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SYMBOLS 

D tube diameter, feet 

A P pressure drop between taps,, inches of water 

^APP apparent friction coefficient, dimensionless 

?. integrated apparent friction coefficient, dimensionless, 
xurJr 

fv .. Karman-Mkuradse coeff ic ient , dimensionless 

Ii/B r a t i o of distance from i n l e t t o tube diameter 

P s t a t i c pressure , fee t of water 

P pressure i n calming chamber, pressure pounds per square inch gage 

psig pressure pounds per square inch gage 

R Reynolds number based on tube diameter, dimensionless 

R~ Reynolds number based;.,©n diistance from tube i n l e t , dimensionless 

f temperature of' water flowing through apparatus, °F 

W. weight of water flowing through apparatus, pounds per minute 
w 

7 * mean ve loc i ty leased on mass rat© of flow, feet per second 

X distance from tube i n l e t , fe©t; 

^^ v i scos i ty , slugs per foot-second 

densi ty , slugs per cubic foot 

f 
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swptx -

An experimental inves t iga t ion • was* made of apparent f r i ctLon coeff i 

c ients i n the i n l e t length of a smooth round tube with bellmouth entrances 

of different r a d i i . Tests were condticted with flow of water through one-

half inch copper tubing a t Reynolds numbers varying fr;om 29,1*00 to 3it9,5>Q©» 

The r e su l t s were recorded i n terms of the loca l apparent f r i c t i o n 

coefficient and the in tegrated apparent f r i c t i on coe f f i c i en t . The apparent 

f r i c t i o n coeff ic ient i s a d i r e c t measure of the pressure loss and includes 

the effects of both f r i c t i on and momentum flux changes* The integrated 

value of the coeff icient i s simply a measure of the t o t a l loss from the 

tube i n l e t to the point concerned. 

The t e s t s indicated tha t for a bellmouth entrance with a radius of 

one pipe diameter, the boundary layer was i n i t i a l l y laminar with a t r a n s i 

t ion t o turbulent boundary layer at an average Reynolds number (based on 

Mi'.' v - , '• 

distance from the tube inlet) of about $Q®9QQ®• This value compares well 

with ithe corresponding value for a flat plate* The tests for the bellmouth 

entrances with radii of two and three pipe diameters indicated that an 

undetermined amount of turbulence existed at the tube inlet* This induced 

turbulence greatly affected the boundary layer and the friction coeffi

cients within the inlet length* The initial turbulence caused the boundary 

layer to be turbulent from the beginning of the inlet length. The entrance 

with a radius of three pipe diameters caused more turbulence than the en

trance with a radius of two pipe diameters * 
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Within the i n l e t lengthy the loca l apparent f r i c t i o n coeff icient 

was found t o vary widely from the Kiarman-l&lajradse coefficient for fu l ly 

developed turbulent flow* The var ia t ions of the coefficient consisted 

of an i n i t i a l decrease wi th in the region of laminar boundary layer , ah 

increase accompanying the t r ans i t i on to a turbulent boundary layer , a 

second decrease and flucjtuations probably due t o adjustments i n veloci ty 

p r o f i l e s . The i n i t i a l decrease ami increase were absent i n the t e s t s 

for which no laminar boundary layer existed* Also, el imination of the 

laminar boundary layer by induced turbulence acted t o grea t ly increase 

the value of the f r i c t i o n coeff ic ient i n the region which would normally 

be the laminar i n l e t zone • 

The experimental r e s u l t s for the tube with the bellmouth entrance 

with a radius of one pipe diameter tend to be i n general agreement with 

the r e su l t s of a s imi lar inves t iga t ion conducted by Shapiro and Smith 

and published i n W#A.©.ik4» Technical lo te #1?8^. 
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CHAPTER I 

INTRODUCTION 

Object.—The object of this investigation was to determine experimentally 

the values of apparent friction coefficients in the inlet length of round 

smooth tubes and to find the effect on the friction coefficient of the 

Reynolds number and the distance from the entrance• It was anticipated 

that the results of the tests, conducted with the flow of water at 

Reynolds numbers corresponding to fully developed turbulent flow, would 

supplement the results obtained by Shapiro and Smith in a similar inves

tigation completed in 19U7-

Survey of literature,—When a fluid from a calm source flows steadily 

through a horizontal tube of uniform diameter, the velocity profile in 

the region downstream from the entrar.ce varies with the distance from the 

entrance. After some distance downstream, the variations in the flow 

pattern disappear and the velocity profile remains unchanged. This 

length in which the flow pattern is developing is known as the "length 

of transition" or the "inlet length"«, 

The changes in velocity profile in the inlet length have an impor

tant effect upon the friction coefficients in this region. It has been 

found that the friction coefficient varies considerably with distance 

from the inlet in the initial, part of the inlet length. After the inlet 

length, the friction coefficient is constant and is independent of the 

entrar.ce


distance from the tube inlet* Valines of the friction coefficients for 

the fully developed region have been established with accuracy through 

the efforts of many investigators* For the inlet length there i s l i t t l e 

data available* 

The usual procedure for calculating friction coefficients from 

pressure loss data i s based on the assumption that the velocity profile 

i s constant at each cross section* Within the in le t length this procedure 

does not consider the momentum flux changes accompanying the velocity 

profile changes, and, therefor®, the resulting friction coefficient does 

not represent the true drag coefficient* Friction coefficients in the 

in le t length that are calculated from pressure loss data are designated 

"apparent friction coefficients". The true fr ict ion coefficient or the 

rat io of the wall shearing stress to the velocity head is equal to the 

"apparent friction coefficient" only when the velocity profile i s constant 

in a l l cross sections and the flow is incompressible* In order to cal

culate the values of true friction coefficient within the inle t length, 

i t would be necessary to measure the changes in velocity profile • 

Boussinesq ( l ) , in 1890, obtained a solvation for the development 

of the velocity profile for laminar flow* From his results i t was con

cluded that,for purely laminar flow, the length of transition in terms of 

a length-diameter rat io was 

Schiller (2), in an investigation of laminar flow, assumed that the 

typical velocity profile near the in le t was composed of a straight line 

segment terminated by parabolic arcs* He then applied Karman^s momentum 



equation to the e n t i r e cross sect ion and the Bernoulli equation t o the 

cent ra l core of f luid • The ra te cd:' development of the ve loc i ty p rof i le 

was computed and the pressure drop from the i n l e t predic ted . For the 

length of t r a n s i t i o n , Sch i l l e r obtained the rat i© 

L/fc -0*029 % 

Langhaar (3) completed an analysis for laminar flow by employing 

a l inear iz ing techniqine mlth the Havier-Stokes equation and re ta ining more 

terms than previous inves t iga tors* He assumed that the veloci ty was con

s tan t over the en t i r e i n l e t cross sect ion; t e s t s by HLkuradse indicate 

that t h i s assumption i s j u s t i f i e d for tubes with shor t b e l l mouthed en

t r i e s * N© def in i t e i n l e t length waus found, but the veloci ty prof i le was 

found t o approach the parabolic form i n asymptotic fashion*} The length 

in* which the center-Hne veloci ty reaches £9 percent of lid asymptotic 

value waa; predicted to be 

L/D a8 0.23$ R^ 

Latzko (k) analyzed the development of a turbulent veloci ty p ro 

f i l e by assuming that a typ ica l v e r i t y prof i le i n the i n l e t length i s 

composed of a s t ra igh t l ine segment terminated by a r c s , the ve loc i ty d i s 

t r ibu t ion of which follows the one-seventh power law* From th i s he p r e 

dicted the t o t a l i n l e t length of a purely turbulent flow t o be 

0.25 

Experimental invest igat ions seem t o have been limited i n number 

and scope* -



Kirsteh (£) measured veloci ty prof i les a t various dis tances from 

bellmouth entrances for the flew of a i r through smooth tubes . Hi£ r e su l t s 

indicated t ha t the boundary layez* near the entrance was, i n i t i a l l y laminar 

with a change t o the type of combined laminar and turbulent boundary layer 

associated with flow over a f l a t plate, and with a fu l l y developed turbu

l en t pipe flow* 

Egli (6) invest igated the flow of steam and a i r through narrow 

channels. He found t h a t the f r i c t i o n coefficient was a function of the 

length-clearance r a t i o as wel l as t t e Reynolds number and the roughness• 

For flow through a channel of a fixed clearance, the f r i c t i o n coeff icient 

decreased with an increase of the length-clearance r a t i o . .' 

Keenan and Newmana (7) invest igated the apparent f r i c t i on coeff ic ients 

for the flew of a i r through smooth pipes a t subsonic and supersonic ve loc i 

t i e s . The a i r streams entered the tubes through bellmouth entrances . Re

su l t s of t h i s inves t iga t ion led t o t i e conclusion tha t -wi th in an entry 

length of about 50 diameters, the apparent f r i c t ion coefficient fo r super

sonic flow was a function of the length-diameter r a t i o and the Reynolds 

number. »At dis tances from the i n l e t of greater than 5© diameters, i t was 

found tha t the apparent f r i c t i o n coefficient for e i t h e r subsonic or super

sonic flow was approximately equal t© the coeff icients for incompressible 

flow with fu l ly developed boundary l a y e r . I t was concluded t h a t the 

var ia t ion of the f r i c t ion coefficient with the length-diameter r a t i o a t 

supersonic flow was similar t o the va r ia t ion corresponding t o incompress

i b l e flow. The inves t iga tors agreed t h a t an accurate comparison could 

not be made because insuf f ic ien t data were available for incompressible 

flow through the i n l e t length 0 



Shamir© and Snath (8) i:Etvfesti^ated the apparent frietton coefficients 

in the in le t length of smooth., round tubes with bellmouth entrances* The 

tests were conducted with water and air flowing at Reynolds numbers corre

sponding to fully developed twbialeni. fieri* Values of the coefficients 

from these tests were reported in terms of local apparent friction co-
• " - . . j ' . - " ' • ' 

efficients and integrated apparent f a c t i o n coefficients, the l a t t e r being 

a measure of the t o t a l '.pressure drop from the in le t to the point involved. 

Values of the local coefficient were compared with the Karman-Nikuradse 

coefficient for fully developed flow, the theory of I«anghaar, and the 

f lat plate theory* 

The testsi'-ladipaject that near the in le t there was a zone of laminar 

boundary layer, followed by a region in which the boundary layer was tur 

bulent* Transition from laminar to turbulent boundary layer was found to 

occur at a Reynolds number based on distance from tube inlet of about 

5xlCr, which compares we'll with the f lat plate theory* The apparent f r i c 

tion coefficient in the laminar in le t zone varied approximately inversely 

as the 0.6 power of the distances frnam the inlet* A sharp r ise in apparent 

friction coefficient accompanied the change from a laminar to a turbulent 

boundary layer* Near the beginning of the turbulent inlet zone there were 

rapid and irregular clpnges %n the local apparent fr ict ion coefficient, 

followed by the coefficient approaching the Karman-Nikuradse coefficient* 

Within the laminar in le t 2;one,, the local apparent coefficient 

i'i varied from 3^5 to ©•£ times the Kaxaam-Nikuradse coefficient. The in

vestigators were of the ©pinion that very near the in le t i t was probable 

that the apparent friction coefficient was infinite as compared with the 

Karman-Nikuradse coefficient. 
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Values of the l o c a l apparent f r i c t i on coeff ic ient remained within 

5 percent of the Kanrian-Nikuraise coeff icient beginning a t about kO t o 60 

diameters from the tube i n l e t . The in tegra ted apparent f r i c t i o n coefficient 

remained within 5 percent of the Karaan-ILkuradse coeff icient a f t e r 80 tube 

diameters from the tube i n l e t . 

Huie (9) invest igated the 'flew of water i n the i n l e t length of 

smooth, round tubes with bellmouth entrances. Els r e su l t s agree i n general 

with those of Shapiro and Smith. 

The s imi l a r i ty between fluid f r i c t i o n and heat t ransfer has been 

pointed out by numerous i nves t iga to r s . Beat t ransfe r i n the i n l e t length 

should, therefore , compare with f lu id f r i c t i o n i n the same region. 

Ipirfce (1#) analyzed the sinn^iacrity between f lu id f r i c t i o n and heat 

t ransfer for several cases , includiiig the entry sect ion of smooth round 

tubes . He suggested tha t for tubes with an abrupt entrance, the increased 

f r i c t i on loss i n the entry sect ion can be considered by adding to the f r i c 

t ion factor a quanti ty 

f « * ®*k B A 

Aladyev ( l l ) was concerned so le ly with heat t ransfer to water i n 

the i n l e t length of tubes a t vai'ious Reynolds numbers. From his t e s t s he 

concluded tha t heat t ransfer i s independent of the distance from the i n -

! l e t for values of L/B greater than 1#. 

Boelter , loung, and Iverson (12) experimented with the heat t r a n s -
• i • • • . . ' " ' • ' ' • • 

! fe r to a i r i n the i n l e t length using various entry shapes before the 

•I. t e s t sec t ion . These t e s t s shewed tha t the heat t ransfer was affected by 



the shape of the entry* An equation for heat transfer -which they developed 

shows that the heat transfer rate is not affected by the distance from the 

inle t for values of L/D greater than K0*2^. 
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CHAPTER IX • A ' 

APPARATUS 

A flow diagram of the apparatus used i n t h i s inves t iga t ion i s given 

i n figure 25• 

The water used for the t e s t s was obtained from a l ine s upplied by 

a centr i fugal pump a t approximately 6® p s i g . Water from the supply l ine 

passed through a globe valve, ' through the calming chamber t o the t e s t 

sect ion, through a second globe valve, and was then discharged to an open 

weighing tank. 

In order t o obtain a condition of uniform veloci ty and minimum t u r 

bulence i n the flow at the i n l e t to the t e s t sect ion, a calming chamber 

was placed upstream frcm the entrance t o the t e s t sec t ion . This calming 

chamber was a ten inch pipe four feet eight inches i n length, with a 

baf f le , tube bundle, and screens; as shown i n f igure 27 • The baffle was 

made of sheet brass with one-inch holes d r i l l e d so as to d i s t r ibu te the 

water uniformly over the en t i re cross sec t ion of the calming chamber. The 

tube bundle was made of two-foot lengths of one and one-quarter inch pipe 

f i led smooth, painted for prevention of corrosion, and wired together t o 

prevent movement. Two brass screens were i n s t a l l ed downstream of the 

tube bundle to remove any turbulence caused by the tube bundle. I t was 

believed t ha t t h i s arrangement of the calming chamber together with an 

area reduction with a r a t i o of greater than 3©© to 1 would give substan

t i a l l y uniform flow approaching the t e s t ' section© 



The test section was attached to the calming chamber by a bellmouth 

entry section machined from brass to close tolerances. The same tube was 

used in a l l t e s t s , but three different entry sections were used* In each 

case the inle t curve was a circular a r c The radii on the sections were 

one pipe diameter, two pipe diameters, and three pipe diameters* Each 

entry was attached to the tes t section with solder and the joint was 

burnished so that there was no observable roughness where the bellmouth 

and tube were connected* 

The tes t section was made of one^haif inch Type L hard drawn copper 

tubing approximately ones hundred diameters in length* Pressure taps were 

located as indicated in table 22* !i3ntry sections XI and HX had the f i r s t 

tap at the junction between the entry and the test section* Due to the 

construction of entry section I*, i t was not possible to have a tap at this 

position* The f i r s t tap with this entry section was bhe-half diameter 

downstream from the junction* The pressure taps were closely spaced near 

the entrance as i t was fel t that the greatest changes in velocity profile 

would occur in this region* The pressure taps were dri l led through the 

tube walls and the inside of the tube was burnished to make sure that the 

tube wall was free of burrs* Connections were made to the pressure taps 

by means of one-quarter inch copper tubing soldered to the outside waH 

of the tes t section. 

Each pressure tap was connected through copper tubing and shutoff 

valves to two pressure manifolds arranged so that any tap could be connected 

to either leg of three different -manometers* Therefore, pressure differ

ences between any two taps could be measured on any one of the manometers* 
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Also, the taps could be reversed r e l a t i ve t o the manifolds and the mano

meters, thus affording a t e s t for leakage* 

The manometers -used were a iiere^ry-water U-tube manometer, a 

v e r t i c a l a i r -water manometer, and an incl ined air-water manometer. The 

l a s t named manometer was? incl ined a t aM angle of 11° 32 ! (sine = 0«2O0)« 

The air-water manometers were inverted TJ-tubes constructed so as t o per 

mit appl icat ion of a common a i r pressure t o the top of both legs* The 

water pressure manifolds were connected to the bottom of the manometer 

l e g s . Upon applicat ion of water pressure to the manometers, the water 

leve l would r i s e u n t i l the t o t a l head was equalized by the a i r p ressure , 

The difference i n height of the two columns of watejr thus indicated the 

pressure drop between taps* The a i r pressure applied t o the manometers 

was controlled by a constant'pressm*e valvei 
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CHAPTER I I I 

TEST :PROGEDDRE . 

To i n i t i a t e a t e s t , the supply valve and the discharge valve were 

regulated to permit the approximate r a t e of flow des i red . The water flow

ing through the apparatus was weighed by discharging in to an open tank* 

After the approximate flow rat€ was es tab l i shed , a i r was purged from the 

system. The calming chamber was purged by means of a plug i n the top of 

the chamber. Next, the pressure t aps , manifolds, manometers, and a l l 

connecting tubing were purged. This was accomplished fey removing a plug 

above the manometer, opening a l l valves , and permitt ing the water t o flow 

for an adequate time through each manifold and through each leg of the 

air-water manometers. Air was purged from the l ines to the water-mercury 

manometer by loosening the connections a t the top of the manometer. After 

the a i r was purged, f i n a l adjustments were made to the water flow irate . 

This ra te was checked toy weighing the discharge for one minute. After a l l 

pressure readings were taken, the r a t e of flow was again checked. The 

difference i n flow ra te a t the beginning and a t the end of each t e s t did 

not exceed one percentv 

With two pressure tap shutoff valves open £0 opposite manifolliisf, 

a i r pressure was applied to the top of ' the ai r -water manometers, thus 

forcing the water level down in to the legs of the manometer* Time was 

allowed for a l l water droplets t o drain in to the manometer, and a H 

entrained a i r bubbles were removed frtw the water columns. Care was 
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taken to prevent the water leval dropping and entraining air in the mani-

• . ' v . , . . . 

folds at the bottom of the manometers* *V" 

The detai ls of the testing procedure varied with each t e s t , but 

certain general principles were followed* The inclined air-water mano

meter was used in the tes ts where only small differences in pressure 

existed between taps . Larger pre satire differences were measured with the 

vert ical air-water manometer, with the water-mercury manometer being used 

for high rates of flow only.on the taps downstream from twelve pipe dia

meters* 

To measure the pressure drop between any two points, the taps were 

opened to opposite pressure maidfolds by means of the shutoff valves. Then, 

by means of manometer shutoff valves,' the manifolds were opened to opposite 

legs of the manometer being used* After observing the pressure difference, 

the taps were reversed relative to the legs of the manometer and a second 

value for the pressure drop was observed* 

In order to maintain the accuracy of the observed data, the pressure 

drops were measured and recorded in an accumulative manner as far as possi

ble* For example, pressure drops were measured between taps one and two, 

one and three, one and four, and so oil unti l limited by the range of the 

manometer being used. In the same manner, subsequent downstream measure

ments were recorded relative to other selected taps* The equalization of 

a ir pressure and water pressure in the- air-water manometers resulted in 

fluctuations of the water levels in the legs* All measurements were read 

from these manometers by two observers* 
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The pressure im the calming chamber was observed throughout the 

tes t and did not change* The texoperature of thewater flowing was measured 
' • • • • • • •:• - S ^ . . , . • • ' • • • - - • " 

frequently and did not change more than one-half degree during a t e s t . 
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CHAPTER 17 

BISGUS;,S1(P 

The results of the tes t are given in figures 1 through 21 in the 

form of curves in which the ratios of the local apparent fr ic t ion co

ef f ic ient and the integrated apparent fr ic t ion coeff icients to the Karman^ 

Kikuradse coeff icient are plotted against the rati© of the distance from 

the i n l e t to the tube diameter* The results of each test were plotted 

i n separate figures* In figures 22 through 2h9 values of the local ap* ,. 

parent fr ict ion coefficient are plotted against values of R̂  (Reynolds 

number based on distance from the i i i l e t )* For purposes of comparison, 

the values of fr ic t ion coefficients according to the theory of Langhaar 

and the value according to the theory of laminar and turbulent flow over 

a f l a t plate are also plotted* 

Entry I•<—Figures 1 to 7 seem to show no regularity i n the variation of 

the local apparent fr ic t ion coef f ic ient . In each of the t e s t s , the f r i c 

tion coefficient ratio i s near unity for the pressure drop between taps 

one and two. The ratio for the pressure drop between taps two and three 

then r ises to values of between l*li3 and 2©0lu This i s followed i n 

general by a series of smaller fluctuations, and then a sharp r ise in 

the ratio* The location of th is r ise tends to be closer to the entry to 

the tube as the Reynolds number beeoEBes larger* 

The integrated-c©efficient rat io i s i n i t i a l l y high, followed by a 

decrease to a value of approximately 1*<3 and then a r ise* This r i se 
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reaches a maximum at a value of X/B that tends to be closer to the entry 

with increasing Reynolds 'numbers-* Downstream from this maximum point, 

the ratio decreases. This ratio tends to approach closer to unity for 

the larger values of the Reynolds number* 

In the investigation by Huie, the integrated fr ict ion coefficient 

ratio was indicated to be below 1*0 at several points of measurement 

when the same pipe s i se and entry section were used* This investigation 

shows the rat io to drop below 1*0 in only a few places, with the minimum 

value being 0*98* I t i s believed that the larger number of pressure 

readings tends to give a better indication of the values of the r a t i o . 

In figure £2 the local apparent fr ict ion coefficient for three of 

the t e s t s i s plotted against the Reynolds number based on distance from 

the in l e t* The value of the coefficients in general follows the theory 

of Langhaar to a value of Ry of from k t o 6 x After a transition 

region in which the fr ict ion coefficient r ises sharply, the coefficient 

shows a general trend downward towaj-rcL an asymptote* In the turbulent 

region the coefficients are roughly double the values for turbulent flow 

over a f la t plate* The region in wideh the transition from laminar to 

turbulent flow takes place corresponds in general to the section of the 

pipe i n which the integrated fr ict ion coeff icient reaches a maximum follow

ing i t s i n i t i a l decrease^ 

This series of tes t s does not indicate the value of J./B at which 

the in ie t effects become negligible* However, i t appears that the varia

tions in the local apparent fr ict ion coefficient become much smaller 

after the pressure reading at l\k pipe diameters from the tube in le t* This 
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agrees in general with the results of Shapiro and Smith, and as pointed 

out by them these values of X/D are far smaller than those predicted by 

the laminar inlet theories of B©us$inesq> Schiller, and tanghaar, and 

are about three times as large as the value predicted tgr the turbulent 

in le t theory of Latzko. 

Boelter, Young,, and Iverson developed equations for the transfer 

of heat in the transit ion length of a tube that indicated that the t rans i 

tion length i s equal to the Reynold® number raised to the one-fourth 

power. According to this relation,. the transition length wouM vary from 

an X/B value of 13.3 for tes t A to an Z/D value of 19 •£ for tes t G# 

Entry IX.—-Figures 8 to Ik shon- the local apparent friction coefficient 

ra t io and the integrated, apparent friction coefficient ra t io plotted 

against the x/D r a t i o . In tes ts A,,, B, C, and B the local apparent f r i c 

tion coefficient ra t io at the f i r s t tap had a value of from 2.70 to lj..20. 

At the second tap the ra t io had a value of from 0.0 to 2.68, and at the 

third tap the value of the rat io was from k.80 to 12.2. At the fourth 

and f i f th taps there was a r ise in pressure along the length of the tube. 

In tes ts E, F, and G the rat io at the .first tap was from 1.20 to 1.759 at 

the second tap was from 3.68 to 3»^!, and at the third tap was from lw38 

to %.•!$• In these tests there was also a r ise in pressure at the fourth 

and fifth taps• 

This r ise in the local apparent coefficient ra t io i s similar to 

results i n an investigation by Aladyev. Be was measuring heat transfer 

tpfwater i n a tube, and found a variation in the pipe wall temperature 

similar to the above variation in presfure drop in the tube. Ho direct 
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comparison can be made, as Aladyev measured the pipe wall temperature in 

only three places near the entry and..gave no details ©f the shape of the 

entry section* 

The integrated apparent friction coefficient ra t io reaches a maxi

mum at an x/B ra t io of 1*E>* The friction ra t io then f e l l off rapidly. 

For tes ts A, B, G5 ani 1) there were no large changes i n the friction ra t io 

past x/B of 2*5* In tests E, F, and G this change to more steady values 

did not occur unt i l aboutx/B of 7* 

In figure 23 the local apparent friction coefficient for three of 

the tes ts i s plotted against the Reynolds number based on distance from 

the inlet* The value of the coefficients seems to indicate that the flow 

i s turbulent for a l l the points plotted* The value of the fr ict ion co

efficient at high Reynolds numbers appears to he about double the value 

of the friction for turbulent flow over a f la t plate* For lower values 

of the Reynolds numbers, the fricM.on coefficient tends to approach the 

f la t plate friction mare closely* The.larger radius of the entry seemed 

to have the effect ©f moving the transition region nearer to the entry* 

Entry pX*~»Figures 15' t© 21 show the' local apparent friction coefficient 

ra t io and the integrated apparent fmiction coefficient rati© plotted 

against the x/B ratio* In a l l of these tests there is a large pressure 

drop at the f i r s t tap followed by a pressure rise* The number of taps 

that exhibit this p*essuic»e r ise VJ^ies with the Reynolds number, there 

being five taps with a'pressure r ise in tes t A and only one tap with a 

pressure rise in tes t G* 
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The integrated apparent friction coefficient starts with a very 

high value and falls off rapidly. There were in general only small changes 

in the ratio after a value of x/B of"-5» Boelter, Young, and Xverson found 

similar results for heat transfer to air passing through a tube when the 

entry was an 1\SME nozzle shape« In some of the tests, the heat transfer 

rate reached a minimum at am x/B .value of 3 and then rose to a steady 

rate at an x/B value of 8*; For higher values of the Reynolds number a 

test showed a high initial heat transfer rate with the rate dropping until 

a steady value was reached at an x/b value of 8«> 

In figure 2k the local apparent friction coefficient"for three of 

the tests is plotted against the Reynolds number based on distance from 

the inlet. The value of the coefficients seems to indicate that the flow 

is turbulent for all the points plotted. There is a great similarity 

between figures 23 and 2h9 with entry XXX giving generally lower values 

of ̂ ^^f^Q^<m'e;oeffididtBt>'thaxi-wdr#
v^bt8d'ne4 with entry H . This would 

seem to indicate that the turbulent region developed further upstream 

with entry III than with entry II;» 

This series of tests seems' to indicate that the inlet effect be

comes negligible at x/B values of between $ and 8, increasing with increas

ing Reynolds numbers. This apparently agrees with the idea of Boelter, 

Young, and Xverson that the transition length is a function of the Reynolds 

number, varying about as the one-f ©mirth power. 
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CHAPTER'V 

CONCISIONS 

The following conclusions were d*awn from the experimental i n v e s t i 

gation of f r i c t i o n coeff ic ients i n the i n l e t length of a smooth round 

tube with beUmouth entrances of d i f ferent r a d i i . 

1 . I t i s the ©pinion of the wri ter tha t the bellmouth entrance 

with a radius of one pipe.diameter gave a subs tan t ia l ly uniform veloc i ty 

d i s t r i bu t i on a t the ttsbe i n l e t* 

2* For flow through i n l e t I the boundary layer i s a t f i r s t laminar 

and subsequently iecemes turbulent a t a value of Reynolds number based on 

distance from the tube i n l e t of about 5 x 1®*., which i s about the same 

as the corresponding value, fo r -a f l a t p la te • 

3 . Within the region of the laminar boundary layer , the loca l 

apparent f r i c t i on coeff icient decreased with increasing distance from 

the tub>e i n l e t . 

k» A sharp increase i n the f r i c t i o n coeff ic ient accompanied the 

t r a n s i t i o n from laminar t© turbulent boundary l aye r . 

5>» The measured values of the loca l apparent f r i c t i on coeff icient 

support the laminar i n l e t theory of lianghaar. 

6 . For flow through i n l e t s IX and I I I the boundary layer was t u r 

bulent from the beginning of the i n l e t length . 

7» Elimination of the laminar boundary layer acted to grea t ly i n 

crease the value of the apparent f r i e t i o n coefficient i n the region which 

would normally be the laminar i n l e t zone* 
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8. No definite value <af their in le t length could be accurately deter

mined. Indications are t|iat t te; length i s less than that predicted by 

Langhaar. 
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CHAPTER VI 

RECQ11MEKC)1TI©HS 

In the experimental investigations of the friction coefficients ; 

in the inlet length of round tubes,, one of the problems appears to be 

that of having a uniform velocity distribution at the tube inlet. The 

investigations listed in the bibH©graphy have generally assumed that 

a uniform velocity does exist at the tube inlet. Shapiro and Smith 

showed that this assumption of uniform velocity may be affected by the 

approach to the bellmouth entry. In the present investigation, the use 

of bellmouth entries with a-large'-radius1 gave a less uniform velocity 

distribution than the bellmouth with a radius of one pipe diameter. In

vestigation is needed to find what combinations of approach said bellmouth 

radius will give the closest approach to a uniform entry velocity* 

The water levels in the air-water manometers tended to fluctuate 

rather violently at times due partly to difficulty in balancing the air 

and water pressures. It is believed, that an inverted two fluid manometer 

would give greater -stability* The connecting lines to the manometer 

should be equipped with diaphragms to prevent loss of the lighter fluid 

during preliminary adjustments of the system. 
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Table 1. Test 

pcc A p s i g 

¥w 5lf Ibs/min. 

I„ 58-

Pressure 
Taps Z\ P f.pp 

("HgO) OT 

1-2 .18 0.0272 
2-3 .31 O.0k68 
3-k .13 0*0196 
k-5 .15 0*0226 
5-6 .18 0.0272 
6-7 .16 0.02k2 
7r8 .11* 0o0212 
8-9 .15 0.0226 
9-10 .1& 0.0272 

10-11 .15 0.0226 
11-12 .12 0.0181 
12-03 .12 0.0181 
13-lk .15 0.0226 
lk-15 .11 0.0166 
15^16 .18 0.0272 
16-17 .Ik 0.0212 
17-18 .30 O.Ok53 
18-19 .19 0oO287 
19-20 .16 0„O2k2 
20-21 .15 0.0226 
21-22 .27 OeOkos 
22-23 .21 i.0317 
23-2U .29 0.0k37 
2k-25 1.37 0.0258 
25-26 2.83 ©•0267 
26-27 2.62 0.021*6 
27-28 3.88 0.O2I46 
28-29 5.20 0.O2k7 
29-30 5.16 0.02kk 
30-31 6.10 0.0231 

., En t ry I .• , 

% 30,700 

Un 0.023k 

fAPP'fK-N fAPP fAPp/fK-N 

1.16 0.0272 1.16 
2.01 0.0371 1.59 

*8k 0.0310 1.32 
.97 0.0291 1.2k 

1.17 0.0288 1.23 
1.0k 0.0280 1.20 

.91 0.0270 1.15 

.97 0.026k 1.13 
1.17 0.026k 1.13 

.97 0.0262 1.12 

.77 0.025k 1.09 

.77 0*02k6 1.05 

.97 0.02k6 1.05 

.71 0.'02k0 1.03 
1.17 0.02k3 1.0k 

.91 0.02kl 1.03 
1.9k 0.0252 1.08 
1.23 0.O25U 1.09 
1.0k 0.025k 1.09 

.97 0.0253 1.08 
1.75 0.0259 1.11 
1.36 ., 0.0262 1.12 
1.87 0.0270 1.15 
1.11 • 0.0268 1.1k 
l . l k 0.0267 1.1k 
1.06 0.0262 1.12 
I.05 0.0256 1.09 
1.06 0.025k 1.08 
1*05 0.025k 1.08 

.99 0.O25O 1.07 
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Figure 1. Results for Test A, Entry,I* Ratios of local and 
integrated apparent friction coefficients to the 
Karman-Nikuradse friction coefficient against L/D for 
constant ..value of H™ 
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Table 2 . Test B, Entry I 

P c c h2 psig % 53,800 

Ww 91 lbs/rain, S ^ 0.0205 

Pressure « . • . — • 
T a p S ^ n V f*JV fAPp/fK-N fAPP fAPp/fK-N 

1-2 •38 .0212 1.01* . .0212 l.&k 
2-3 .$6 .0312 1.53 .0261* 1.29 
3-1* .1(2 .0231* l . l l* .0251* 1.2k 
i*-5 •38 .0212 l.Ol* •Mkk 1.19 
S-«. .28 .0156 .77 ; .0226 1.11 
6-7 .36 .0200 .98 .0222 1.09 
7-8 .36 .0200 .98 .0220 1.08 
8-9 •35 .0195 .96 .0216 1.06 
9-1© +3$ .0195 .96 .0211* 1.05 

10-11 .36 .0200 .98 .0213 l.Ol* 
11-12 .3k .019© .93 .0211 1.03 
12-13 6k .0301 l.kT •0218 1.06 
13-Ht .kh .021*6 1.20 .0220 1.08 
H*-15 •31 O0173 • •85 .0218 1.03 
15-16 .52 •0290 1.1*2 •0222 1.08 
16-17 .69 o038U 1,88 .0232 1.13 
17-18 .27 o0l5l •7U •0228 1.11 
18-19 •1*5 .0251 1*23 .0229 1.12 
19-20 •32 .0179 •88 •0226 1.10 
20-21 .2k .013k .66 •0221 1.08 
21-22 •50 .0279 1.36 •0221* 1.09 
22-23 .60 •033k' 1*63 •0230 1.12 
23-21* .70 .0390 1*91 •0237 1.16 
2l*-25 3*1*0 .0237 1.16 .0236 1.15 
25-26 6.30 .022© 1*08 .0231 1.13 
26-27 6.38 .0222 1*09 •0230 •"1..12 
27-28 9*68 •0225 1.10 .0228 1.11 
28-29 12.10 .0211 1.03 .0221* 1.09 
29-30 11.9k .0208 •,:: 1.02 .0220 1.07 
30-3:1 15.86 i0221 1.08: .0220 1.07 
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Figure^2. Results for Test B, Entry I. Ratios of local 
and integrated apparent friction coefficients t© the 
Kaman-Nikuradse friction coefficient against L/D 
for a constant value of R. 
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Figure 3. Results for Test C, Entry I. Ratios of local 
and .integrated apparent friction coefficients to the 
Karaan-Nikui?adse friction coefficiient against L/D 
for ,a constant value of PL. 
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Figure U. Results for Test D, Entry I. Ratios of local 
and integrated apparent friction coefficients to the 
Kanaan-Nikuradse friction coefficient against L/l) 
for a constant value of R̂ o 
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Table 5» Test-E,, Entry I 

P c c 3 2 p s i g ] ̂  92,50( ) 

HL, 166 l b s / m i n . 
. • - f K - N - 0 1 8 3 

T 53° 

Pressu re 
Taps 6 P r. £ /f „ f *' /f

v „ 
(WH20) APP APp' K-N APP APP' K-N 

1-2 1.3 .018? 1.02 .0187 1.02 
2-3 1.99 .0286 1.57 .0236 1.29 
3-U 1.19 .0171 .91* .021U 1.17 
U-5 1.1*0 .0202 1.10 •0212 1.16 

•5-6 1.67 ( . 02h0 1.31 .0216 1.18 
6-7 1.1*6 .0210 1.15 .0216 1.18 
7-8 1.65 .0238 1.30 .0220 1.20 
8-9 1.06 .0152 •83 .0210 1.15 
9-10 1.00 .011*1* .79 .0203 1.11 

10-11 1.60 .0230 1.26 .0206 1.12 
11-12 .60 .0086 .1*7 .0192 1.05 
12-13 .60 ,.0086 .1*7 .0185 1.01 
13-1U 1.20 »0173 .9$ .0182 .99 
1U-15 1.90 ,0273 1.1*9 .0189 1.03 
15-16 1.20 *0173 «9$ .0188 1.02 
16-17 1.90 «027U 1.50 .0193 1.05 
17-18 1.80 o0259 1J*2 .0197 1.Q7 
18-19 3.S „050l* 2 0 76 .0213 1.16 
19-20 I+.2 .0605 3o32 .0236 1.28 
20-21 1.7 „02l*l* l«3l* .0236 .1 .28 
21-22 . 9 .0130 .71 .0231 ' 1.26 
22-23 Ii.5 .061*7 3.51* .0250 1.36 
23-21* .5 .0072 .39 .021*2 1.32 
2l*-25 13.2 .021*0 1.31 .0250 1*36 
25-26 19.6 .0178 .97 .0218 1.19 
26-27 2 2 . 0 .0200 1.09 .0211* 1.16 
27-28 33.5 .0202 1.10 .0210 1.15 
28-29 1*0.0 .0181 .99 .0200 1.09 
29-30 36.2 .0161* .90 .0193 1.05 
30-31 50 .0 .0181 .99 .0190 1.0li 



Figure £. Results for Test E,. Entry I. Ratios of local 
and integrated apparent friction coefficients to the 
Karman-Nikuradse friction coefficient against L/D 
for a constant value of Rry» 



w r o r o r o r o r o i o r o r o r o r o H H i - ' H l - ' i - ' H I - ' l - ' H 
P vo OD-J ONVn4r-U> M H O v o c o - « J O N V n 4 r V j j M H Q v o go—a 0\yi4=-W ro H 

,i i i T i I I i i i i r i T i i i i i r i r i T l i i t T 
u > u > r o r o r o r o r o r o r o r o r o r o H H - H M M M H H M h-» v© oo-4 o\vn4=-VA> ro 
H o^o oo«< o w n r u w H o^o eo^ o w n r ^ M H O 

OO ON Ov 0\U> UJ ro 
• ^ C S V A O S I f O O H H H M H M H H U M U J M r f r ^ H W V r f M H p y M 
9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 

vo —J o vn ro M ro vo - J ON-J U>-J OWOU)UJ-«J o y a o © —J o o ON wvn4=~vn 

9 _ ^ 9 ^ 9 _ ^ 9 _ ^ 9 ^ 9 9 9 9_^9 9 9 9 • _ v * « v
# * « , . • 9 9 _ ^ 9 9 9 9 9 9 9 9 9. 9 

O O O O O O O O O O O O O O O O O O O O O O O O © © '0'"w-;'0 KJ 
H M M M H M H H i - , M f O M r O ^ H r O M . % 3 M U i V j j p o M i - J r 0 8 0 H "H fO H 
- J - J ONVO OoVANOvnU* M H O H W^A^CDVOVloo f-* U> W\nV*> © © H 0NNO 
U O H v o W c o v o O-Er'ON.prvA'.pr'ONO |-J M ro oo-4 ON-J 43"OQ-«a ©\ro oovo-sj 

H H I - 8 H H H • H H r-8 M H H . H H r-8 H 

O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O 
H ' M H M H M M H H H r o N 3 r o f o r o r o r o r o f \ 3 r o f - » M M H h J H H H ro M 
• ^ • ^ O O O O O O f f i V O V O V O V O O O O O H H H H O H ^ Q e ^ o e B S - J v o t o V O 
—J oo o ro KJJ V-O vnvn ONOo4r-ro ooONro ONU* ON NO isr-4 VA> - J VA> oo oo H W M - g 

H H H H H H H H H H H H I - J » - , M I - J H i M H I - J H - » h - l H J l - J H H H H H 
O G O O O O H H H H H H M W M W M W M M H Q Q O O Q VOH U> M 
u» 4="Vnvo ONONt-ir-jr-vnoo-j H O £"" ONjr- ON ro vnvn ONVAJ 5\\©45-v©rovn\n 



2.U-

2.0 

1.6 

P-. 

* 1.2 

1.0 

0.8 

0.2i 
100 

Figure. 6. Results for Test F, Entry I . Ratios of loca l 
and integrated apparent, f r i c t ion coeff icients to the 
Karman-Nikuradse f r i c t ion coeff ic ient against L/D 
for a constant value of R •D' 
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Figure 7» Results for Test G, Entry I« Ratios of local 
and integrated apparent friction coefficients to the 
Karaan-Nikuradse friction coeffici'ent against L/D 
for a constant value of R^. 
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Figure '3. Results for Test A, Entry I t , Ratios of loca l 
and integrated apparent f r ic t ion coefficients to the 
Karman-Nikuradse f r i c t ion coefficient against L/D 
for a constant value of Rn» 
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Figure, 10. Results for Test G-,- Entry II. Ratios of local! 
and. integrated apparent, friction coefficients to the 
Karaan-Nikiiradse friction coefficient against L/D 
for a constant value of R™ 
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Figure, 11. Results for Test p,(Entry II• Ratios of local; 
and:integrated apparent friction coefficients to the 
Karman-Nikuradse friction coefficient against L/D 
for, a constant value of IL.. 
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Table 12. Test E, Entry I I 

P c c I 8 p s i g IL 88,kO© 

¥w 105 I b s / m n . 
Tlf 

fK-N - ^ 

T 85° w 

Pressiare 
Taps 4 P £ £ /£ r f • 7 . « y ^ « 

("i^O) AFP APP K-N APP APP K-N 

0-1 .9 .0323 1.75 .0323 1.75 
1-2 1.9 .0680 3*68 .0503 2.72 
2-3 2.k5 0O878 k.75 •0630 3.kO 
3-k +. .75 .ok05 2.19 
k"5 + 1*3 .0230 1.2k 
$-6 .7 •0251 1.36 .0233 1.26 
6-7 .6$ .0233 1.26 .0232 1.25 
7-8 .6 *0215 1.16 .0230 1.2k 
8-9 .k .01k3 , .77 .0220 1.19' 
9-10 .k y.01k3 .77 .021k 1.16 

10-11 .k .01ii3 .77 .0206 1.11 
11-12 .6 .0215 1.16 .0208 1.12 
12-13 .S6 .0197 1.06 .0206 1.11 
13-lk .65 .0233 1.26 .0208 1.12 
lk-15 .6 .0215 1.16 .0209 1.13 
15-16 .7 .0251 .1*36 .0211 1.1k 
16-17 .k5 .0162 .88 .0208 1.12 
17-18 .15 •oo5U .29 .0200 1.08 
18-19 .35 .0125 .68 .0196 1.66 
19-20 1.0 .0358 1.9k .020k 1.10 
20-21 .k .012*3 .77 .0201 1*09 
21-22 1.0 ,.0358 1.9k .0208 1.12 
22-23 .k ,.01li3 .77 .0206 1.11 
23-21* .2 ,.0072 .39 .0200 1.08 
2U-25 ^•5 ,.0202 1.09 .0200 1.08 
25-26 8.9 ,.0199 1.08 .0200 1.08 
26-27 9.3 o0209 1.13 .0202 1.09 
27-28 12.8 ,,0191 1*03 .0199 1.08 
28-29 17.0 «0190 1*03 .0197 1.07 
29-30 17.U «0195 1.05 .0196 1.06 
30-31 21.3 ,,0191 1«03 .0195 1.05 
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Figure; 12. Results for Test E, Entry II. Ratios of local 
and integrated apparent friction coefficients to the 
Karman-Nikuradse friction coefficients against L/D 
for a constant value of IU. 
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Figure 13o Results for Test F, Entry I I . Ratios of local 
and in tegra ted apparent f r i c t ion coefficients to the 
Karman-Nikuradse f r i c t ion coefficient against L/D 
for a constant value of RD„ 
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Figure-lit. Results for Test G, Entry II. Ratios of local 
and integrated apparent friction coefficients to the 
Karaan-Nikuradse friction coefficient against L/D 
for a constant value of E, 

:D' 
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Figure 15• Results for Test As Entry III. Ratios of local 
and integrated apparent friction coefficients to the 
Karman-Nikuradse friction coefficient against L/D 
for a constant value of R-.D< 
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Figure 16, Results for Test B, Entry I I I . Ratios of local 
and integrated apparent f r i c t i on coefficients to the 
Karman-Nikuradse f r i c t ion coeff icient against L/D for :' 
a constant value of R-Q. 



Table 1? . Test C, Entry H I 

^ 

•P 18 psig 
cc * . 

W 79 Ibs/ndn. 

Pressiare 
Taps 4 f 

(«H20) 

0-1 26 .8 
1-2 + 23.68 
2-3 > .20 
3-U ** . 81 
U-5 .20 
5-6 .285 
6-7 .11*5 
7-8 .17 
8-9 .33 
9-10 •28 

10-11 •ho 
11-12 .08 
12-13 •6£ 
13-11* .28 
1U-15 .65 
15-16 .U5 
16-17 .12 
17-18 .18 
18-19 .29 
19-20 .10* 
20-21 .k6 
21-22 .08 
22-23 .U7 
23-21; .27 
2l*-25 2.61* 
25-26 5.27 
26-27 s.m 27-28 7 .9 
28-29 10.1* 
29-30 1 0 . 1 
30-31 1 3 . 1 

APP APP' K-I 

1.67 8lw7 

«Q12l* .63 
.0177 .90 
o0095 .1*8 
.0106 6k 
.0206 1.05 
.0171 .88 
.021*9 1.26 
.0050 .25 
.01*01* 2 .05 
.0171* .88 
•01*01* 2.05 
.0280 1.1*2 
•0075 .38 
.0112 .57 
.0181 .92 
.0271* 1.39 
.0286 1.1*5 
.0050 .25 
.0292 1.1*8 
.0169 .86 
«Q206 1.05 
.0205 1.0U 
.0197 1.0 
.0206 1.05 
.0203 1.03 
.0197 1.00 
.0201* . ! • < * 

R^ 65,500 

fK-N - ° 1 9 7 

APP f APP^ K-U 

1.67 8i*.7 
.0968 l*.81 
.0605 3.07 
.0312 1.58 
.0271* 1.3,9 
.0258 1.31 
.0231* 1.19 
.0218 1.11 
.0217 1.10 
.0213 1.08 
.0216 1.09 
,0202 1.03 
.0217 1.10 
.0211* 1.09 
.0227 1.15 
.0230 1.17 
.0221 1.12, : 
.0215 1.09 
.0213 ' 1.08 
.0216 l i l O 
.0219 1.11 
.0212 1.07 
.0215 1.09 
.0213 1.08 
.0211 1.07 
o0209 1.06 
.0205 1.01* 
.0205 1.0k 
.0201* . 1.01* 
.0203 1.03 
.0203 1.03 
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Figure 17. Resiolts for Test C, Entry I I I . Ratios of local, 
and integrated apparent f r i c t ion coeff icients t o the 
Karman-Nikuradse f r i c t ion coefficient against L/D 
for a constant value of Rn# 
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Table 18. Test 3D, Entry III 

Pcc 20 psig i^ 8©,30( ) 

\ 97% Ibs/min. fK-H -Ql88 

^ 83° 

Pressure 
Taps A P 

("HgO) 
v f 

APP 
fAPP^%-I 

f 
*APP 

f ft 
APP7 K-M 

0-1 28.5 1#18 6k.0 1.18 6k.O 
1-2 + 2k.9 .07k5 3.96 
2-3 + .17 .Ok7k 2.52 
3-k + .73 .0280 2.02 
k-5 .70 .0289 1.53 .0282 1.50 
5-6- .U8 .0198 1.05 .0269 143 
6-7 .25 .0103 *"%$ .02kk I.30 
7-8 .17 .0071 Of .0222 1.18 
8-9 .k8 .0198 1.05 .0220 1.17 
9-10 .k3 .0178 .9$ .0216 1.15 
10-11 .72 .0297 1.57 .0223 1.19 
11-12 .k7 .0191* 1.03 .0220 1.17 
12-13 .38 .0157 .83 .0216 1.15 
13-lk .k2 .017k .93 .0213 1.13 
lk-15 .80 .0330 1.75 .0220 1.17 
15-16 .35 bOliiii .77 .0216 1*15 
16-17 .05 .0021 .11 .020k 1.09 
17-18 .08 .0033 .18 .0195 1.0k 
18-19 .kl .0191* 1.03 .0195 1.0k 
19-20 .57 .0236 1̂ 25 ? .0197 1.05 
20-21 .58 .02k© 1.28 .0199 -.'. 1*06 
21-22 .9 .0372 1.98 .0207 1.10 
22-23 .3 .Q12k *,66 .0203 1.08 
23-2k .1 .ooki •22 .0197 - 1.05 
2^-25 k.O .0206 1.09 .0199 1.06 
25-26 7.7 .0199 1.06 .0199 1.06 
26-27 7.0 .0182 .97 .0195 1.0k 
27-28 10.9 .0188 1.0 .0193 I.03 
28-29 : 1U.6 .0189 1.0 .0192 1.02 
29-30 -1U.0 .0182 .97 .0190 1.01 
30-31 18.0 .0187 1.0 .0189 1.01 



Figure 18. Results for Test D, Entry III. Ratios of local 
and integrated apparent friction coefficients to the 
Karman-Mikuradse friction--coefficient'against L/D 
for a constant value of R^. 
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Table 19o Test E, Entry I I I 

P c c 2 1 p s i g ^ 5*1,100 

Ŵ  110 | lbs/min. f _ " .0183 

'** 82° 

Pressure . ' J • _ 
T a P S / 1 M fAPP fAPp/fK-M fAPP fAPP^fK-N 

0-1 30 .3 o980 53.5 •980 53.5 
1-2 * 2 5 . 5 .0777 H.25 
2-3 •+ . 3 .01*85 2.6U 
3-k ^ .9 .0292 1.59 
l*-5 .35 ,.0111* .62 ! .0256 1.1*0 
5-6 .55 .0178 .97 ,021*1* 1.33 
6-7 .6 .0195 1.07 •0235 1.28 
7-8 .5 0O162 .89 .0221* 1.22 
8-9 .6 .0195 1.07 .0222 1.21 
9-10 .65 .0211 1.15 ,0222 1.21 

10-11 .85 .0276 1.51 ,0226 1.23 
11-12 .3 •0097 S3 .0216 1.18 
12-13 .5 .0162 089 ,0212 1.16 
13-11* .6 .0195 1*07 .0210 1.15 
U*-l5 . 8 .0260 1.1*2 .0211* 1.17 
15-16 .6S .0211 1.15 .0211* 1.17 
16-17 .2 .0065 .36 .0205 1.12 
17-18 .25 .0081 okh .0198 1.08 
18-19 .3 .0097 S3 .0193 1.05 
19-20 .7 •0227 1.21* .0191* 1.06 
20-21 .9 .0292 1.60 ,0198 1.08 
21-22 l.U *Ol*53 2.1*8 ,0211 1.15 
22-23 .3 .0097 S3 ,0205 1.12 
23-21* .3 „0097 S3 ,0202 1.10 
2l*-25 U.7 o0190 1.01* ,0200 1.09 
25-26 1 0 . 1 .0205 1.12 ,0200 1.09 
26-27 9 .0 .0183 1.0 ,0196 ' 1 . 0 7 
27-28 l l* . l .0191 1.01* .0191* 1.06 
28-29 18 .7 .0189 1.03 .0193 1.05 
29-30 18*3 .0185 1.01 .0191 1.01* 
30-31 22.2 •• 0 18Q .98 .0189 1.03 
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Figure 19• Results for Test E , S n t r y I I I . Ratios of local 
and integrated apparent f r i c t i on coefficients to the 
Karman-Nikuradse f r ic t ion coefficient against L/D 
for a constant value of R_. 
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Figure-20, Results'for Test F,-Entry III. Ratios of local 
i and integrated apparent friction coefficients to the 
Karaan-Nikuradse- friction coefficient against L/D 
for a constajit value of 

V 



Table, 21. Test G, Entry XII 

pcc 2** psig 

¥m 169 lbs/min. w 

T 82° 

Pressure 
Taps A P 

(»H20) 

0-1 28.8 
1-2 f20.lt 
2-3 1.3 
3-1* .it 
1̂ 5 .2 
.5-6 1.1* 
6-7 . 2 
7-8 2 .1 
8r9 .65 
9-10 -85 

10-11 l.l* 
11-12 1.2 
12-13 .5 
13-U* 2.1 
ll*-l5 .5 
15-16 .1* 
16-17 1.8 
17-18 1.9 
18-19 1.0 
19-20 .6 
20-21 .6 
21-22 1.7 
22-23 1.1 
23-21* .5 
214-25 10.0 
25-26 19.9 
26-27 21.3 
27-28 29.0 
28-29 1+0.0 
29-30 37.5 
30-31 1+9.5 

"APP APP / K-N 

.1*01 23.9 

0O182 1*08 
•0056 .33 
.0028 .17 
.0195 1«16 
.0028 .17 
.0293 1.7it 
i,0098 .58 
,0119 .71 
.0195 1.16 
.0168 1.0 
.0070 .1*2 
•0293 1.71* 
.0070 •It2 
.0056 .33 
.0251 1.1*9 
.0265 1.58 
.Ollj.0 .6% 
.00814. .50 
.OO8I1. .50 
.0237 .*. o£*J» 

.0151* .92 
,,0070 .1*2 
«©17k 1.03 
«017ii 1.03 
.0186 1.11 
«Ol68 1*0-
.017k 1.03 
.0161* •9B 
.0173 1.03 

Ep 139,500 

*M- -°168 

APP APP/ K-M 

1*01 23.9 
0585 3.1*8 
01*51 2.68 
0352 2.09 
0288 1.71 
0272 1,62 
0236 1.1*0 
021*1* 1.1*5 
0227 1.35 
0216 1.28 
0211* 1.27 
0210 1.25 
0199 1.18 
0206 1.23 
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Figure 21o Results for Test G, Entry III. Ratios of local 
and integrated apparent friction coefficients to the ' 
karman»Nikuradse friction coefficient.against L/D 
for a constant value of RD. \ 



Figure 22. Results for Entry I. Value of f^p against %' for constant values of R^ 
Comparison with flat plate theory and laminar flow theory of Langhaar* 
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Figure 23* Results for Entry II. Values of f against Ry for constant values of Rn« 
Comparison with flat plate theory and laminar flow theory of Langhaar 
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Figure 2lu Results for Entry III. Value of f^pp against Rx for constant values of RD. 
Comparison tilth flat plate theory and laminar flow theory of Langhaar•-
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APPENDIX B 

METHODS-OF GiLLSHUTTON 
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METHODS OF OMMIATXON 

The Reynolds mmiber based on tube diameter i s defined by 

% s Wf/Ai 

where V is the mean velocity in respect to the mass rate of flow and the 

density and viscosity are evaluated at the mean temperature and 

pressure of the stream* 

The Reynolds number based on distance from the inlet is defined 

by 

' ; - R^ « -vi/PUt 

where X i s the axia l distance from, the i n l e t to the point concerned* 

The local apparent f r i c t i o n coeff ic ient i s defined by 

^' x2""" : £ l f 2 

p l " p2 = XAPP - ' - g — g i 

where p_ and p« are the s t a t i c p ressures , measured a t the tube wal l , a t 

the ax ia l locations X^ and X^ respec t ive ly . The value of fAp calculated 

was taken t o be the local value midway between X.. and X . The veloci ty ¥ 

i s the mean value based on the mass r a t e of flow*' :•••'•. 

The in tegra ted apparent f r ic t ion, coeff ic ient a t any point X i s 

defined by 

» ' T, f X ° " ] C 0 V 2 
P 0 •- p s x A p p - D ^ 
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where p~ and p are the s t a t i c .p ressures measured a t the f i r s t pressure tap 

and point X respec t ive ly . 

The Karman-Mikuradse coefficient i s defined by the re la t ionship 

l i . - 2.0 log10 -(BJ^jf) - 0.8 
/fK-H 
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