA tube and Is approximately 0.67.

There are three facts of interest to note here. First , it

appears that any of the three tubes tested would outperform

the smooth tube. Secondly, the area ratio for the 60° HA tube

is less than the area ratio for the 45° HA tube in Figure 30,

while the opposite is true in Figure 29. The reason for this

is felt to be caused by the higher external resistance in the

45° HA tube than in the 60~ HA tube. This Is seen in Table 14

an d Table 18 whereIn h0 is found to be on the average ,

200 BTU/hr ’ft2 °F larger for the 600 HA tube than for the 450

HA tube. It Is noted in Figure 29 that the area ratios are

very nearly cons tant. This interest ing fact apparentl y sig-

ni f i es tha t th e ra ti o of heat transfer performance to hydro-

dynamic performance is constant, muc h the same as for the

- 

~~~~~~~~~~ 59

”

~~ 

-

~~~~~~~~~ 

- - 

-I



smooth tube. F inally ,  when comp aring Figures 29 and 30 , the

taking into account of Rext has a s ign i f icant  ef fect  on the

resu lt s. T he area ra ti o , as shou ld be expected , will increase

when the wal l  res is tance is taken into account.

The uppermost curve and the lowest curve on Figures

29 and 30 are reproduced from Figure 9, Bergles [3], and are

for an assummed Rext = 0. T h ese curves were rep ro duce d here i n
to indicate the relative performance of the General Atomic

tubes against the tubes included in reference [3].

Figures 31 and 32 are Figures 1 and 2 from reference

[3] with the 30° HA tube ’s results plotted thereon. In

Figure 31 , it is seen that the 30° HA tube compares very

favorably with the tubes included in reference [3]. Figure 32

shows the friction factor of the 30° HA tube to be slightly

above the average of the existing data. Of the tubes appear-

ing on Figure 31 and Figure 32, tube 9, a repeated rib tube

tested by Webb [25] apparently comes the closest to duplicat-

ing the General Atomic tube ’s performance. However , it must
be remembered when comparing these tubes that they are all

tes ted under d i f feren t con di tions whi c h cou ld affec t their

performance.

E. RESULTS BASED ON THE HYDRAUL IC DIAMETER , Dh

The maj or thrust of this sect ion is to permit the compar-

ison of the augmented tubes based on their respective hydraulic

diameters , in lieu of comparing them based solely on their
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smooth end inside diameter. Consequently, it is recognized

that this sect ion wi l l  be of interest primarily to heat

transfer experimenters.

As mentioned previously, the d iame ter use d to com pute

suc h parameters as the Reynolds number and Nusselt number is

extremely cr i t ical  to the resu l ts .  In reducing the data ob-

tained in this experiment , the hydraulic diameter was found

from the geometry of the enhanced section. As expected , the

hydraulic diameter was much smal ler  than the plain end dia-

meter. The effect of this is immediately seen in Table 31

through Table 36, the summaries of the enhanced section re-

sul ts. For exam ple , for equal mass flow rates the Reynolds

num ber will decrease and the mass flow rate per unit area

will increase when compared to the smooth end diameter results .

This in turn will cause the other results to change as well.

1. Hea t Transfer Resu lt s

The inside and outside heat transfer coefficients are

both smaller in value for the results based on the hydraulic

diameter in comparison to the smooth end results. The major

reason for this is due to the fact that the actual surface

areas of the en h ance d sec tions are lar ger th an t he surface
area at the smooth ends. As shown tn Chapter III , the heat

transfer rate can be computed as:

Q 
x U~ A n LMTD = U0 A 0 LMTD . (2)

For a measured value of Q and LMTD , the UA product must
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rema in constant. Using equation (.32), it is easi ly  seen that

if A 1 and A0 both increase when using the hydraulic diameter

reduction scheme , it follows that the inside and outside heat

transfer coefficients must decrease. In addition, as woul d

be expected , the Nusselt number and Stanton number also de-

crease as seen i n the ta b u l ar resul ts.

2. Friction Factor

The friction factor found using the hydraulic diameter

is much less than the corresponding friction factor usin g th€.

smooth end diameter , as seen when comparing Figure 33 with

Figure 26. The reason for the smaller friction factor is

seen in the following friction factor equation:

(Pb )(Al’ )(144)(2g )

2 
. (46)

4(Lis/ D) G

Since G , the mass rate of f low per unit area , is inversely

proportional to diameter squared , then the friction factor

is proportional to D5 . Since is less than D
~
, then the

fr ict ion factor w i l l  decrease accordingly. As can be seen

in Figure 33 , however, the friction factor for the 300 HA tube

i s l ess th an th e correspon di ng fr i c ti on fa ctor for a smoo th
tube. Since this is not reasonable , the hydraulic diameter

used he rein may be somewhat quest ionable. The 60 0 HA fr ict ion

factor is again very high and apparently becomes asymptotic

at a Reynolds number of about 50,000. Both the friction

factor curve for the 30 0 HA tube and the fr ict ion facto r

62

- - --a- —. .— -.. — ------------- —--



- — --
_

- - -  —---- _- - — -~~-—-.  
_ _ _

curve for the 45 0 HA tube have a similar shape to the curve

for the smooth tube as seen In Figure 33.

3. Performance Cr iter i a

As seen in Figure 34, the tube per formance fac tor

2j/f, when using the hydraulic diameter , Increases signifi-

cantly for all three helix angle tubes when compared to the

resul ts based on the smooth end diameter.

F. ISOTHERMAL FRICTION FACTOR VERSUS NON -ISOTHERMAL FRICTION

FACTOR
Pence [13] compared the isothermal friction factor with

the non-isothermal friction factor for the smooth tube. His

results showed a negligible difference. Isothermal friction

factors were alsc found for each of the enhanced tubes tested

in this experiment. The results are summarized in Tables 37,

38, and 39. Figure 35 compares the two friction factors for

the 45° HA tube. As can be s een , the isothermal friction

factor is higher than the non—isothermal friction factor up

to a Reynolds number of about 40,000. At this value they

apparently merge and remain approximately the same.

The reason for the l ower friction factor with heat addi-

tion at the l ower flow velocities is thought to be a result

of the decrease in the measured pressure drop for these runs

as com pared to the Isothermal runs. The reason for the reduced

pressure drop must mean that less energy is expended to force

the water throug h the enhanced tube under heated conditions.



Consequent ly, there must be so me phenomenon occurr ing wi th in

the tube to aid the flow. It is felt perhaps that secondary

flows generated within the flutes are enhanced by the heat

addition. This fact was speculated by General Atomic and

Figure 35 supports this. At the l ower flow velocities , the

heat input per lbm of water is greater than at the higher

flow rates where the water residence time in the tube is

less.  Thus it would be expected that if the heat input did

in fact enhance the secondary flow in the flutes , the differ-

ence in the isothermal and non-isothermal friction factors

would be greatest at the l ower velocities , as verified in

Figure 35.

G. TUBE DRAINAGE AND HOW IT AFFECTS

As is very evident when reviewing the summary of results

in the tables , the outside heat transfer coefficient h0
decreases for the enhanced tube when compared to the results

for the smooth Cu/Ni tube.

As no ted earlier , one very important factor is the oxide

film that apparently forms on the aluminum surfaces. Based

on the differences in h0 for the results of run 4 and run 14,

the degradation could be as high as 10 percent.

Perhaps, though , a more im portant factor to consider Is

tube condensate drainage. Because of the exterior flutes ,

and the hi gh surface tension of the water , as condensa tion

takes place , th ese grooves tend to f lood w it h con densa te ,

which drops off the tubes at regula r Intervals. As the
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space between adjacent flutes fills with condensate , the

thermal resistance on the outside increases. It is seen that

the 60° HA tube has the highest outside heat transfer coef-

ficient among the enhanced tubes. The obvious reason for

thi s i s tha t the flu tes are more con duc i ve to con densa te
drainage than either the 45° or 30° HA tubes. This is so

because the angle is 600 to the tube axis which means that

the effect of gravity on the water in the flutes is greater

for this tube than for the others , thus providing for better

drainage.



_ _ _ _ _  _ _ _  - 

V. CONCLUSIONS

As a resul t of the above—mentioned tests , the following

conclus i ons are reache d .

1. The overall heat transfer coeff icient of the General

Atomic Co. tubes is superior to that of a smooth tube. The

increase in the overall coefficient , w he n correc ted for wa l l

resistance , varied from about 1.5 to 1.75 times the correspond-

ing smooth tube value at the same mass flow rate of cooling

wa ter.

2. Significant enhancement was realized for the inside

heat transfer coefficient in the General Atomic tubes when

compared to the smooth tube. Results based on the smooth

end diameter , show an increase of about 3.5 times the smooth

tube ’s value. Results based on hydraulic diameter show an

i ncr ease of ap p rox ima tel y 2.
3. The outside heat transfer coefficient of the augmented

tubes was approximately 10 to 20 percent less than the cor-

res ponding outside heat transfer coefficient for the smooth

tube.

4. Friction factors of the enhanced tubes were larger than

the corresponding smooth tube values. At a Reynolds number of

50,000, base d on D 1, the friction factor for the 600 HA tube

increased by a factor of 10 over the value for the smooth tube.

5. The heat transfer coefficients (hi, h0, Uc) are highest

for the 60° HA tube. The friction factor is also the highest
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for th i s tube. The increase in f r ic t ion factor dominates

the increase in heat transfer coefficients as exhibited by low

tube performance fac tors , 2j/f.

6. The 3Q 0 HA has the highest tube performance factor

of the three General Atomic enhanced tubes. The tube perform-

ance fac tor is about 0.67 for data reduced based on D
~ 

an d as
high as 2.0 for data reduced based on the hydraulic diameter.

7. Condenser tube surface areas could be reduced by up

to 50 percent using the 300 HA tube. Significant material

savings are also possible using the 45° HA or 60° HA tube.

8. Using the enhanced tubes , the non— isothermal friction

factor is less than the isothermal friction factor at the

l ower water velocities. Perhaps secondary flows 9enerated

in the flutesare enhanced by heat addition.

9. The range of flow velocities over which the Wilson

plot can be accurately used is limited because at low flow

veloc iti es , it becomes virtually impossible to maintain h0
constant. The Wilson plo~ assumes all variab les are constant

except for h~ .

10. The aluminum tubes have a higher outside thermal

resis tance due perhaps to an oxide film. The aluminum smooth

tube ’s overall heat transfer coefficient compares favorably

with the copper — nickel smooth tube up to about 60 percent flow

in the system . At this point the two overall heat transfer

coefficients diverge and the aluminum tube Is about 10 percent

less than the copper -nickel tube.
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11. The hydr aulic diameter used for the enhanced tubes

may be in error since th e 3Q0 HA tube ’s fr i ct i on fac tors
are less than the corre sponding friction factor for a smooth

tube.

68

_ _ _ _ _ _ _ _  - Th —~~~~~~~ ~~~~-~~--- ~~~~~~~ —---



VI . RECOMMENDATIONS

The results of this experiment have been encouraging

and hopefully the greatest contribution to heat transfer will

be to create a curio sity that will cause others to conduct

experiments that will begin to answe r so many of the unanswer-

ed questions and of course, to provide further experimental

evidence to support the results herein. In an effort to offer

some ideas for further experiments , the following recommenda-

tions are made.

1. To fully realize the potential of this condenser test

system as presently configured , as many of the augmented tubes

avai lab le  commercial ly as wel l  as newl y conceived tubes should

be tested and ranked with other tubes. This will present to

the designer of Naval condensers , as well as other designers ,

a clear and non -proprietary reference by which to evaluate

his possibilities. Figures 36 and 37 show tubes manufactured

by Sp iral Tubing Corp. and Wolverine Division of Universal Oil

Pro ducts Co. respectively, which are examples of tubes that

can be tested and ranked in the future.

2. The enhanced condenser tubes used in this stud y should

be tested In a vertical orientation. As was discussed earlier ,

in a horizonta l orientation , the condensate fills the area

between the flutes which has a detrimental effect on the out-

side heat transfer coefficient. It is felt that a vertical

orientation would provide a better outside heat transfer
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coefficient since superior tube drainage would result in a

vertical orientatio n. A preliminary design for modifying the

existing system to allow a vert ical orientation of the con-

denser tube was made by this experimenter and will allow mod-

ifications at a minimal cost. Included in this design are

also various baffle designs to permit different angles for

steam entry into the condensing section of the condenser.

By directing the steam at different angles across the condens-

ing surface , an optimum entry angle may be found which will

give the highest outside heat transfer coefficient.

3. Tests of the most promising tubes should be expanded

to include testing of horizontal banks of tubes. This type

of test is needed to determine how the condensate drainage

of the upper tubes affects the l ower tubes ’ heat transfer

coefficient.

4. Further hydrodynam ic testing of augmented tubes is

re quire d . T he pressure d ro p s an d hence th e fr i c tio n fa ctors
of augmented tubes cannot be accurately predicted by existin g

methods; therefore , tests which permit the exact measurements

of pressure drops on tubes of known dimensions should be

con duc ted.

5. Pressure drop measurements of the augmented tubes

under various degrees of heat addition to the cooling water

should be accomplished. This is needed to determine how much

the heat addition affects the secondary flows induced in the

flu tes , an d the resulting pressure drop. Also, tests which

perm it flow visualization under both heat transfer conditions
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and isothermal conditions would be desirable as this type

of test could possibl y shed li ght on secondary flow enhance-

men t in these tubes.

6. The fouling characteristics of any tube under test

should be determined. As discussed wi-thin this report , there

i s some evi dence that th e alum i num tube forms an oxid e f i lm

tha t i ncreases th e therm al res is tance. By manu fac turing

and testing identically dimensioned tubes of different

mater i a l , this effect could be determined. In addition to

the outer film , the extent of the fouling problem on the

cooling water side of the tube has to be determined.
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Figure 5. Test Conden ser Schematic,  Side V iew .

76

, .



I•
~;‘I)

-s-J
Ui

I

77



-~~~~~~~~~~~~~~~~

4 4 4 4
U.S

C.) 5— 41
4-a

C

rl~~ r+—
.—I II 0I I U.. 0

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

U.S
U•)

0

E

~~
UJ
5--
U.S

I



- - --- — _--“-- ~------—.-- -- ---.•—- -- -- - -  --‘-- -- -, - -

3 
I— la, 41

= VA
— .~~

.
~~~- 

4)
• 0 0

41
~~1

C

C

~~~~~~~~~~~~~~~ 

-

~~_ _ _ _ _

79 



-_--, ~~~~~~~~~~~~~~~~~~ - - - - -~~ •---~~~---~~-— . - , --~~~~~~~~~~~~~~--~~~~~~~~~~ --• --- --- - - -~~~~- -— -

C~J

41
4.)
0 N.

I-.

‘0 ‘0
S S

0. —D4-- a,
GI L. ~

5-

1.0.
0.

-z



,.—— - ‘•‘
~~

‘-
~~~~~~ .V-•’ 

•.—•-—•——--•-•••- -—- ——.---—.- — —.--- --.-——•----——••—---•. - -

C
0
.5-

4-a
‘I

1.
4-a
VA

0

E
41
4-a

In

>,
C,,

41
1.

in
VA
4)
S..
0..

a,
C

0
-C
C,,

0.

S..
a,
0
4-a

0
-C- 

- - 
~~~~

. A.

0
I-

41
1.

0)

U-

81



_ __ _

35—135—190—9 .

~-w/V

~~~~~~~ 1A

— -~~----

35—135—190- 5 ~~~~~~~~~~~~~~~~~ . 
. 

. S 

~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~ 11 . Photograph of Forming Process , Spirally Fluted Tubes.

82 



r--- ----

~~

-

~~

—

~~~

---- - - - --- - - —“ -- - .- -

~~~

------ -—---“-

~

--

~~~~~~~

. 
U

r ~‘ A  :j
41

i

s 
.
-

-‘ 

-
- .-

~~
‘ • 

- - -
~~~~~~~

‘ 
-

~~~

~~~~~~~~~- -: 
~~~~~~~~ . 

- - “ C)5- -” ,‘ 

F 

E

S ~~~~~~~~~~~ 0
- - -5 ~~ 5~’- ‘:~~

.C5~” 
- 

~: ,,- - ~~~ 0.

~~~~~~
0.

- . - S

~~~~
“'‘~~~~:‘ - i ; , ~“ .5 

~~~ “~•~~~ -\ . -‘ 17%;

~~~~~~~~~

•

~~~~~~~

- /~•4~- 
.

.
-
...

- -~ 

- -

~
-.
~~~~

•

~&-‘ ~~~~~~~~~~~~~ 41
- 5- f 4 _  — 5 • ~~ -“'~~~ 

S..

~~~5-” 
~~4

- -  1, . ’ .” “
“

~
• U-

- 
-

-
5 . 

~~

- 
.

. . ‘ 
-. 

. 

~~~~ - ‘
~- - -

~~~ ,~~~~~~ - . .
~~

. .) 
~
- ~~~~ ~,

- 
--

- ‘ S  
- ~~~~~

- - 5 ‘‘i ” -

~~~~~~~~~~~ 
. -‘

~~
‘ • -

~ -5 -

83 

- •,

---~~~~~ 
- . -  - — -~~~~~~~~~~~--~~~



-_- “ - - 

~~

-- . - -

~~~~~~~~~~~~~ 

--

~~~~~

- -

~~~~~~~~~~~~

-

~~~

--

~~~~~~~~~

--

~~~~~~~~~~~ 
- 

~~
“ -•

~~~~~~~~~~~

,, S ‘~ . ,~~ ~~ ~ ~~ - S. - S ~ ~S ~~~ ~~~ ~ S 4~S ~ ~Z’ 5” ~ 
- , ~ ~

- -- ~ - ‘ - 9 -  - - ‘k ~ ~ 
,~\ ~~~~~~~~~~~~~~~~~~~~ S ~ 

~~~~~~~~~~~~~~~

~_,
4

_~ 

~t’~
5’ 
~ ~~~~~~~~~ ~~~~~~~~~~~~~~~~ ~ ~~~ 

~~~ 

S

-‘-‘k~~ 
‘
~‘*~ 

/~ \ ~ ~ ~~~~~~~~~~~~~~~~~~~~ -S ~ ~~~~~~~~ ~~~ k ~S’ ~~Wk~~S~~~~~~~~~~ 
- • 

. , -
~

~~~~~~~~~~~~~~~~~~~~~~~~ ~~ ~ ~~~~~~~~~~ S ~ ~ .
~~ ~ ~ 

~~ 
, S

-~
<‘ ~~~~~~~~~~~~~~~~ ~~ ,k5 ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -‘k -~

~~~~~~~~~~~~~~~~~~~~~~ 
S 

~ ~ ~~ , ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
, 

-‘~~ - 
S 

~ ~ 
~~

~~~~~ ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5-

~~~~~~~~~~ .~ ~~~~ 
->-

~ ~~~~~~~~~~~~~~~~ ~~~~~~~~ 
—

~~ - 
~~~~~~~ .5-- ~~~~~~~~~~ 

S

~~~~~~‘~~
-
~ -~~~ ‘&5 ~ ~ ‘ .,

~~_
S;

~S ~~ “~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . - , . 
- ,~~

~~~~~~~~~~~~~~~~~~ -k — 
$w~~~~~~~~ 

\~ 5~V ~~ ‘0
~~~~~~~~~ ~

‘ 5~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ ~ ~~ V~ ~~ ~~~~

~~~~~~~~~~~~~~~~~~~~ \ ~~ ~~ 

— ~~ 5- ~~~~~~~ 
~1

~w~;
R4 ,w

~ 
‘
~

~~~~bt~ . - 
< - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
. :, - 

~~

~~MW~~~~~ ~‘ 
~~~~ I-

~~~~~~~~~~~~~~~~~~~~ 

. 
-‘~-‘

, 
, 

~~~~1~~~~
- ,5_ 

“ -“
S. 

~ 
‘
~
,- 

~0
-‘~~~~

‘ -
~~~~~~~~~~~~

-‘
- ‘~~

-‘ - ~~~~~5.S 5~~~~~~~~\~~~~ ~
‘ 

.

- 
. - S - 41

*~5 . - “~~~~‘ ~ ~~~ 
., , S~

-’\~~~ -~~ - - 4.)
t-’ \~ 

$~ ~~

- 

~~~~~~~~~ ~ ~
s ’

-

‘ _~ ‘c~ 5- 
~\ 

-‘ 

-5 U..

Ss \ S” 

“ 

“
~~~~~~ 

4

55
5 

~~~~~~~ .‘~~ 
- 

- 4  
- 0

S 
-

-‘5 - 
. .

, z, - ~~~~~
- - .

- 
- .- S ~, - 41

S S 
- 

‘ 
- 

..—

— -~~:-~~~ - . ‘~~5 - - -

-- , \
‘5’ ~~~~~~~~~~~~~~ 

- 

~,. --~~~~-~~~~ LC)
- -

- - .
~~~~~~~~~~ 5k4~~ 

- s - - - ‘ . C
~~~~~~~~~~~~ ~~~~~~~~~~~~~ 

- 
S 

- 
. - 

~~ 0
-

~~ 
.4.)

- , - . ~, . ~ -- . - C)
•~

55 ~-
- 

, $$.
S~~~ ~~“ ~~~~~~~~~~~ s- 

~~~~~~~~~~~~~ in

~
- 5, ,

~ ~ 5, \~5~~ 
‘V~~~~

5 
5, ‘ 

~~~~~~~~ ‘.-~~~ ¼

‘ 5 -’-; ,.
~~~

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

84



-“-----~ —- -.- ~~~- -  -~~~~~~~~~ - ---- - - -~~- - - —

_ _ _  c 
____ 

U;___ 0 41
• ____  

0 tO _________ .0— C,) 
~~
.____________________ 

I-
— 

. 
__ 

0.

_ _ _ _  _ _ _ _  _ _ _ _  I-

4)
_ _ _  

1.

_•

~~~

1

~~ 

_  _

___ _ _  1.

~~~~1~~~~ 
___ 

_ _ _ _ _ _ _  

E
___ ___ _  

0
_ _ _  4J

—I ._____________

_____ S.
a,

4,

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

_  _

_______ 
0

_ _ _ _  _ _ _ _  0.

_ _ _  
1.

_ _ _ _ _  
a)

_______ 0
_ _ _ _ _ _  

.z______________ 0.
-_

—
-

-I

85

~

,_-_

~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - . - ~~~~~~~~~~~~~~~ —



r ---5.—---....-’-~~
, - -— - - -  - - --•~~~~~~- --- - - _ _ _ _ _ _ _ _

I — — — -— — —
0. 

~IE N.~~~~~ 

N.~~~~~~~ O~~ C%J (~~~~CtJ 
~~~~~~~~

‘0 it) C’) C.0. ~~— — — — — —
a,
S..

(.•) N.I INO~.4’J ‘~~~~~~~C•~a C’)~~~ a,
— C’) ‘- . C’)
0. 0.— — — — -— —

0
0. 

4.)
it) tO C’) ~~~

T
2 Z .  ZZ. ~~~

.

I—

C.) 0 UJ 
a,I — — — S.

I — — —
0)

S ~~

_ _  

JI ~~~~~~~~~~~~~

86



— ——‘------ ‘---- -

C

I I CI ~~ I .5-I 9 ~ I U-
I U.. 0

1) 0I-

U U  .5-

r ~~~~~~~~~~~~~~~ _____________ •
>9 —— 41
z.— 

41

C.,

4.)

a
41
.~~C.)
C,)

4
I tO

5- I a,— 
I S.

3

C [~~ j

87 

j. , — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - - — - - -



-

~~~~~~~i~~~~:~~~~~~

- - ---- -- - - - - -- -—-—--------- ----- --- -- -  —

~~~~~

- - . ‘----- ,

r 1
L~i-i

1JT~~~

K ~~~~~~~~~~~~

I 1 C1J______
S ° a + ~~~ I-’~

- • -  
V ~~~~~~~~~ inX ~~~~~~~~~~~~~~~~~~~~~ I 1 1  I

1.3
1L. 4~Yr~\ L

y

J 

Lt~~~~~~~~~~~~

J

~N~~ J -L±-—~’ I

‘

~~~~ jL~~

k:”
J 

1

.rl A %_._
_~~~

___
_• 3

0 1  U-

Q

05)

5 , - - - -  -— - --- - -



- 

_ 
[o fi

_ 
/,

II ~ II %~Io. 0~ .

U -.--- ----.. 
5- 0..

r 4  0 .~
I C

I I
I 4.) 41I 4-)
I 41

_ _ _ _  
in i—.

o k..~ a’
S. S.

.1_I 0. a,

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

_ _  _ _  

~~~~L~11H L~1 4-al-a?

89



- - ‘~~~~~~~~~~‘~~ . -- -‘ -~~-—--- 

~~ 
[.lII~~ J ~~~~~~~~~

F . 

~1 ( .113 - .~~ II) ]

€ z Z Z j j~
a_ 

(I, . 
_IJ2~ f {~‘i i4r s ( I 

~~ • 

-

_________( 

. s.os::ni g. 
‘

~
. i

- , ., h,,’, “ -, 
~

‘

,
. ~~~ Is15p,lh1(J&~ 

( i ~
.~~ta.o i rssia ti~~

i
~

. I ~~~~~~~~~~~~~ ~.~~•::: ~~
‘ 

~~~ 
,; 

- 
-

I,h’
~~ I (s’~s~~~’~~~sj  ~~~~~~~~~~~ ~~

~~~~ ~~~~~~~~ 

~ ~~~ 3 

I 
- 

~:::::;1~’I::::::;~ ~ I~~ • I J h T%~~~~~~;
’ E1~I~i~i. I - 

i
,,.. ~~~ ~ I

- ~~... _ ‘(II 
~IJ(5J,.J~I( ~“~~i’’ ’

I ‘~‘~“~~ L.~•~_I $~ - 

• 

I 

~~~~~

~~~~~~~~~~~~~~~ I I  •—

~ I H -~~ I I’~ I
I ~~~~~~~~~~~ I 

_______________________ 

_______

Figure 19. Computer Program Flow D i a g ram.

90

________
-

~ 

-~~~~~~~ - - ,-.-,--- . - - -  -‘-



- —~~~-~~~~~~~~~~~______________ — -— -~~~ 
- ‘ - -~~~~~

--
~~ 
--- -‘5—--- 

-‘

r~i~
j
~ ‘~~~~~~!~ 

__5, 
‘! ~ ~

__ F— 
F- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~ 
— 

~Vfr 

!!: r~

J.5-F 

~~~~~~

- ‘ 5  4’- “-
.

5 .- .$á~
’ 

~~~~

~~~
4

~~r _  

S 

_

~

‘

~~~~~~~~~~~~~

A—

~~~~~~~~~~
j

U- 
A___

~?~~~
’ 

____  

,_t~~ 

___
- —~ 

~~~~~~~~~~~~~~~~
SJ
4

-4 , ._; 
.5-

_______________ -( ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

U

-

_
_Jp

_ 

_ _ _  

-,
~~~~~~

r~ ~~~~~~~~~~~~~~~~~~~ A -
~~~~~~~~~~

91

-



S S S S I I

Cd

\

L~OIX) 
Nfl/i

92 

~~~~~~~~~~~~~~~~ — 5 S~~~~~~-~~~~~~~~ - -- ~~~~--‘-.-- - . -~~~~~~,-~~~~~~
. -~~~-— 

,

-
~~~~



- -_ - . - -.- - - - --- —- - - ——-- - —
~~~~~~ 

- - ---- .———_--- .--—--- - — “‘ -- -- .. .• -- — -—-----
~~~~~~~~~~~~

-— — - --—- — .

I I I S I S

S.
a,
4)

(~~ Oi X) Nfl/I

- 
93

I. - _ - ‘.5- _—.— —— —~~~~~—.-—~~ --,— “~~~~~~~~-



_ _ _ _ _ _ _  ~~~~- — .- _— -—‘- - - -~~~~ -----—- _ _

I I I I

55)

4-)

‘0

. -~~~~~ C
.2

e1 -J 
4.)

S •~~ S.

0 4-’
0 . 4 1

E
I— ‘0
‘0 4 )

~~

(A~fl3~I3Vl S3HONI) dO~0 ~~1S&3bd

94



r 

—- - - - —

~~

-—

~~~~~~

— - - ---

~~~~~~~~~~~~~~~~~ 

_ _ _ _ _  _ _ _ _ _

I I I I I I I

. 1:
ctJ

• C%J

. 1\  • 0oJ

4 1
.

~~~~~~~~~~

I —
~~~I

\ 

S. 40

40
— a) ‘4-.

V

S I S I I S I
0 o Q Q 0
Ig, o In o

sO OJ
(4.~W’4/fl.L9) J.N30144303 èI3dSNV1LL J.V3H T1V~3~O OILO3e*IO3

95

-—  -- — ---—-~~~~~~~~~-
-_ - --

~~~~~~-
--

~~~~~~
_
~~~~~~~~~~~

- ---- — — - .--- --~~~~~~- 





~ 1

iS 0 iiiii~ 
IHH~

5
_________ •~~ ~ 315 2 2

uuI~~~ —_
I~~~ 3.5

.5 .5 2 0j •j  L~ 140 =
L

_________ ~~ I

~L ~ 

125 ~~~~~
NATIONAL BUREAU OF STANDARDS

ISOP000PY RE SOLUTION TEST GN**T



I I

U
*4
•1

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0
0
L)

•
0

U

.~~~~~ Ui
-

0
UI

~N. _ w
I- U’4

N...!
U-

I I I

(ISd ) dO~O 3W~SS38d ~I~t1~ I~O3

96



I I I I I I I I

• H I 0

• 0

I T
I I  U

• •1’A I  .
> 7I• .1 E

I ?
10

J I  U’

plc 0
•11 •~~~~~~~~ 4J

•71

/
’ 

I

N

II,

L ’ .

F ~~ QL~~ NOU.3~~ 9NINNV~

97



~~~~ ‘ I I 

• :

I
1 • * o —  ~>

• 

- I 0~~~~~~~ ~~

‘4-

U
-

S

I
cs•J

\
*.~~~~~~~Oo-o

I I

S
i/ Iz ~c~

j
~yj  33NWl~O4~3d 3efli



5~~_~~~~~~~~U~~~~~

I I I  I I I I 1 1 1 1 1  I I I I
• • •  I-
• ••
• E

• 2 0 U’•~ = g
• ~~• I-

10

U’

-

I 1  I I I I I I 1 1 1 1  I I I I

0 10 01 0 10 01

~~~f*~l) Qd fl N

99

—~~~~~~ 
•. .• -

~~~ S ~: ~~~~~~~~~~~~~~ —



01

II

I
I ‘CI U

S..
0
II-

5-
U
.0

• . 0

t Ut
.
~~~~~~~~I

-
• I . -  ~~~~ >1,

U

in
• • 0  

~~I U’
I 

~~~ U) ~-

I 01
I _I >

• . E 2 0
I >-

C I I Lii •:
~I I

I
I.

I!

I I  U

-

100



—- -5- 5— ~~~~ 5~55~S_~~~~ S 5~ -~~~ . 5- 

~~~
_ —_-~ ~~~~~~~~~~~~~ 

—-- —--—5- - -5-. -’

I I I I

ill III

0a

‘5-

C:. . .~~~ 41

• 0

5-
I U

.0
E

I 

\\w  

•1 0

S 

~~~~~~~~

101

--—5--- —-5 ____——— -~~~~~ — 

I
__Il



—-—~ —- —-- - - - 5-,

— I I I I I I L I 1  I 1 1 1 1 1 1

R U N 8 3 O
1 o2 °

I SMOOTH TUBE: -
I / ,f,/ Nu/Pr0 4  0.023 Re0 8

• , 1  /

2

10 I I I 1 1 1 1 1 1  I I I i i  i i i

io5

REYNOLDS NUMBER, pDj v s/~i.

Note: The numbers appea ring wi th  each curve above are the
reference numbers appearing in Bergies [3].

Figure 31. Heat Transfer Data For Tubes with
Va rious Types of Roughness versus

Reynolds Number.
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V I I I .  TABLES

Channel Channe l
Number Location Number Location

40 Tc. 47 1
- _ _ _ _ _  

1~5 _ _ _ _ _ _ _  V

41 Tco 48

42 Tco 49 T
~

43 Tc0 
- 

50 —_____________
44 Ic0 51 Tw

52 Hotwell

46 Iv 
_ _ _ _ _ _  _ _ _ _ _ _ _

Table 1. Location of Stainless Steel Sheathed
Copper Constantan Thermocouples. 
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- 

Num ber L o Cat I on C h a n n e l  L o ca t I on

1 Hot Well 6 Condensate Header

2 Fee dwa ter Tan k 7 I c into Cooling Tower

3 Con denser W i n dow 8 I c ou t of Coo li ng Tower
4 T~j 9 Cool i ng Tower Amb i en t
5 Ic 0

Table 2. Location of Teflon Coated Copper Constantan Thermocouples
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T~,(°F) T
~
(°R) 1c1(°F) Tc0(°F) ~P(ps f)

FLOW __________ __________ ___________ ___________ ___________

II 151.4 574.4 69.7 
- 

101.8 .77

21 151.2 565. 14 69.8 91.1 2.68

31 151.3 561.0 69.9 86.2 5.50

4]. 151.2 557 .8 70.3 83.14 9.32

51 151.3 555.8 70.8 81.8 13.92

61 151.0 554 .2 71.2 80.7 19.56

71 150.8 552.8 71.6 79.9 26 .414

714 150.8 552.6 71.7 79.8 29.21

Table 4. Raw Data for 145° Thbe, Run 2 , 11 OC~ 77

I (°F) I (°R) Ic (°F) Ic (°F) I~~P(ps i)
FLOW V w 

— 

1 0

10 154.7 573.3 69.0 101.30 1.00

20 153.1 56 14.3 68.5 90.37 3.14

30 151.9 559.2 68.3 84 .74 6.42

40 1149.7 556.2 68.3 81.50 11.10

50 149.7 554.2 68.7 79 .88 16.61

60 150.0 552.4 69.2 78.89 23.53

70 150.3 551.0 69.4 78.04 31.4S

73 150.7 551.1 69.9 78.35 33.68

Table 5. Raw Data for 45° 1~ibe, Run 3, 11 OCT 77
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F 
5- _ _ _ _ _  - - -  •- 5-—5- S S - • • • 5 - - S -- -5-

I (°F) i~~( °R) 1c1 (°F) Tc0(°F) Lw(pSi)
FLO W V

10 152.3 574.7 66.3 
— 

84.5 .l8_

20 150.7 559.4 66.0 79.2 .54

30 151.1 554.4 
— 

65.6 76.5 1.11

40 151.1 552.2 
- 

65.8 74.8 1.88

50 150.7 551.0 
— 

66.0 73.8 2.75

60 150.6 549.0 
— 

66.3 73.2 
- 

3.82

70 149.3 547.0 66.5 
— 

72.5 5.07

80 149.1 546.3 
— 

66.7 72.2 6.39

90 149.5 —__546.1 — 
66.7 71.7 7.91

100 149.4 545.2 
— 

66.9 71.6 9.58

Table 6. Raw Data for Smooth Tube, Run 4, 18 OCT 77

T~,(°F) I (°R) Tc1(°F) Ic (°F) ~P(psi) 
—

FLO W W 0

10 149.9 581.6 64.2 
— 

99.4 • .81

15 15014 576.3 64.0 9211 1.63

20 150.1 574.2 64.2 87.7 2.43

25 150.5 
— 

571.8 65.1 f 85.0 3.48

30 150.9 570.8 
— 

66.3 83.7 4.77

40 149.7 568.8 
— 

67.4 81.3 7.98

50 148.6 567.3 
— 

67.6 79.2 12.03

60 148.7 566.6 67,2 77.4 16.70

70 . 148.3 564.6 
- 

67.2 76.1 22.23

80 148.6 563.7__— — 
67.2 75.4 27.96

Table 7. Raw Data for 300 Tube1 Run 8, 28 NOV 77
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5— -. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-- -

I (°F) T
~
(°R) Ic1(°F) 1c0(

0F) ~P(psi)FLO W 
_________ _________ __________ __________ __________

10 154.1 579.6 70.5 106.4 .91

15 151.1 590.7 
— 

69.6 96.4 2.13

20 149.3 584.8 
— 

68.9 90.8 3.73

25 149.0 580.2 68.7 87.8 5.59

30 148.7 579.8 68.5 85.7 7.75

40 148.2 577.3 68.5 81.9 13.74

50 147.9 576.0 68.4 80.3 21.75

60 147.5 578.2 68.7 79.0 31 .97

65 147.4 576.4 69.1 78.7 38.27

Table 8. Raw Data for 60° Tube, Run 9, 29 NOV 77

FL~W 
T~( F)  T

~
(°R) J Ic1(°F) 

- 

1c0(°F) ~P(psi)

15 
— 

152.2 567.02 69.9 
• 

95.9 1.75

20 151.3 563.0 67.2 - 90.0 2.57

25 151.4 560.1 
— 

67.6 86.9 3.86

30 151.3 557.8 68.0 84.7 5.32

40 151.5 554.9 68.1 81.7 9.03

50 151.5 552.8 68.7 80.1 13.35

60 151.2 551.5 69.0 79.0 18.95

70 151.1 549.5 69.4 78.6 25.71

76 151.2 549.0 
• 

69.8 
- 

77.9 30.03

Table 9. Raw Data for 45° Tube, Run 11 , 9 JAN 78
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- . 5---- 
5S•~~~~ l55~~ 

.55- -I--. -

S T~,(°F) T
~
(°R) Tc1(°F) Tc0(°F) ~P(psI)FLQW

10.5 149.7 592.7 64.7 101.4 1.11

15 149.8 592.0 64.5 94.6 2.18

20 150.1 588.9 64.4 89.8 3.82

25 149.9 589.5 64.7 86.3 5.46

30 149.9 588.0 64.9 84.0 7.80

40 150.0 585.5 64.9 80.5 13.56

50 149.8 585.3 65.3 78.4 21.00

60 149.8 584.8 65.6 77.0 30.97

66 - 149.7 583.2 66.3 76.7 38.13

Table 10. Raw Data for 600 Tube, Run 12, 10 JAN 78

‘FL~JW 
T~(°F) T

~
(°R) 1c1(°F) Tc0(

0F) ~P(psi)

10 151.6 585.7 64.5 84.3 .15

15 151.0 580.7 64.4 81.4 .29

20 150.5 575.4 64.4 79.3 .52

25 150.2 572.0 64.5 77.3 .77

30 149.9 566.4 68.7 76.8 1.10

40 149.9 561.8 64.9 75..1 1.84

50 149.7 559.6 65.3 74.0 2.82

61 149.7 558.9 65.6 73.4 3.98

70 - 149.5 557.1 66.2 73.1 5.12

81 149.5 555.6 66.3 72.5 6.69

89 149.6 555.1 66.7 72.5 7.88

Table 11. Raw Data for Smooth Al Tube, Run 14 , 14 JAN 78
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-- . 5 .s~~~~~~~~~

S T~,(°F) T
~
(°R) 1c1(°F) Ic0(°F) ~P(psi)FLOW 

_________ __________ __________ __________ __________

10.5 151.3 585.0 6118 97.2 .72

15 152.0 582.3 65.1 92.5 1.36

20 151.2 579.0 62.1 86.2 2.27

25 151.5 576.9 64.9 84.8 3.36

30 150.8 575.4 62.1 80.4 4.71

40.25 151.2 573.1 62.4 77.1 7.82

51 151.4 571.7 63.3 75.5 11.90

61 151.3 570.4 
— 

64.2 74.6 16.49

70 151.1 570.4 
— 

64.4 73.9 21.45

80 151.1 568.3 64.9 73.4 27.55

Table 12. Raw Data for 30° Tube, Run 15, 24 JAN 78
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% Flow 10 30 50 70
Taps ~‘Hg ) (“Hg ) (“Hg) ( “Hg )

1-7 2.0 13.2 34.2 64.5

2-6 1.9 13.1 34.0 64.4

2-4 .7 4.6 11.6 2114

2-3 0 .3 .8 1.4

3—5 
- 

1.4 9.2 
- 

23.6 44.5

3-4 .7 4.6 11.0 20.2

4-5 .7 4.9 12.7 24•5

5—6 .5 3.7 1010 19.0

6-4 1.2 8.4 2216 43.2

Tabl e 21. Surmiary of Pressure Drops PT - 1 , 30°
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% Flow 10 20 30 40 50 60

TAPS (“Hg ) (“ Hg) (“ Hg) ( “Hg) (“Hg ) (“Hg)

1-7 213 7.7 17 28.8 43.6 61.5

2-6 2.2 7.5 16.8 28.3 43 .03 60.5

2—4 .9 3.1 6.4 11.5 17.6 24.8

2—3 0 .2 
• 

14 .8 1.2 1.7

3-5 1.7 5.6 12.5 21.3 32.2 45.3

3-4 .9 2.9 6.4 10.9 16.6 23.3

4-5 .9 2.8 6.2 10.5 15.7 22.2

5—6 .5 1.7 3.8 6.5 9.9 13.9

6-4 1.4 4.5 9.9 16.9 25.3 35.6

Table 22. Suniiiary of Pressure Drops PT-2, 450

1 34
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% Flow 10 15 20 25 30 40 50 60

Taps (“Hg) (“Hg) (“Hg) (“Hg) (1’Hg) ( “ Hg )  ( “ Hg)  ( “ Hg)
1-7 2.4 5.4 8.9 13.9 19.7 34.5 53.5 78.2

2-6 2.3 5.1 8.6 13.6 19.4 34.0 53.0 77.0

2-4 .9 2.0 3.5 5.5 7.6 13.9 21 .9 32.0

2-3 0 0 0 .1 0 .2 .4 .6

3—5 1.9 4.0 6.7 10.5 14.9 26.2 41.0 60.1

3-4 .9 2.1 3.5 5.5 7.7 13.8 21.7 31.7

4-5 .8 2.0 3.4 5.2 7.2 12.5 19.5 28.7

5-6 .5 1.4 2.2 3.2 4.5 7.8 11.8 16.8

6-4 1.4 3.1 5.3 5.5 11.6 20.1 31.1 45.2

Tabl e 23. Sunriary of Pressure Drops PT - 3, 600
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~~~

- 

~~

—•-— 

2 . ~~Ac ~~ ~
‘smooth ~~comp ~~exp 

—

________ 
~~~ psi) (in Hg) (in Hg) (in Hg) (in Hg) K

~n (in Hg) 
Ke

20 0.608 0.555 0.741 0.375 0.0633 0.~~4 0.45 0.4135 0.35

30 0.608 1.26 1.68 0.837 0.1345 1.208 0.46 1.108 0.42

40 0.608 2.18 2.91 1.43 0.2211 1.899 0.40 1.718 0.37

50 0.608 3.41 4.55 2.15 0.3270 2.849 0.39 2.949 0.40

60 0.608 4.86 6.49 3.03 0.4570 3.895 0.37 4.155 0.39

EKc . EKe .
____ = 0.41 = 0.39

Table 24. Summary of 
~~ 

+ Ke determination PT-2 , 450,
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0.260 0.781 1.30 1.82

_______ 
13,492 37,416 61 ,178 83,894

0.0073 0.0060 0.0054 0.0051

G5 ‘~~~2 ) 610,609 1,834,142 3,057,795 4 ,282,229 
—

L~P (psi) 0.0082 0.0607 0.152 0.281

17,100 51 ,300 85 ,500 119,700

V 2
J~~ . ~

‘ 

~~ 0.151 1.36 3.77 7.40
~~ 2 c ~ /
(K

~ 
+ K

~
)i 0.40 0.40 0.40 0.40

(K
~ 

+ Ke ) 2 
— 

0.77 0.77 0.77 0.77

• ~~~~~~~~~~~ 0.0604 0.544 1.51 2.96

L
~
Pexp / con2

(PS i) 0.116 1.0472 2.’903 5.70

~P2 6 (psi) 0.84 5.96 15.47 29.31

~
p
15 (psi) 0.7714 5.355 13.808 26.069

~~~ T(’ (psi) 0 .7758 4.852 12.415 - 23.329“)2 
______________________________________________________

GTS ( ibm 
2~ 

1,060,726 3 ,186 ,201 5,311 ,884 7 ,438 ,923
hr~ ft _________________________________________________________

~TS 0.0092 0.00707 0.00656 0.00631
1 

-

~TS2 
- 

0.00852 0.00641 0.00589 0.00565

~P3 5 (1si) 0.637 4.18 10.72 20.25

0.00867 0.00632 0.00582 0.00561f3_5

Table 27. Friction Factor Summary , PT-i, 30 °
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~I (~~~~~ ) 
_____ 

.530 .800 1.050 1.310 1.570

RCS 
— 

27,419 40,176 52,086 64,696 
- 

75 ,074

.0063 .0059 .0056 .0053 .0052

G5 S~~~t2 
) 1 ,274,654 1 ,920,332 2,526,D1l 3,157,827 3,770,897

~~~~~~~ 

(psi) .0288 .0612 .1006 .1488 .2081

v1~ (~-~
) • 32,796 49,428 64,980 81,216 96,984

2V1~ .555 1.26 2.18 3.41 4.86
p ~~~~~~~~ (psi) 

___________________________________________________

+ Ke )i .33 .33 .33 .33 .33

(K
~ 

+ Ke)2 
.80 .80 .80 .80 .80

1
~
Pexpicon 1

(PS i) .183 .416 .719 1.13 1.60

t(P
expicon

2
(PSi) .444 1.01 1.74 2.73 3.89

W2_5(psi) 3.39 7.65 12.88 19.58 27.53

L
~
Pis (psi) 

— 

3.19 7.17 12.06 18.30 25.72

~P~~~(psi) 2.92 6.58 11.04 16.70 23.43

~rs ~~ft
2
~ 

2,036,156 3!D67,574 4,035,097 5,044,372 6,023,701

~TS 0.0115 0.0114 0.111 0.0108 0.0106
1

~TS 
0.0106 0.0105 0.0101 0.0098 0.0097

2 ______________________________________________________________________

t~P3,,,5 (psi) 2.55 5.69 9.69 14.63 20 .62 
—

f3_5 0.0108 0.0107 0.0103 0.0099 0.0097

Table 28. Friction Factor Sumary , PT-2, 45°
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- - -~— 
_ _ _ _ _

_  _ _  
104 130 156~~~~

- 

14,590 20,516 26 ,384 32 ,366 38,331 50,009 61 ,313 73,799
.00719 .0066 .0062 .0061 .0059 .0056 .0054 .0052

r~ c~’~-~? ) 609,807_915,703 1 ,221 ,674 1,527,559 1,833,453 2,445,4343,057,3183,669,066

— I ’
~ 

(psi)  .0073 .0151 .0252 .0388 .0540 .0912 .1375 .1907

“is ~~~~~ 14,976 22 ,464 29 ,952 37,440 44,928 59 ,904 74 ,880 89,856

.116 .261 .463 .724 1.04 1.85 2.89 4.17
g~

- (psi)

+ K ) 1 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26

+ K~)~ 1.03 1.03 1.03 1.03 1.03 1.03 
- 

1.03 1.03

:030 .068 .120 .188 .270 .481 .751 1.084

/ (pri) .119 .269 .477 .746 1.071 1.906 2.977 4 .295LX ,), COn 2 
- —

-‘“.2_6(psi) 2.3 3.91 6.19 8.83 15.47 24.12 35.04

(ps i )  2 .217 3.765 5.963
_ 

8.506 14.90 23.23 33.77

‘p 1.~ 
(psi) 

— 

2.016 3.408 5.405 71705 13.47 21.01 30.55

T
~~~hr.ft ’~ 

J27,828 1 ,~3,2531,858,~ 2 2,324,200 2,789,622 3~ 2O,759 4,651 ,~9 5,582,531

.0207 .0197 .0200 .0198 .0195 .0194 .0196

f .0188 .0179 .0181 .0179 .0176 .0176 .0177

‘
~~3_ 5 (psi) 1.82 4.78 6.76 11.92 18.66 27.35

[f 1 5  
- 

— 

.0191 .0179 .0180 .0177 .0175 .0175 .0178

l’able 29. rrlctlon Fecto,’ Sun~~ary, P1-3,60°
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APPENDIX A

CALIBRATION PROCEDURES

1, Rotameters

The three rotameters installed in the test condenser and

by-pass line were calibrated by the use of a scale and a stop

watch. The procedure that was used is as follows:

a. Establish flow through the rotameter at a specified

percent level.

b. Record weight of container at time zero.

c. Record weight of container at time zero.

d. Determine flow rate for specified level by

dividing the weight gain by the elapsed time.

2. T he rmocoup l es

All thermocouples used in the test appara tus were cali-

brated In a silicone oil bath against a platinum resistance

thermometer. The output of the platinum resistance ther-

mome ter was dete rmin .~d by the use of a Wheatstone bridge a~ d

Is accurate to the nearest 0.02°F (0.01°C) .  T he Au toda ta
Ni ne Recor der , the output devi ce for all sheathed thermo-

cou p l es , is accura te to the nearest 0.2°F (0.1°C) and all

sheathed thermocouples were found to record the same temper-

ature that was Indicated by the platinum standard.

1 59



3. P r e s s u r e  Trans ducer

Cal ib ra ti on of th e a b so lu te p r e s s u r e  trans ducer was done

by using a mercury manometer. The amplifier for the trans-

ducer had an excitation voltage of 16.2 volts. A second

voltage setting was used to set the scale of the output so

that the output corresponded to centimeters of mercury. The

calibration showed a linear relationship between the trans-

ducer and the actual pressure. The output of the transducer

when multiplied by ten is equal to the pressure In centimeters

of mercu ry .
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A P P E N D I X  B
PROCEDURES FOR PREPARING AND INSTALLING THE ALUMINUM TUBES

The enhanced section of the tubes manufactured by General

Atomic Company had a larger outside diameter than the corres-

ponding smooth end. This fact necessitated that a special

procedure be developed to allow installation of these tubes

with the wall thermocouple installed. The smooth aluminum

tube was prepared in a manner sim ilar to the aluminum augmented

tubes , except for the special installation procedures mentioned

above. Therefore , these procedures also apply to the smooth

aluminum tube ,except step A. 1 is ignored and all of step C is

disregarded.

A.  PREPARATION PROCEDURES

1. File the plastic thermocouple connector to a size that

will allow the connector to pass through the swagelock fitting.

2. Cut a 4-inch long groove approximately 0.025 inch deep

In the wall of the tube. The groove is cut from the edge of

the enhanced section back into the plain end section at one

end.

3. Install the thermocouple bead at approximately the

middle of the enhanced section. Insure that the bead location

is orientated g~0 to the 0.025 inch deep groove and that

the bead is in contact with the tube. This insures that the

thermocouple bead will be at the same location on all tubes .
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Use an appropriate hi gh temperature cement , suc h as DEVCON ,

to install the bead.

4. Cement the thermocou ple bead into the 0.025 inch

dee p groove .

5. After the cement dries • insure that the excess ce-

ment is removed by scraping with a pocket knife and filing

smooth so as to allow a smooth fit in the swagelock fitting.

B. TUBE CLEANING PROCED U RE

Pr io r to eac h r u n , the aluminum test tube must be cleaned

thoroughly. The procedure used i• s as fol l ows :

1. Light ly brush the ex ter io r  of the tubes with a

wire brush.

2. Fill the flood tube 2/3 full (The flood tube is a

1-Inc h ID , 48 inch long plexiglass tube with a 1-inch thick

piece of flat plex iglass glued to one end.) with a 10 percent

solution of sodium hydroxide (NaOH) .

3. Insert the test tube into the flood tube .

4. Using a 3/4 inch test tube brush , brush the inside

surface of the test tube. The brush must be inserted with a

twisting motion to Insure that the flutes are being cleaned.

5. Leave the test tube In the flood tube until a foaming

action Is observed over the entire outside surface and the

solution has bubbled up through the inside of the test tube.

This should take about two minutes.
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6. After removin g the test tube from the flood tube,

thoroughly rinse the inside and the outside with tap water.

The tube should have a dull silvery appearance and should be

well wet by the water.

C. I N S T A L L A T I O N

The fluted aluminum test tubes were installed by following

the procedure listed below:

1. Insertthe tube into the test condenser through the

tube sheet which the thermocouple lead will pass through.

2. Install the test tube s~ agelock fitting and seals

over the thermocouple case and the thermocouple lead. Do not

allow the lead to be seized by the swagelock fitting as this

will destroy the thermocouple.

3. Install the upper dummy tube ’s swage lock fitting.

4. Connect the cooling water lines to the test tube.

5. Reinsulate the test condenser and the coolIng water

lines.



A P P E N D I X  C

OPERATING PROCEDURES

1. Light-off Procedure

a. Boiler Operation

(1) Energize main circuit breaker located in power

panel P— 2.

(2) Turn key switch on--located on right side of

main control board.

(3) Energize circuit breaker on left side of main

control panel by depressing s tar t .

(4) Energize individual circuit breakers on left

side of main control panel.  The fo l l ow ing  l ist

ident i f ies each c i rcu i t  breaker:

(a)  Feed pump

(b) Out le ts

(c )  Hot water  heater ( feedwater  tank)

(ci ) Condensate pump

(e)  Bo i le r

(f) Cooling tower

(g) Cooling water pump (only when using closed

coo l in g wa ter sys tem )
(5) Insure water level Is up in the feedwater tank.

Turn swi tch on to energ ize heater.

(6) Energize Instrumentation.

(a) Autodata 9 machIne and ampl ifier.

(b) Multichannel pyrometer.
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(7)  Turn on the sw i tch  to the feed pump to recirculate

water in feedwater tank.

( 8) I nsure  n it ro gen le vel in co ld  trap is at full

mark (if installed) and start vacuum pump.

(9) After feedwater tank has reached a temperature

of 140°F, i nsure  wa ter l eve l i n bo i le r  i s above

low level mark and energize boiler.

(10) Open valve DS-l.

b . House Steam O per ati on

Follow steps (1) through (4), (6) and (8) as outlined

above for the boiler.

2. Operation

a. Cooling Water System

(1) Open valve CW-l; then open valve CW-2 one turn

to prime the cooling water pump, keeping valves

CW-3 and CW-4 closed.

(2) Energize pump, an d close valve CW-2. Open valve

CW-3 one turn until flow is established , then

open valve CW— 4 to purge air.

(3) Open valves CW-3 and CW-4 to obtain desired flow

ra tes.

(4) Vent both sides of the 12-ft manometer.

( 5 ) W hen u s i n g th e house wa ter su pp l y remove pl u g
from sump and open valve CW-2 with valve CW-l

• closed. Follow step 3.
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b. Steam System

( 1 ) Bo i le r  Opera ti on

(a) When boiler has reached the desired pressure

(approximately 3 psig) open valve MS-i.

(b) Insure valves MS-6 and MS— 5 are open.

(c )  Open va lve  MS-3 to obta in desired stea m f low

rate to test  condenser.  Open va lve  MS-4 as

necessary to maintain boiler pressure at

desired level.

(2) House Steam

(a) Insure valve MS- i is closed. Open valve MS-2.

(b) Follow steps (b) and (c) for boiler use.

c. Condensate and Feedwater System

( 1)  Us ing Bo i le r

(a) To collect drains in test condenser hotwel l

operate with valve C-i closed. After test

run h as been compl eted , open valve and con-

densate will drain into secondary condenser.

(b) The condensate pump is operated intermittently,

w hen le vel i n secon dar y con denser di c ta tes.
When pump Is secured , keep va lve  C—2 c losed.

When pump is required , start  pump and then

open va lve  C-2.  In this mode keep va lve  C-3

c losed.
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( c )  W h i l e  feed pump is running (continuous oper-

at ion)  va lve  FW -l must be fully open and

valve FW-2 must be throttled so that a posi-

tive flow is insured . Valve FW-3 is a sole-

noid valve which is actuated by the boiler

con tr o l s .
(d )  When bo i ler  is energized , valve FW-4 must be

fully open.

(e) Make-up is added to the system through the

top of the feedwater  tank by remov ing anode.

( 2 ) Us i ng House Stea m

(a) Follow step (a) for using boiler.

( b )  To pump condensate from secondary condenser

hotwel l , start  pump, and open va lve  C-3 . In

this mode keep va l ve  C—2 c losed.

(c )  Delete steps (c )  through (e) for using boi ler .

3. Securing System

a. Using Boi ler

( 1) Close va lves MS-3 and MS-4. Secur e power to bo i le r
and then c lose MS- l .

(2)  Pump condensate from secondary cond enser hotwel l  to

feedwater tank. Secure valve C-2 .

(3 )  Secure power to heater.

( 4 )  Secure vacuum pump.
(5) Secure cooling water pump or close valve CW-2 when

usin g house water supply. Close valves CW-3 and

CW-4.



I

(6 )  Secure Ins t rumen ta ti on.

(7) Bottom blow boiler to remove depos its. Repeat

twice , blowing from high water mark to low water

mark.

(8)  Secure power to feed p ump .

(9) De-energize individual circuit breakers.

(10) De-energize circuit breaker on control panel;

depress stop. Turn key switch off.

b. Using House Steam

(1) Close valve MS-2 .

(2) Pump condensate into return line; close valve C-3.

(3) Follow steps (4) through (6), (9)  and (10) as

out l ined for procedure us ing boi ler .

4. Secondary Systems

a. Vacuum System

Vacuum -Is es tab l i shed by mechanical  vacuum pump and is

contro l led by a vacuum regulator mounted on instrument

board mounted by test  condenser.

b. Desuperheater

Va l ve  DS-l contro ls  f low of feedwater (140 °F) to spray

nozz les. Optimum flow level Is between 15 and 20 per-

cent f low on rotameter. Condensate Is collected In a

sm all tank below desuperheater so the mass flow rate

can be determined.
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5. Safety Devices

a. Emer gency Power Shut-Off

To secure a l l power to th e sys tem i n an em er genc y,

depress the red button on the right side of the main

control panel.

b. Boiler

( 1 ) The mercur y sw it ches moun ted on th e m a i n contro l

panel secure power to the heating elements of the

boiler when the steam pressure exceeds 25 ps lg.

Power is restored to the heating elements when the

pressure drops to approximately 15 psig.

(2) A low water level limit switch is contained within

the boi ler , and when the water  level Inside the

boiler drops below a preset level , power is se-

cured to the boiler and will not be restored

until the water level is above this preset height.

(3) The relief valve mounted on the boiler is set to

lift at 30 psig.

S
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A P P E N D I X  D

SAMPLE CALCULATIONS

A sample ca l cu la ti on is performed here to i l lus t ra te how

the data re d uc ti on pro g ram , Appendix H progresses to the re-

su l ts.  Tu be num ber 1 , run number 2 at 60 percent flow on the

large rotameter was selected at random to perform this analysis.

This tube and run number are the same as that used for the

error analysis in A ppendix E.

Section 2 of this appendix corresponds to the calculations

performed for N = 1 in the data reduction program. The calcu-

lations for N = 2 will be demonstrated in section 3 of this

appendix. The water property calculations are shown in section 1.

INPUT PARAMETERS

Tu be Num ber 1

Run  Nu mb er 2

Tube inside Diameter , 0.0436667 ft

Tube Inside Diameter , 0 02408333 ftTes t Sec ti on (D h )

Tube Outside Diameter , (D0) 0.0525 ft

Ins i de We tted Per i me ter (P w 1 ) 0.155833 ft

Outside Wetted Perimeter (Pw0) 0.183333 ft

Test Section Cross Sectional Area(Ac) 0.0009375 ft2

Ou tside Nominal Surface Area (An ) 0.490874 ft2

Wal l  Res i s tance ( R u) 4.3761 x H~~
5 hr •ft2 0F
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Cool i ng Wa ter In ( Tc 1 ) 71.24°F

Coo li n g Wa ter Ou t (Ic 0) 80.74°F

Avera ge Cool i ng Wa ter 75 99~F 533 59°RTem pera ture (T b, Tbr)
Steam Va por T empera ture (T v ) 151.07°F

Tube Wall Tem perature (Tv) 554°R

Tu be P r e s s u r e  Dro p 
~~~~ 

19.56929 psi

% Flow 60

Tu be Inl et Con trac ti on Fac tor X c 
~ *
~‘ 0 .33

Tube Outlet Expansion Factor Xe ~

*See Appendix I.

Section 1 , Water Properties

~ 
= expf(O.004606532)(533.59)+(4759.5941)/(533.59)H2

- 10.59252566]

‘~H2O 
= 2

~
l9333f~’~~r

k = 0.32159931 + (O.000697989)(75.99)-(0.12506 x lO ”5 )(75.99)2

-(0.2072 x lo~
10 )(75.99)3

k = 0.36741 hr’ft °”~

p = 62.701172 - (0.0043955304)(75.99)

- (O.000046076921)(15.99)2

p = 62.10706 ibm
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cp = 1.0121559 — (O.00024618473)(75.99)

+ (0.10282155 x lo 5)(75.99)2

c = 0.99939 BTU
p lbm °F

I;~ = GPM x p = (ll.28)(6O)( 1
2
7
3
~8) (62 10700)

r;~ = 5647.22266 1~~~ 1 = 1.57

Pr = ;.2.

— 
(2.1933)(O.99939)

— .36 141 — 5.966

Section 2, Plain -End-Tube Reduction

1. Determinat ion of cooling water velocity

v = 

p~~D
2 VTS =

— (4)(5647.22266) 5647.22266
(62.10706)(Tr)(.O43667) (O.0009375)(62.l0706)

v = 60716.023 
~3 v15 = 96989.04

• 

- = 16.87 
~~~~~~

. = 26.94

~~~~~~ - ~~~~~- - ~-- :ii~~

_:

~~~~~~~
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2. Determinat Ion of Mass Flow Rate per Unit Area

G = 2 = pv

~
rD
~

• 
= (62.10706)(607l6.023)

= 3,770,893.659 l~ m
ft -hr

• 
= 1047.47 ibm

ft ‘sec

r 3. Determination of Reynolds Number

D .G

R e =
112

— (O.0436667)(377o893.659)
— 2.l~ 33

Re = 75,075.22

4. De term i na t Ion of Overa l l Hea t Trans fer Coe ffi c i en t

i n c  T -Ic
U ~ 1~~~~v I

n An n T~ - Tc 0

— (5647.22266)(O.99939) 151.07 - 71.24,- 0.490874 in 
~l5l .07 - 80.74~

= 1456.83 BTU
hr ’ft2 0F
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5. De term i na tIon of Correc ted Overa ll Hea t Trans fe r  Co eff i c i en t

c 1u ;- R
~~

— 

1456.83 ~ 
4.3761 x lO~~

U = 1556.03 BTU
c hr’ft2 0F

6. Determination of Friction Factor

f = 
0.046

5 Re °’2

- 0.046
— 

75075 . 22 0 .2

fs = 0.00487

2 L
4f

~
G (~~

.)
t~ P = 

1
S p

~~P = 

( 4 ) ( O . 0 0 4 8 7 )  (3770893.659) 2
( o436667~5 (62.lo7O6)(2)(4.l7 x 1o 8)(l44)

~Ps 
= 1.072 psi

p v IS
~~ex p/con = 

2
~c 

[ X c  + Xe]

~ 
(62.l07l72)(96989.04)2 rj 33]
( 2 ) (4. 1 7 x io 8 (144)

~~ex p/con = 1.6054 psi
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AP15 = ~~P - ~P5 — 

~~ex p/con
. 

= 19.56929 - 1.072 — 1.6054

= 16.89 psi

r — 
P~

Pi52g
~

~ 

~TS ~ 4G2 ~~TS~

:~ = (62.l07172)(l6.89)(2)(4.l7 x 1o8)(l44)

~ 
(4)~ 377O893.657)

2 
~.0436667~

~• 
f T5 = 0 .032246

~ 7. Determinati on of Wilson Plot Parameters

(a) Ordinate

— 1

n

V = 1456.83

(b) Absciss a

X = ~
Re 08 Pr 1 ’~

3 
( 

2 
~ 
0.14

M W 
= exp[(O.004606532)(554)+(4759.594’I/(554)

- 10.59252556]

1(A w 
= 1.7347 ft’hr
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X = 

(75O75.22)0.8(5.966)l/3 (~~~~~~3)0~~4

X = 6.71086 x

8. Determina tion of Sieder Tate Constant

- 

D
0

M = 1.76639 , from l i ne ar re gr ess i on su b rou ti ne

- 0.0525ci 
_ 

(l.76639)(0.36741y

c 1 = 0 .080895

9. Determi:ation of Inside H::t Transfer Coefficie nt 
(I

h
~~ 

= 

~~ 
k Re °’8 Pr ~”3 ( ~~~ )

0 . 14

= 

~~~~~~~ (0.36741 ) (75075,22)
O 8 ( 5 . 9 6 6 ) h / 3

2. 19333 ~0. 14
~l.7347 ‘

h .  = 10 142.384 BTU
-I 

hr’f t 2 0F

10. De~erminati on of Outside Heat Transfer Coefficient
I

h0 = 

~ 
D
0

= 

6.86422 x lO~~- 8.75223 x l0 (p p4~6~6 (~p142 3~4)

h = 2081.777 STU
0 hr ’ft2 °F

176



~~

- - -  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 

~
- -
~

_

11. De term i n at Ion of Nusse lt Num ber
h . D .

Nu = ___

- 
= 1205.43

12. Determination of Stanton Number

St — Nu
RePr

— 1205.43
— 

(75075.22)(5.966)

= 2 .69 1  x lO~~

13. Determination of Performance Factor

TPF =

r ~TS

J = St Pr

J = 8.8529 x l0~~

: 

TP — (2)(8.8529 x lO s)
: F - 

I 032246

TPF = 0.549 1

• 

S 

Section 3. Tube Reduction Based Upon Hydraulic Diameter

*

‘ 

1. DeterminatIon of Velocity

VT5 = 26.94 ft/sec, 96989.04 ft/hr

* See Section 2 of this App endix.

177

L— ~ 
S

-- - • -•- • - • — - - —•-—-— — • • • - • 
~~~~

- .-
~~ ~~

•
~~~~~~

‘-- -s •—- - •
~
_ - -  - - - • —  _____________



~-•- •• ~~~~~~~~~~~~~~~ 
—- • --- - - .-

~~

2. Determination of Mass Rate Flow per Unit Area

— 1i~ — 5647.22266
G — ~~ - .0009375

G ~ 6023704.17 1 lbm
ft2•hr 

H

= 1673.25 ibm
f t  ‘hr

3. Determination of Reynolds Number

D G
R e =  h 

H

• ~~H2
O

— (O.02408333) (6023704.171)

• 

— 2 .1~~~33

= 66 ,142.74

*4. Determ ination of Overall Heat Transfer Coefficient

U = 1456.83 BTU
n hr ’ft °F

*5. Determin ation of Corrected Overall Heat Transfer Coefficient

U = 1669.73 ~~ ~ 
I

c hr’f t  °F

*6. Determination of Friction Factor

~
PTs z 16.89 psi

. 0• ect lon 2 of this Appendix.
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h

~ - 
(62.l07172)(16.89)(2)(4.l7 x lo 8)(144)

~I 

— 

(4)(6023704.l71)
2 

~ 0.O24O8333 ~~

~ 
~TS 

= 0.006968

: 7 .  Determinat ion of W i l s o n  Plot Parameters

(a) Ordinate

n

V = 6 . 86422  x lO~~

( b )  A b sc i ss a

X = 
~~H 0

Re °’8 Pr~~
3( :

~~~~~ 

)
O . l 4

X = 

66 142.74 0.8 x 5.966 1/3 
~

X = 7 .4266 x lO~~

8. De termIna ti on of S i eder Ta te Cons tan t
AnD hci = Pw ILTS Mkb

(0.490874) (0.0240833)a 
t~”T55~33)(3)(1.~ 9616)(0.3~ 7 4 l )

ci ~ 0.04312
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9. Determinati on of Inside Heat Transfer Coefficie nt

h .  = 
c1 k Re°”8 Pr ’1

~
’3 2 0 14

1 h ~1

— (O.04312)(O.36741) 
6614 7 0.8 

~ 
1/3- 

(0.0240833) ( 2. 4) ( .966)

2.1933 0.14

~ 

= 8857.72 hr .ft~Z~~

~ 
10. Determinat ion of Outside Heat Transfer Coeffici ent

h0 ~ Pw L Pw Pw~ 0 0 
R

~ 
A nUn ~ “bar ~ ~ Pw~h

~ = 1

~ 

h
0 ( 0 . 18 3 3 3 ) ( 3 )  6 .8642 2  x io -~ - O 16958Th 8~~ 75223 x 1O~~~ (0 .490874

~ 

- 

.18333 1.12896 x

~ 

h = 1846.2 BTU
0 

hr ’ft 0 F

11. De termIna ti on o f N usse l t Num ber
h .D

Nu = 
k

— L8857.72)(O.0240833)
0.36741

N~~ = 580.61
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1 2. De term i na ti on of Stan ton Numb er

St - Nu
RePr

t - 580.6 1S — 

(66142.74)(5.966)

St = 1.4714 x

13. De term i na ti on of Tu be Per fo rmance F ac tor

TPF = 
2 X  ~J

TS

J = St Pr 2”3

J = 1 .47 14  x io -~ 5 . 966 2
~
’3

J = 4 .84 x

TPF = 
(2)(4.84 x

0. 006968

TPF = 1.39
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A P P E N D I X  E

ERROR ANALYSIS

The basic equations used in this section are reproduced

from Pence [13]. The general form of the Kline and McC lintock

[26] “second order ” equation is used to compute the probable

error in the results. For some resultant , R , which is a func—

tion of primary variables X 1, X 2, ... X~~ , the probable error

in R , oR is given by:

cSR = [(
~~~~~~j - 6X

1
)
2 

+ 

~~~2 
~~~2

)
2 

+ . . . + (~~~~
. 
~x~~)

2]
’
~
”2 (E—1 )

w here 6X 1, 6X 2, . . . ,  dX ~ is the possible error in each of the

measured variables.

The overall heat transfer coefficient is given by

equation (4), in Chapter III as:

Un = An~ 
in [i::

~~ : ‘:‘~~~ 
. ( 4 )

By applying equation (E-l) to equation (4), the following

equation results:

~~~~~~ = [ ( sAn )2 + ~~~~~ + (~5fli)
2 

+ ( 
SST (Tc -Tc 0)

U~~ ~
A’W

~ cp ~ (I -Ic )(T -Ic )ln Tv Tci

v
_ 

~~O

6Tc 2 1/2
.‘- ( 

0 

~ 
j (E -2 )

(T
~ -Tc 0 ) ln 1 -TcV 0
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The following are the values assigned to the variables.

-

• ~5cp = 0 .00 1 BTU / l bm 0F

6mc = 0.0 1 ,~~ l bm/hr

ÔTS = 0.2 °F

&Tc 0 = 0.2 °F

ôTc 1 = 0 .2  °F

ôAn = 0 .008 f t 2

The probable error in the Reynolds ’ number is given by:

5Re 
= E (6G )2 + (~J~)

2 
+ (

i
)
2
]
1/2 

S • (E-3)

‘ 

where ,

~~ 

= [ ( O .O l r n )2 + (
i
)
2
]
l/2 

(E-4)

ôii = 0.01 i bm/ft hr , and

ôD = 0.00042 ft

The probable error in the coefficient c 1 Is given by:

.~ i_ = [ ( 0)2 + (ssloPe )2 + (6k )2]1/2 (E-5)

where:

6D
0 

= 0.00092 ft

6k = 0 .001 Wr .ft.0F ‘ and

~s slope r 0.065 slope.
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The probable error in the inside heat transfer coefficient

is given by:

6h
1 _ 5k 2 5D 1 2 dc

~ 2 ,O.O8óRe 2 0.3336Pr 2
-iç- - t

~~T~ 
+ (

~~~
__ ) + (_

~~~
_ ) + 

~( Re ~ 
‘~‘ 

~ Pr~~~

+ (O.l4,~~
Iw) )2]l/2 (E-6)

where:

5k = 0 .001 BTU
hr ft~°F

do i 
= 0.00042 ft

cSC
~~ 

= from equation (E-5)

óRe = from equation (E--.3)

ôPr = 0.01 , and

6(.I!_) = 0.011.
~w

The probable error in the outside heat transfer coefficient

is given by:

dh tSU cSR
0 r i  0 ~2 , w 2

-ii—— 
~ 

L~~ I +~~
0 

U
0 

( a— R
~~ 

- 

D~h 1 
( o; R

~~ D1 Ii1~

- 
D
o 

dh
1

+ ( ~~1b 1
)(-ç-) ) 2 )1/2 , (E-7)

1 0u; - R
~ 

- D i h i
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where:

~sU = from equation (E—2)

dR 8.75 x lO~
6 hr .ft2’°F/BTU , and

6h = from equation (E—6).

The probable error in the Nusse lt number is given by:

~F? 
= t(~~~)

2 
+ (

Dl) 2 
+ (

ok
)
2 ]1/2 (E- 8)

where:

tSh = as found in equation (E—6)

&D
1 

= 0.00042 ft , and

6k = 0 .001 BTU
hr~f t . 0F

The probable error in the Stanton number is given by:

~sSt — r (6NU )2 + 1 -iSRe~2 ~ 1 &Pr~2 ]l/2 (E  9 )-

~~~~

— L ‘Nu ‘Re ’ ‘Pr ’

where:

cSNu = as found in equation (E—8),

tSRe = as found in equation (E-3), and

dPr = 0.01

The probable error In the friction factor is given by:

~ = E (~~~TS)2 ÷ (2 6G )2 + (~L)2 ~ (~~)2

+ (_ ~Ji) :i , (E-10)
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where :

~~PTS = 0.009 ~~P

SG = as found in equation (E—4),

~SL = .0042 ft

6f~ = 0.05 l bm/ft3 , and

cSD h 
= 0 .00042 f t

The probable error in the Tube Performance Factor is

given by:

~sTPF _ r ~5St~ 2 ÷ r4 5Pr~2 ~5f 2 ,1/2.rp
_
F~ 

- 
~ ~~~~~~~~~ ‘~~~

. 

~~~~~ ~ ~~~~~ 
-~ ‘ 

(E-lI

where:

St = as ;~ und in equation (E—9),

Pr = 0.0 1 , and

f = as found in equation CE— b ).
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For Run #2 at 60 Percent Flow

6~n — ,.008 2 ÷ ooi 2 ~ .Olñi 2 ( (2 ) (- 9 .45)  2
-tin ~ ‘.49O874~ 

(~ ) C ~ ) 
+ (79.83)(1O.~35)1n(l.T35)

)

2 1/2
(70.335)ln(l .135)

~~n = 0.030

,I _ 1 A r ~~ ~ ~ BTU
. 
I 

~ 
~~~ 60% ~ 

‘“- -‘a - ,jO hr ft2 °F

ôG 
~ 

oi2 + (.00042 2 ,1/2-r ‘ .O24O83~ -‘ - 
____

5Re 2 .01 2 .00042 2 1/2-

~~~~

- - [ (.02) + 

~
‘
~:‘& ~ ~.O24O83~ 

:i

6Re .027 ~ Re 66142 * 1786

-Z

~~~~~

= 
~ 

~g~~
2 2  

+ ( .065) 2 + 

~:3674l~ 
]l/2

cSc__.:L= .066

. 
. 
. 

ci , 60% = .0431 ± .0028

-c_ 
= i: 

~ 3674l~ ~ ~:O24O83~ ~ 
(.066) + (.08 x .027)2

+ ( .01 )2 + 
0.14 x .01 2 ]l/25.966 ( 1.034
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6h .
_
~~i = .068

+ BTU. . h1 60 % = 8861 - 603

6h
0 _ 50

—ii--- — [( 2 , 1 —5 .0525 2
0 1670 ~~~~~~~~~~~~ - 8.75 x 10 - 8861 x .O437~

+ 
8.75 x i0 6 2( 

,~~ l iA _ 5 
___________

‘~T~70 - 8.75 x i ’-i - 8861 x .0437

.0525 068 2 1/2
+ ( 8861 x .0437 X .

1 — 5 0.525

T~75 - 8.73 x 10 - 8861 x .0437

~~ 0.058
0

+ 
BTU

. 
. 
. 

h
0 60% 

= 1846 - 107 hr ft2 0F

~SN u _ r t ~2 ~ ,.00042 2 ~~ , .001 ~2 , 1/2
-i
~

_ — I ~.O68, ~‘.O24O83’ ‘.36741’ ‘~

6Nu
lii - -

~~~

1

~~~ Nu =
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~~~~~~~. = i: (.07)2 + (.027)2 + (5:~~6)
2 ~l/2

~sSt — 075St

. 
. 
. St = .001472 ~ .000110

~~~~ 
= ~: (•QQ9 )

2 
+ (2 x .02)2 ÷ (.0042)2 ÷ (.05 )2

4 
,.00042 ~2 

.
~ 
1/2

‘.024083’ ~

c- = .045

. 
. 
. f = .00697 ~ .00031

~~~~~~~ 
= i: (~Q75)2 + (~~x 5.966~ ÷ (~~45)2 ] 

1/2

~STPF
.,‘pr 0.087

. 
. .TPF = 1.39 ~: .12
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A P P E N D I X  F

AREA RATIOS , SAMPLE C A L C U L A T I O N S  AND R E S U L T S

To determine the relative performance of the General

Atomic tubes as compared to smooth tubes , it is necessary to

define a method for comparing the augmented tubes to the ’

smooth tube . Such a comparison is found in Bergles [3] and is

described in Chapter III of this report for the case where

Re t  
= 0. By solving the equations as shown in Chapter III ,

i t  is found that

/Re~ fRe = ‘
~~ 

a a 

~ ~ 
. (F-i)

• S 2 Nu /Pr

In this case , for a given cooling water flow rate , Re a ’ ~a ’
NU a and Pr are all found in Tables 14 through 19 depending on

which tube is being -investigated. Also , knowing Re
~ 

permits

the solving of the area ratio:

A .046 Re 2.8a s
S Re a ~a

For run  2, 450 the summary of area ratios are listed below:

Re a ~a 
Nu a Pr Re 5 A a/A s

40176 .035 719 5.66 56191 .40
64696 .033 1058 5.79 92332 .41
89868 .032 1376 5.84 130750 .42
94931 .031 1437 5.84 136720 .42
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For run 2, 450 the summary of area ratios are listed below .

~ 

- Re a ~a NU a Pr Re 5 A a /A s

~ 
25872 .038 522 5.66 35510 .39

~ 
374 16 .032 715 5.90 48827 .37

~ 
61178 .029 1067 6.03 79902 .37

~ 
83894 .027 1387 6.17 109089 .37

~ 
95463 .026 1541 6.20 - 123396 .37

~ 
For ru n 9, 600, the summary of area ratios are listed below.

~ 

Rea ~a 
NU a Pr R e

~ 
Aa/A s

~ 
26384 .064 531 5.53 46836 .47

~ 38331 .059 725 5.74 67897 .47
61813 .059 1080 5.96 114781 .48

79970 .062 1332 5.99 156065 .50

~ 
By expanding on Bergles ’ t3] procedure to include the case

,here Rext ;~ 0, as shown in Chapter III of this report , the

following equation can be found.

V C p .

v 5 = i: a a 
(
__ !)uI~~~] 2-~

-
~
. 

(F- 3)
U a .046

again , for a selected va . va l ues of v 5, ~a ’ 
and Ua can  be foun d .

Knowing v5 ,

U
5 

= c -s/V ( F — 4 )

where c 251 -Is a constant and was found as shown in

Chapter I I I .

• An area r ati o i s now foun d from
A a U 5r- - a- . (F-5)
S a
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For run 8, 300, and using the proced ure outlined in Chapter

111:

= 0.53 In

~avg 
= 2.17 l bm/ft hr

p = 62.1 i bm/ft3

Tc1 = 65°F

By applying the temperature correction factor to U~ as found in

reference [21], Ua is found from :

U
U — F 6a .~~~~~~~

For va = 2.73 fps , substituting the required values above Into

equation (F—3), it is shown that

= rd.053)(2.73)3 251) ~~~~~~~~~~~~~~~~~~~~~~~s ‘‘ (1050)(.046) ‘ (2.l7)(12)

v~ = 4.39 fps

By substituting this val ue into equation (F-4),

= 251 VT3~
- BTU

hr ft °F

Using the results of equations (F—4) and (F—6), the area ratio

is found ,

1050 = 0.50
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A Reynolds number correspond ing to v~ i s found from

p D1 v (62.1)(-~~~)(4.39)(35OQ)Re = 
S 

= __________________________

S 2.17

Re
~ 

= 19975

For run 8, 300, the rema i n i ng area ratios for Rext ~ 0

are:

v v A aa S Rfps fps e5

5.47 8.63 .58 39268
8.20 13.22 .67 60153
13.67 23.31 .79 106065
19.14 34.36 .91 156344
21.87 39.35 .93 179050

Si m i larl y for run 2, 45 0 , th e summar y of area rat i os for

Rext ~ 0 are found to be:

Tc1 = 7Q 0 , Ua =

v v A aa s 
~~

— 

Rfps fps S e5

2.90 4.52 .54 21012
8.59 14.95 .74 69497

14.12 26.81 .92 124630
19.75 39.88 1.05 185387
20.86 42.32 1.07 196730
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and for run 9, 600, the summar y of the area rat ios for
Rext ~‘ 0 are found to be:

V a v 5 A a Re
fps fps ç
2.73 4.69 .51 22157
5.47 11.14 .69 52629
8.20 17.24 .76 81448
13.67 32.08 .92 151557
17.77 44.97 1.03 212454

i
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APPENDIX G

CALCULATION OF WALL THICKNESS AND WALL RESISTANCE

There were three methods considered for determining the wall

thickness which are:

1 . Anul ar Area Me thod

A nom i na l ou tsid e area Is foun d us i ng an ou tsid e

diameter of 5/8 Inch and substituting into equation (G-l )

written as:

D 1 
_
~~/D~

2 
- 
4 Arnet (G-1)

where Amet Is found in Table 3. The wall thickness Is found by

substituting D
~ 

and 00 into equation (G-2), written as:

0 — 0.
t~ = 

1 (G—2)

2. Displaced Volume Method

The volume desp lacement , V0. of the tube Is measured .

An average perimeter , P, is determined from equation (G-3) below.

Af ter substitution of V D and V , the wall thickness Is found from

equ ation (G-4) below:

P + P
- 0 1_ _ _  -

V
t 0 (G-4)

3. Indirect Measurement Method

A pho tograph of the cross section of the experimental

tube is enlarged . The wall thickness could generally be
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measured from the enlarged photograph. However , as seen In

FI gure 13, the wall thickness varies around the periphery of

the tube.

Method 1 was selected. Method 2 was rejected because it

was felt that the displaced volume would be extremely difficult

to measure. Method 3 was rejected because of the non -continuous

var iations of the wall thickness.

The wa ll thickness for each tube is:

tube 1

= 0.4811 in

t~ = 0.07195 in ,

tube 2

D1 = 0.5006 in

tw O.0622l~5 in , and

tube 3

= 0.4942 in

t,, = 0.0654 in.

The wall resistance Is calculated by solving equation (G—5),

written as:
t

R
~ 

= , (G-5)

where Kw is found to be 137 BTU/ hr °Fft in the Handbook of

Tables for A pplied Engineering Science [27].

For tube number 1:

R
~ 

• 4.3761 ~ lo~~ 
hr •ft2.°F
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For tube number 2:

R
~ 

= 3.7844 x l0~~ BTU

For tube number 3:

Rw = 3.9781 x lO~~ 
hr ft2 °F



APP F’~1DIx H

DATA REDUCT IO~1 P~0G’~ M

IV 0 LEVEL 21 MAIN CA1~E a 7807! OS/43/C~

DEFINITION OF SYM8OLS USED IN THE PROGRAM

C AC.TEST u S E  CROSS SECTIONAL &REA IN SQUARE FEET

ACTI— A C~~eNGIl~G VAR IABLE

~ AC TZ— .. C~~ \GtNG V AR IABLE

ACT3a 4 C ~~~~~~ VAR I4ELE
C ACT4 A C~~ANGI’lG VARIA8L F

OF STEAM SlOE OF TEST TUB E N SQUARE FEET BA SED CM 5/8 IN Co
C ~~Y ~~~~~ C~ ’T A~.O SLOP: OF EQJATi~~N OBTAI Ne D BY LINEAR REGeE5SIC’~r
C C~ —3 !E~ EP TA TE C:~:STA~T

C~~=CCCLINC WATER SPECIFIC FEAT

~~ N REC~1VERARL E LflSS C O E F F I C I E N T S  DUE IC EXFA S101¼ *~O CC~ TF~ CTI~~ TN
C TIE T~ 5T SECTI. N OF TP4 E TEST TU~~
C LY~~Ti’E CUTFUT ARRAY CF THE ~IFFER EMCES BETWEEN V A’~C YG

C DELPT~ CST TLJ~~ P~~~SEU’E O~ CP
9.

C L.’C s P L A l f ~ E~ O PRE3Z:J~~! C~~ P C~~~.ECTLO N
C
C C ELP~~~~’l~~ ~ !C3V !R~ &LE P~~ES SU E DROP COR RECTION

OI=INE DE OIAt4 E TE Q CF TUE! IN FEET
C
C Or1”NY~~RAU LIC OiA ~~ET ER C~ TU BE IN FEET

~ DLTP S~ J~ E DP.OP AC~ QSS TEST SECTZ3M OF TEST TUBE

C O-~~OuTSIDE OI-~METE~ D~ TU~ E P~ F~~ TC
C C~ TM*CCOLIM WAT ER PASS FL’D 4 RATE

~F FULL SCALE O~ THE ROTAM ETER OF WATER FLC~ IN~ THRCUGH THE TUBE
FCaCALIBR ~ TICN CGRP ECT13~1 FOR CQOLI~~ W ATER FLOW INPOUCH ROTAPETER

FRIFA Ct IESI SECTION F~ ICTICN FACTOR

~ PS CLAIN E~:O FRICT !~~I~ FAC T C ~%~E O~~I~.4 SS LC~ RAT E PER (~~IT A~~C~
I1I’INSIDE HEAT TRANSFER CC !FPICIENT

140’OUTSIDE MEAT TSAP~SFER CCE~ FICIENT

C H.!C~ CODLING WATER CC~.DUCTIVITY

~ LSQPL2 I.IP!AR REGRCSSIC)N SUB CUTI’IE (SEE REFERENCE

8 A A ~~~~a~ E CF P0 A~ifl Pt-S
C
C P~1U.P4USSELT NUMBER

PC OUTSIOE WETTED PERIMETER

PS— CCC LIN~ W A TE R PRAMO T L NUMBER
PW~~~ETT!O PERIMET ER CF C~ CL!NG 4~ TER S IDE DR TEST TUE IN FEET
RATM1LaRAT~ (3 ON W4T~R VLSCCSITY TO TUBE WALt. VISCOSITY

RE.COOLING WATER REYNOLDS NUMEER



~

~N IV C LEVEL 21 MAIN DATE a 78075 08/48/C5

REA N TUBE PERFCRMA P.CE FACTDR

~ REZaPLA !N E~ O REYNOLDS NUM8ER
R!3=T~ 5T SECTION REYNOLDS NUMBER

RHC COCLING WAT ER DENSITY
RHOPaCCJ LI\40 WATER OENSITY
RWaWAL L RESISTA NC E
SB EST IMATEO ERROR CF B

C ST ’STAN TC N NUMBER
T B .AV E RA G E OF INLET A NO OUTLET COOLING HATER TE MPERATU RES
T 3 RaT 9 IN CEGR EES RCENGTEN
TCI=CCO LI~~ WAT ER INLET TEMP€~~ATU~ E IN CEG REES F9.

C TCZ =COCLItS E WAT ER OUTLET TEM PERATUR E IN CEGR EES F
TS VA POR TEMPERATUP E MEASU RED AT INLET TO THE CflND ENSER
T~ — TE ST TUBE WA LL TEMPE RATURE IN DEG REES RCENGTE N
U c C~ RRECTEC OVERALL HEAT TRANSFER COEFFIC IENT

UflzDV !RA~~L NEAT T RANSF ER COEFFICIENT
V C3OLtM~ WATER VELOCITY
V T S VELO C !TY CF CCOLWG WATER IN TEST SECT ION OF TEST TUB E
W~ LMNUaVISCOSITY AT TEST TUBE WA LL9.

C W ”~-U C C 3 L l N G  W&TER VI SCO S ITY
C
C ~ZaV ARIA2LE ~EZGHTS USEO IN LINEAR REGRESSION SUBRQLT IN~
C X MAT RIX CF COORDINAT E PCINTS PASSED TO LINEAR REGRESSION SUBROUTI NE

Y=M~ T RIX CF OR DINATE POINTS PASSED TO LINEAR REGRESSI O N .SUBRCUTIPiEE ~C CORO PMJ/PR *~ ( 1/3 ) / ( U / U W ) * * .14
YOwT~ E OUTPUT A R RAY OF DEPENDE NT VAR IA B L ES

~ 3 X . Y  ~iI Y 3 . D E L Y , B  S3
C I ’ ~~~5 !C~.1~~C ( Z 3 )  ,V ( 2 3 )  PRI2OI .X ( 2 0 5  ,Y t Z O )  ,RAT ~’i-U( 2 0 ) ,w I (2 O I , Y 3 ( 2 O I  CE LY(2 0)2 3 2 , S B 2 ,TI~I 2 3 . T C O U O ) , M I ( 2 O )  ,hiO I2C ) H2O;( (2a) , f,( Z3)j Nu(23h ,F~3IP~ C~~~JJ, C N (23) Y 0 0 0 S O ( 2 0 ) , s T ( 2 Q )  FCH ECK (Z0 ) D~ LP(2OI , RE2(2Q ) ,C8J (4Z I,R:~~~C 23 )  ,RHt~P(2O )  ,V T S ( 2 Q 3  ,.R53 120) ,CLTP(26)
C~ ICCI L*],JK
~~43( 3,1021 W

132 FC~~~A T ( IL3 )
ZERO ALL NAT RZCES

C

T E l l )  *3.3
T 3 P j : I— o . o
TW ( f l a O . O
U N ( I ) . 3.j
UCI ) 0.0
RE 1—0.0
PUI O.3
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IV C LEVEL 21 MAIN DATE a 78075 08/48/09
FC(I 1—0.0V (  I ) 0.O
PR ( I 20.0
V I  I ) = C . O
Ri~T MH U( I )— ) .0
~1U ) 0.O
V olt ) ‘0.0
DELY( I  )z~~.3TOI l  11— 0.0
TC O ( 11—0 .0
MIII) ‘-3 .0
HOlI ) *3~ 3
HZC’( . 1 3 — 1 . 3
C C I) ~~~~~PNL( I b zO . 0
FS I P~.C~ 11— 0.0

C C 1) ‘0 .0
ST (I 1 ‘3.3
C E L P ( t 1= 0 .O
V T ( I ) — 0 . O
OLT ~~lII’O.O

1 CC~ T I~~U!
3 1 Z I =C.O
SP(1)~~C.OS c . ( Z i  z) ~~)C

C REA!) IN THE RA~4 DATA AND ALL CONSTA NTS
RE -~3 1! IO BIAC , Ph.D~~, PC ,DH, AN, RN

103 FC~~:AT (6F IO.7 ,E12.5l
~~ l5,1. ’.) t T ~~IIc) ,T 3t ~

(1,T3 ~~i K 1 ,T w ( K ) , T C _ .K) ,T C O ( K ) , F ( K) ,FC(1c),ical
1. ~‘ )P E A O ( 5. 104) (0ELPl~()  ,K 1 , P)

1)4 FOP •~A T ( ~~~I).~~)r.EA)(~~.IJ5 IOI,CCSR
105 FC C . t A T L Z F L ) .7 )

.1 R IT E (6.2901
299 F~~~•!4T(’I’,1X,’LNCORRECTEC PRESSUReS AND WATER PRfP RTXES’//)

L~ 
I—~~.M

~~I ,:(S ,~~991D ELP( I)
10 C O.T I~~JE

29 R C ~ M A T ( 1X, F13.5)
N a C
PEA.R IPO+ Pm )/ 2

CAC.CLL ATI ~ wA TE R PRCP ERT IES
W IT EI6  200 ) PW

200
90 N M + i

0C2
1— ~ ~~~~~~~ . t)~~.) TO 99)
AC T I —  ~~. ) )4b )653~~~T P R (  I )
p~~~Us X D ( 4 C T 1 ,A C T 2 _ 1 O . 5 9Z 5 2 5 6 6 )
~4 R I T E ~~6,2) 1  IwM H L J

201 F C R l A T l L x , F1O.5 )
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~N IV 6 LEVEL 21 MAIN DATE — 78375 03/48/09
ACT1 C.24618473E~03*TB(I)A1~T2.C.1C282t55E~ O5*TE(t)**2C? &. )L21559— -~CT 1+4CT2
ACTISC.004606532*TW( I)
ACT2— 4759.5941/TW(t)
W A LMMU EXP C ACTL+ACT2—13.59252566)
WRITE(6,201)NAL~’t1URATMN~., ( ~ )a( 4’HU/WALMHU )**3 • 14DC T ’ 4— F ( I  )*FC( IP~RM0*15O. 7910667WRITE(6,201)DOTM
V U )  —4 .’DDT M/ (P~)-Q*3 .t4t593IOI*~’2lVTSC I )DOTN/(RHC*AC)
P.E (I)zR’0*C1*V ( I)/WMHU
ACT.—L .27324/OI’2
CII ) SA C T I* O OT W
PE2~~I) — O I~’G( I) / S9 ~MP’U
RE 3L II CCTM*C$/(AC*WMHU)
PR(I )—CP~ W:4HU/H2OK(I)

CALCULATE THE OVERALL HEAT TRANSFER COEFFICIENT S
C 

ACTiaTS (I)~~IC!(I)ACT2 IS(I ) —TOOt I)
A T3s~ CT1/ACT2A~~T.,— ALCG U.CT3)UI~( I )aOOTM CP*ACT4/AN
ACTL 1./Ut~( I)ACT2 ACT1—RW
UC (I)—1./ACT2
V (II—AC’ I
CC TO 34

C CALCULATE THE PRESSURE DRCP AND FRICTION FACTOR
C

99 R!(I).R!E(I)
V II )~~~TS( I)34 COi~T I’.L~IF(~~~2 ( i ) . LT .3 .5 )4 3 GO  TO 36
FS~’TI-23.O46/RE2(II**O.2GO TO 35

3.~ F T Ha).)7~ /r~€2 (I),*o.2535 ACT1a4.C’~FS~#TI~~G(I)**2/OI
D:L~ C—L .26O ACTL/AC T~IF~~~.OT . L) G Q  TO 31

T O 33
3! G ( I l a C ( L ) (O I* *2 / ( l .27324*A C)
30 AC IaVTS(!)**’Z/l.ZOOgoE+lL

&EL ?aC— :U.GP I I)XACT1aCCRR
CL~ ? (t)—OEL (I)—CCLPC—CELPEC
IFti.CT .1103 TO 0
.~.C 7)sCLTP (I)*RNC~ 1.23096E+1l

CC TO 32
33 ACT .3 LT?(Z)sRMCD~ I)*I.2OO96E+LL

~çT2a12.JGcI )~~’2/OH32 F~~IFA C(L) *ACT1/ACT2

~ CALCULAT E THE W !LSC N PLOT PARAMETERS
C 

ACTi 1./R!(fl~~”0.8AC72—1 ./P~.( I)~~’C.33ACT3 1./i~AT~~ U (I)X l  II ACT1*ACT2VACT3
2 CC~iT I~9U

REAL— B ~ITLE (10)/1O*1 1/
CaLL LSQPLZIM,L,X,Y,WI,y3,DBLY,8,$B,TITLE)

DETERMI NE THE SIEOER TATE CONSTANT
C 

IFIN.EC.1)GO TO 96
CIa(AN/IPW*3.))*40H/B(2))
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IV C LEVEL 2! MAIN DATE — 78075 08/46/C S
GO 10 95

Se C isDO~ 9(2 )
95 CCNTINUE

DO 3 I—1 ,M
Ck(I) C1/H20)((I)

C ~ CONTINUE

CALCUL ATE THE INSIDE AND OUTSIDE HEAT TRANSFER COEFFICIENTS

00 4 I—1 ,Mfl:( ~~ E C.1) GO TO 94
ACT ’ RE( IJ*~ O.8CC 93

54 A C T L — C !/DI
ACT2 RE2( I)**3.8

93 ACT3 .PRII)** I1./ 3 .1
MIII )2ACTL ACTZ*ACT3*RATMHU (I)
IF(’~.E~~.LIGC TO 92
ACTt PO*3./l4N~ UN(I1)A Ct 2~ 4 P Q / P I 3 L . R) I P~,A0T3— .:/C P4” r41 (II)
AC T4SAOTI—ACT2—ACT3

I-0(I)—1 ./ACT4
CC TO 91

92 ACTIz O/(OI’HI(I))
ACTZzY (I)—RW—ACT I
MCII l’L./AC TZ

91 CCNT INUE
CALCUL ATE THE ‘IUSSELT NUMBER , THE STANTCN NUMBER, AND THE TUBE PERFORMANC E

C F A CTOR
C 

IFIN.!Q.L)GO TO 38
PNUI Il— HI lL )*D$/M23K( I)
CC TO 37

38 P~.U I Z ) a H i I I 1 *O Z / N 2 O ! ( I I
3 7 ACT1= P’4IJl ! )/F1R ( i)*~~( L./3 .)

YCC P (i)~~ACTL/ T’HlJ (I)
ST(1) PiHtfl/(PE (I)*PA (l))
C6J(I)’ST(iI~ P~~(!)I*(2./3.)R E 4 1 (  11— 2 .*C3J ( 1)/FRIP AC(I)
V U )  — ~ ( I )  / 3600.

4 CONTI NUE
OUTPUT SECTICN OF PROGRAM STARTS MERE

WRITE (6,204 )
234 FflRNAT L’1’,12X, ’V!LOC!TY ’,ZIX,’UN’,24x,’uC ’,24x,’wl I ,24x,’HC’//3

V.RTTF.I5 205)
20! FGRIAT (14x, ’FT/$EC ’ 14X,’3TU/ t ~~HR$FT**2) , SX ‘ETU/( F*HR*FT**2)

t’ ,lO X,’GTU/ ( F*HR*Fi**2)’,IDX ,’BTU/ ( F*HR.*FT’k*~~~1/~ / )
OC 5 L— 1 , N

IT3 (.~,2)6 1 VII) ,UNII) ,‘JC (I) ,Ht ( I)  , MCI I)
206 F O i ~ 1(~ Y ,F 10.2 ,8X,4 (ax,F10.3,BxU)

5 CONTINUE
wR 113(6.2071

207 F0R~ A T ( ’ O ’ ,8X, ’REY NOLOS NO’ ,1~~ ‘ PLAIN END REYN NO’ ,9X ‘FLOW RATE
1 PE~ A REA ’.7X,’ FRICTICN FACTO~ ’,L QX, ’SL~ DER TATE CGNStANT’//)DC 6 I—l,M

(6,2081RE( Z1,RU( I) ,G(1) ,FRZFAC C !) .CKL I)
6 CC”.TIMJ E

208 FC MATI IX ,3  (8X ,F1Q.2,8X) ,Z (8X,F1O.$,dxI / ~W R ITE (6 ,209 )
209 RORM LT( ’ 1 ’ 2 9X, ’NLISSELT N0’ ,12X , ’NU/P RI/3(U/UW)O. 14’ ,11X, ’STANTGN N

t O ’ 47X ,’J rA CTO R’ ,L4X ,’ PERFORM FACTOR ‘/1)
DO iI~~1,M

P Ii E 16i21) ) PNU I t)  ,YCCC RD(t  ), ST ( II,CEJ ( I)  ,9.EAN( I)
7 CCNT INU.

210 R~~RM4T(1X,2(8x,Ft0.5,8x) ,8X,F1o.s,sx,Z BX,c1O.7,sxu )
W R!IE (6 211)

211 FC P~l AT(’0 ’,I2*,’xIN’ ,j3X,’PRESSuRE ORCP (PSI)’ ,15X,’PRANOTL N0’,lS
LX, ’U/lJvI’//)

202
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RAN TV C LEVEL. 21 MAIN CATE — 78075 08/48/09
DC 8 1 L.M
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- 2) CNTLNUE
IFIN.LT .2)GO TO 90

.0 100 1 CONTINUE
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.2 END
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APPENDIX I

PRESSURE TAP TUBE REDUCTION , SAMPLE CALCULATION
FOR PT-2 , 45 0 AT 60 PERCENT FLOW

In an attempt to more accuratel y describe the actual

pressure drop in the three foot test section of the General

A tom i c tubes , an alternate method to that presented in [19]-

for predicting the pressure drop was sought. Using a speciall y

constructed tube ,(See Figure 14), several pressure drops were

measure d across different sections of the tube. These pres-

sure d rops are sum m ar i zed in Tabl es 21 , 22, and 13 and were

used as follows to arrive at a satisfactory method for pre-

dicting the actual pressure drop in the three foot section of

tube.

To determ i ne a con trac ti on l oss fac tor , the pressure d ro p

• 
. 

at the en trance must fi rs t be de term i ned us i ng

~~cn 
= 

~~6- 5 - 

~
1’Ac ~ I’T - 

~~~s (in Hg)

where:

= pressure drop measured between taps 6 and 5 as
seen on Fig ure 15

~~Ac 
= pressure drop due to ‘:e area change at the inlet

= pressure drop between tap 5 and the beg i nnin g
of the test section

= pressure d rop i n smoo th sec tion between tap 6
and the beginning of the tube.

Now

= 13.9 In Hg

and pv 2

Ac — 

2g 
- a
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w here

pV~~
____ = 10.57 In Hg,
‘9c

and A

“TSa =
~~~:~~~T here fore ,

~ ~~Ac = 6.43 In Hg.

~PT = 3—5 
—

2

where
= 45.3 in Hg

and
= 31.75 in .

T here fore ,

+ ~P1 = 3.03 in Hg

= 
4f 5 G2 (~ )

~2g~ 
(l44)(.4551)

w here
.046f 0 2S Re

and
L .229 ~— 

~.o4367 ’ — 5.24
T herefore ,

+ a .048 In Hg , and

4.42 in Hg

Know ing the Inlet pressure loss due to contraction we can

determine the contraction loss factor from the relationship:
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pv
~ St~P = Kcn cn 2g~

+ Kcn = 0 .42

Similarly at the exit, we know

AP
= - 

~~5-6 - 

~~5-3 - A P 1 + 
~
‘Ac —~ -(ln Hg)

where

= 60.5 in Hg

= 13.9 in Hg ,

AP5_ 3 = 45.3 in Hg

= 3.03 in Hg

A PAc = 6.43 in Hg ,

AP5/2 = .024 in Hg , and

.
~~~~
. AP ~ = 4.68 in Hg

From

e - 

e 29c

it Is found that

Ke - 0.44

The assum pti on tha t K
~ 

an d Ke varied only slightly over the

ran ge of flows used In this experiment was invoked as before.

Thus the contraction loss factors and the expansion loss

factors were calculated at each of the measured flow points ,

and an average of these ind iv idual values was used in deter-

m ining the non-recoverable losses due to expansion and

206
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con traction. The subscript 2 will be used to define the

friction factor and the variables used to determin e the

friction factor found by using the expansion and contraction

loss factors as found above. Similarly, for the case where

K
~~

and Ke are found using [19j, the subscript 1 will be used.

The follow i ng cons tan ts are defi ned.

0TS = Dh = 0.0241 ft

= 124.5

= 3ft

= Dh = 0.0241 ft

(~ )3 5  
= 109.8

L3_ 5 = 2.65 ft

(K c + Ke)i 
= 0.33

(Kcn + Ke ) 2 = 0.80

To determine the friction factor using each of the

above loss factors , the pressure drop in the test section

must be found from:

(AP1s)1 2  = AP
2 6  

- AP
~ 

- (AP exp/con )l 2  (psi)

where :

= 27.53 psi

AP5 = .022 psi

~~ _ _  _ _   ~~~~~~~~
•
~~~~~~~~

_ .••
~~~
,.—

~~~~
-—



r

pv
~S(AP ex p/con )l = 

~~~ 
(Kc + Ke)i — 1.59 psi and

(AP ex p/con)L = 
~~~~~~~~~~~ 

(~ + K~)2 
= 3.85 psi .

Now from
— 

A P
TS 

p 2g~
~TS - 

2 L4 G 
~D~TS

and

= 
AP3 5

p 2g~

5 3-5

it can be found that:

~~TS~ 1 
= 0.0108

~~TS~2 
= 0.0096 , and

TS~3-5 
0.0097

It is easily seen that the experimental results in-

d ica te th at the actual fr i ction fac tor i n the test sect i on i s

less than that computed using the traditional methods pre-

sen ted in [19]. It is also noted that (f15)3~5 Is very nearl y

equal to 
~~TS~2• 

The onl y real significance that can be

attached to that fact, however , is that the pressure drop

was reduced to the outer limits of the three foot section

satisfactor ily. Since , Powever , the pressure drop between taps

3 and 5 was used in determining the reduction procedure -

the su bsequent friction factor is coupled to f35 . There is

208 

-



-

• 1

I
obv iously much more experimental work required in this area

before a universally accepted method can be determined.

j
(

I

4

I
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