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PRESSURE DROP IN NNULI GONThINIÎ4G 

PLtIN ND TRANSV1RSE FIN TUBES 

INTRODUCTION 

The double pipe heat exchanger Is and has been used 

çulte extensively In Industry, and for this reason the pro- 

ceases which occur when fluids flow in the annular space 

between concentric tubes havebeen the subject of consider- 

able investigation. In the past these double pipe heat 

exchangers have generally been constructed with a smooth 

inner tube placed Inside an outer tube. It has only been in 

the last tew years that the practice of using inner tubes 

with extended surface areas has become common. For this 

reason most of the previous investigations have been limited 

to the study of the former type of exchanger. For a satis- 

factory design and prediction of the pressure drop in eçuip- 

ment using extended surface tubes, it is necessary that a 

knowledge of pressure drop,termined by experimental study, 

be available. 

There is little information available to the design 

engineer which will allow the prediction of the pressure 

drop in fluids flowing parallel to transverse fin tubes. It 

is the purpose of the present work to provide additional in- 

formation regarding the pressure drop over transverse fin 

tubes especially as it is affected by fin height and fin 

spacing. ith the data obtained in the present investiga- 

tion, a better prediction of the pressure drop in fluid 



flowing parallel to transverse fin tubes can be Ánade. 

A annular space is defined as the space between two 

tubos, one tube located within the other. If the two tubes 

are concentric, the saco between these tubes is known as a 

concentrIc annulus. plain annulus has an Inner tube which 

has a smooth surface. ì modified annulus has an inner tube 

the surface of which is irregular. This irregularity may 

be of uniform "roughness" as is the case when transverse 

fins are present on the surface of the tube. 

In the present work only concentric annuli are 

studied and the annuli investigated are made up of an out- 

side tube having an inside diameter of l-1/2 inches and an 

inside tube with an outside diameter of 1/2 Inch. The vari- 

ablos considered are the vertical height of he fins placed 

on the Inside tube and the horizontal distance between these 

fins. 

In the construction of double pipe fin tube heat ex- 

changers, two types of fin tubes are used. One type is the 

longitudinal fin tube on which the fins are mounted ori the 

inner tube with their flat surface parallel to the axis of 

the tube. The second type is the so-called transverse fin 

tube in which the fins are mounted on the surface of the 

Inner tube with their flat surface perpendicular to the flat 

surface of the tube. The longitudinal fin tube has been 

used most extensively In liquid-liquid heat transfer where 
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the liquid flOWs parallel to the axis or the tube0 The use 

of transverse fin tubes in a sirilar manner is a relatively 

new idea. 
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THSLORY AN)) LITERAIURE REVI11W 

PLAIN ANNULI 

According to the lw of Conservation of Energy, a 

general energy equation iay be written for any change of 

state of a fluid. As given by Binder (3, p.40-41), this 

equation nay be stated as: 

heat added to7 rme work transferred to 
unit weight of thej (done upon) unit weight 
flowing fluid be- 

I 
+ of the flowing fluid be- 

tween section 1 Itween section 1 and 
Land sction 2. J Lsecticn 2. 

be total gain in energy of uni 
= weight of the flowing fluid be- 

Ltween section 1 and section 2. 

The foregoing equation applie8 for steady flow and 

may be expressed in mathematical terms using any system of 

consistent units. As described, the total energy balance 

for steady flow between section 1 and section 2 may be 

written 

2 2 

Z1+p1vj+i-I-E1++W =Z2+p2v2++E2 (i) 

where Z = height above any datum plane, ft. 

p : absolute static pressure, lb./sq.ft. 

V = specific volume, cu.ft./lb. 

u local velocity of a filament of fluid at a 
specific point, ft./sec. 
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Nswton law of motion conversion factor 
(lb. )(ft.)/(sec. )2(lb.foroe) 

E = internal energy of fluid, (ft.)(lb.toroe)/lb. 

Q, s heat input from the surroundings, (ft.)(lb. 
force )/Th. 

work input from the surroundings, (ft.)(lb. 
foroe)/lb. 

The above equation is absolutely valid and is based 

on the laws of conservation of energy and matter. Evalu- 

ation of specific terms is sometimes difficult but fortun- 

ately sorne modifications can be made without causing serious 

error. 

In the case of a uniform horizontal annulus, Z1 = 

Z2, u1 u, and if no external work is added between 

sections 1 and 2, W is equal to zero0 Hence, Equation (i) 

reduces to 

p1v1.E1+Qp2v2+E2 (2) 

if Equation (2) Is converted to the differential forni, 
Equation (3) is obtained. 

dE + pdv + vdp Q (3) 

From thermodynamics 

dETds-pdv (4) 

where T is the absolute temperature and s Is the specific 
entropy. And 

Tds - pdv Q, - W (5) 

where W is work done by be fluid on the surroundIngs. 



For any real fluid flowing in an annulus there is a 

retarding force at the walls due to 'r1ction. Since there 

is friction the process is irreversible. Therefore, Tds>cQ, 

and kdv> oW by an amount F, defined as an energy loss due 

to friction. From Equations (4) and (5) and the defined 

quantity F, Equation (8) is obtained. 

dE = - pdv - 

Combining (6) and (3) 

vdp 

(6) 

(7) 

The fluid considered in the present work is moon- 

pressible and Equation (7) may be easily integrated to cive 

v(P2 - P1) = -oF (a) 

It is thus seen that for isothermal flow of an in- 

compressible liquid in a horizontal pipe, the energy loss 

due to friction qppears as a decrease In the static pressure 

of the fluid. 

ith the aid of dimensional analysis, Vvalker, et al 

(23, p.75-77) illustrate the development of the so-called 

Fanning equation for correlating pressure drop and the coef- 

ficient of friction for steady flow in straight pipes of 

circular cross section. 

The factors involved are -dP, dN, D,fl ,/' , 
and V 

whose dimensions are re8pectively M/L g2, L, L, i/L3, M/LQ, 

and L/Q. 

where -dP pressure drop due to friction, lb.foroe/sq.ft. 
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dN length cf pire in question, ft. 

D diameter, ft. 

= fluid density, lb./cu.ft. 

j' = absolute viscosity of fluid, lb./sec.ft. 

V average linear velocity, tt./sec. 

M = mass 

L length 

Q = time 

Let r be any dimensionless ratio of these variables 

r (_dp)a (dN)b D0, d,O f (9) 

f M \a Lb L° (M\ (Me (f\f 
(9a) 

LQ Q 

Therefore 

= O = a + d + e 

2L0 -a+b + e-3d-o t 

= O = - 2a - e - f 

Solving these equations simultaneously it is found that d = 

- a - e, t - 2a - e, and o = - b - e. Substituting in 

ßquation (9) and simplifying 

r (_dp)a (dNY6 ta_e,,e V2a_e (lo) 

r 
(Jb 

(lOa) 

The exponents a, b, and e are arbitrary, except that 

aU. cannot be zero. This allows further simplification to 
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= 0' (uN/D, DV,/jj ) (li) 

Other things being eeual, friction will be proportional to 

the length. Using this proportionality, rerrrFtnging find 

converting to er11neering units by dividing by 

V2UNØD,L 
(12) 

," - g0D ,' 

dF = 2f !i ì (12a) 
D 

where 2f 0 (DVp/,p ), and f is defined as the coefficient 

of friction. 

Equation (12a) has been shown to be t3,ue by numerous 

experiments and the importance of the friction factor has 

been established. Further experiments with a large number 

of fluids and pipe sizes have revealed that f was dependent 

on a second dimensionless group ¡D as well as the 

group e /D is known as the roughness factor where is 

proportional to the heights of the various roughness irregu- 

larities and D is the diameter at the pipe. 

The ratio DVp/, is commonly called the "Reynolds' 

Number" and is denoted by the symbol N. Osborne Reynolds 

(21) first used this dimensionless ratio when investigating 

flow through similar tubes. eynolds used this ratio as a 

measure of conduit similarity. 

Equation (12a) may be put in the form of Equation 

(13) where k and n are empirically determined constants and 
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DE, the hydraulic diameter, is tour times the so-called 

"hydraulic radius"0 

¡DL V4,\ 
f = k( ' j : k (NRe)" (13) 

In the oases other than an open orcu1ar pipe, it is not 

clear what is meant by D, the length (diameter) factor, If 
it is agreed that the most iniportant property for the resis- 

tance to flow is the ratio between the cross-sectional area 
and the wetted periphery, it is logical to take this cjuan- 

tity as the characteristic lenth. This ratio is termed the 

hydraulic radius. For a circular pipe the hydraulic radius 

is equal to 1D D 
4rrD 4 

Therefore if D is to equal DE, DF must equal four times the 

hydraulic radius. To be consistent DE placed in Equation 

(12a). 

For a plain annulus 

DE 4 
(1rJ4)(D : D2 D1 (14) 

where D2 inside diameter of the outer tube. 

1)1 outside diameter of the inner tube. 
A review of the literature reveals that various in- 

vestigators have given different empirical values to k and n 
for both the streaa1ine and the turbulent flow regions. 

Lamb (15) derived the theoretical equation for the 

pre-ssure drop in a plain annulas for streamline flow 
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dN D+D1-D-D (15) 
ln(D2/D1) 

The friction factor can be eressed in the form of Eauation 

(13) by a substitution of (15) in (12a). The resulting 
Equation f15) thows that for streamline flow the friction 
factor is a iariction of D1 and D2. 

16 (D2 - Dj)2 -1 D+D-D-D (16) 

inT1Wjj 

For turbulent flow in annular spaces there is no 

theoretical equation %Jbioh has been derived t express the 

friction factor but numerous empiric1 equations have been 

found. While in the oase of streamline flow lt has been 

found thut pipe roughness is of no concern, it is of imor- 
tance for turbulent flow. Most investigators have attempted 

to obtain data on annuli made of polished tubes so most pub- 

lisheci data will apply only for extremely smooth tubes. 
In Equation (13) the values of the constant k for 

turbulent flow in plain annuli range from 0.056 to 0.133 

with 0.074 being the usual value. The value of the exponent 

n is generally -0.25. 

The following list presents briefly the results ob- 

tamed by various investigators in their study of friction 
in plain annuli. 
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(a) Becker (2, p.1133) In 190? investigated the viscous 

flow of water in an annulus 10 inches long and reported f 
24 NRo'. 

(b) Winkel (24, p.251) in 1923 studied both streamline 

and turbulent flow of water in an annulus for which D2/D1 

1.2. He obthined the equations f = 0.078 NRO°'25 for tur- 
bulent and f = 24 NR01 for streamline flow, 

(e) .Atiierton (i, p.1112) in 1926 investigated three 

different annuli (iJ2/B1 2.76, 2.20 and 1.25). His results 
on the flow of fuel oil, water and air gave f 0.076 

for turbulent and f = 21.8 NRO' for streamline flow. 

(d) Caldwell (4, p.203) in 1930 re1orted f 0.076 

NRe°25 for turbulent flow of water In a plain annulus of 

D2/D1 = 1.20. 

(e) Kratz (14, p.222) in 1931 studied the streamline 

and turbulent flow of water and calcium chloride brine In 

three arinuli and obtained the equations f 0.056 NRe°'2 
and f 17.2 NR.' for turbulent and streamline flow respee- 

t iv ely. 
(f) Fago (9, p.500) in 1932 reported f 22.8 NRO' for 

streamline flaw. 

(g) Cornish (6, p.897) in 1933 reported f 0.090 

NE(e for the turbulent flow of water in one annulus. 

(h) Davis (7, p.755) in 1943 ruade a comprehensive study 

of existing experimental pressure drop data in plain annuli 



and recommended the folioing equation for turbulent flow: 

f = NRO°'2 (t/D2)'1 
Davis' equation is the first equation involving diameter 

ratios. The efrect oC the term DE/D2 is seen to be small, 

however, since it is raised only to the iiinus one tenth 
power0 

(i) keoently, Cirpenter, et a]. (5, p.165) studied the 

flow of water in an annulas of D2/D1 1.34 and obtained f - 
24 NR. 

(j) Rothfus (22) in 1948 in studying the turbulent flow 

of air in annuli reported f 0.076 NRC°24 for D2/D1 = 

1.54 and f = 0.090 for 2/D] 6.13. 

(k) Govier (10) in 1943 investigated the turbulent flow 

pressure drop of superheated steam In a plain annulas and 

reported f = 0.133 1Re°6. 
In general, it may be stated that the data of most 

investigators agree quite well with each other. The agree- 
ment with Lamb's theoretical equation for streamline flow 

has also been good. 

MODIFIED AMJLI 

A modified annulus was defined as the space between 

an outer tube and an inner tube, the surface of this inner 

tube being rough or irregular. In this thesis only conoen- 

trio annali were studied, that is, the center axis of the 
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inside tube coincided with the axis of the outer tube. 

Modified annuli are encountered In practice as double pipe 

fin tubing heat exchangers. The fin tubes making up niodi- 

fled annuli may be either longitudinal fin tubes or trans- 

verse fin tubes. The fact that a fin tube has a milch 

greater outside surface than a plain tube is the reason why 
fin tube heat exchangers are used as a means for increasing 
heat transfer. 

Pny study of pressure drop in annular spaces con- 

taming transverse fin tubes must consider more variables 
than the study of plain annull. The two most important ad- 

ditional variables when using thin fins are the height of 

the fin tube and the spacing between the fins. The thick- 
ness of the fins may be neglected 1f it IS small compared to 

the space between the fins. It has been shown that for 
modified annuli containing longitudinal fin tubes the fric- 
tion factor for turbulent flow is about the same as for 

plain annull, however for modified annuli with transverse 
tin tubes the friction factor hes been shown to be approxi- 

rnately three times the friction factor in the plain annulus, 
ov1er (10). The latter correlation however Is only ap- 

proximate. Gunter and Shaw (11, p.?95) investigated the 

pressure drop In modified annuli containing longitudinal fin 
tubes. Using an equivalent diameter of D2 - D0 where D0 was 

the root diameter of the fin tube they found that pressure 
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drop data for all tubes followed an equation of the form f = 

k N11. In their studies they- did not find it necessary to 

use any special dimensions for the fins used. 

In 1945 de Lorenzo and Anderson (8, p.697) reported 

results similar to those of Günter and Shaw. They- illus- 

trated that data for all tubes could be correlated on one 

curve with the use of an equivalent diameter equal to four 

times the area divided by the wetted perimeter. 

In 1946 Katz, Hope and Datsko (12) carried out pres- 

sure drop experiments on very- short modified annuli contain- 

ing transverse fin tubes. The pressure drops which they 

determined however are thought to be considerably influenced 

by entrance effects. In 1948 Govier (lo) reported pressure 

drop data for superheated steam flowing in modified annuli 

containing both longitudinal and transverse fin tubes. 

Govier reported the following equations for the friction 

factor in turbulent flow 

\0.16 
f 0.133 

) 
for longitudinal fins 

-4, 

f 0.402 
(DvV,oy°ô for helical transverse fins 

where Dv is the volumetric diameter, i.e. four times the 

volume of the free flow per foot of annular space divided by 

the total wetted surface per foot of annulus. In the case 

of plain annuli: 



i 
_L. ì 

D2 - Dj 

Govier's equation for longitudinal fin tubes is very similar 
to those equations developed for plain annuli. His equetion 

for transverse fin tubes Illustrates that the additional 
variables involved in flow in annuli continIng transverse 
fin tubes are of great Importance. 

Figure 1 Is a c1rawlng of a cross-section or a modi- 

fled annu1u containing a transverso fin tube. With this 
type of diagram Knudsen (13, p.34) discussed the possIble 

flow patterns in modified annuli. Assuming that the fluid 
is flowing Iii streamlined fashion In the modified annulus 

rnd there Is no suction of the fluid In the spaces between 

the fins, one could compare the streamlined flow In the 

modified annulus to streamlined flow in a plain annulus of 

equivalent diameter DE = - D1. The friction factor for 
this streamlined flow should be predicted from Equation (16). 

Therefore lt was postulated that for laminar flow the trio- 
tion factor for flow in modified annuli with transverse tin 
tubes can be calculated from Equation (16) es for plain 
annull, This postulate is b3sed on the assumption that dur- 

Ing streamlined flow the fluid between the fins is motion- 

less. Knudsen dexionstrated that this I the actual case. 

However, it was found thit the fluid had a tendency toward 

turbulent flow at a lower Reynolds number than would be ex- 

pected for a plain anhulus. 



D2 
1 D0 

FIG. I CROSS-SECTION OF MODIFIED ANNULUS 



17 

?or turbulent flow the friction factors are ILLuob 

higher than for plain annuli. This indicates that the 

roughness caused by the presence of the fins Is effecting 
the friction factor. Nikuradse (19, p.381) and ioody (18, 

p.571) studied the effect of roughness as lt Influences the 

friction factor In circular pipes. Nikuradse studied arti- 
ficially roughened pipes for values of E/D fron O to 0.08?. 
In his studies he found that the friction factors for 
streamlined flow were independent of the roughness which he 

studied. Moody presented u complete and useful friction 
chart which 'ivss friction factors for roughness from O to 
r f-\r 
J . I n_' 

Considering the previous discussion of flow in. nodi- 
fled nnu1l, lt might be assumed that Euatlon (13) might be 

modified to the form of Ecuation (l'i) 

t k(NRe) Ø(s) (17) 

The function, Ø(s), will likely be some parameter which will 
be put on the friction factor curve for each tube. It will 
be a dimensionless ratio which will take into account the 

geometry of the systerri. Knudsen postulated that this fune- 

tion would express the roughness of the modified annulus 

just as Moody's f/D expresses the roughness of a circular 
pipe. 
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hnudsen correlated his data ori the basis of the 

volume between tk fins divided by the volume in the annular 

space. kils correlation proved satisfactory for the six dif- 

ferent fin tubes he tested, that is the larger the factor 

(volume of fin space divided by the volume of annular space) 

the larger the frIction factor for a given heynolds number. 

In his work the fin tubes were all of similar design, that 

is the distance between the fins was of the same magnitude. 

In the present work the effect of increasing the 

distance between the fins was studied. For the purpose of 

this thesis, it is assumed that if the space between the 

fins approached zero, the pressure drop in the annular space 

for both streamlined and turbulent flow would approach that 

in a plain annulus. It is postulated that as the distance 

between the fins is increased the pressure drop would in- 

crease to some maximum value, that is for constant values 

of £12, D1, D0 and t, the friction factor will increase to 

some maximum value as S is increased from zero, (Figure 1). 

If S (the distance between the fins) is increased beyond 

the point where a maximum friction factor is found, the 

friction factor will decrease. It is postulated that in 

infinite spacing the pressure drop would be the saine as an 

annulug with an equivalent diameter equal to - 



EXPERIMENTAL 

APPAR ¶LiJS 

19 

A schematic flow diagram is shown in Figure 2. The 

hotoraph of the eçu1pment as assembled is shown Iii Figuro 

3. The ecjuiinent consists or a constant level tank, a pump 

to obtain high flow rates, an orifice to measure the volu- 

metric flow rate, a plastic tube which contains the trans- 

verse tin tube, entrance and exit sections for this plastic 

tube, appropriate manometers to measure the pressure drops 

across the orifice and along the length of the plastic tube, 
a micromanoruoter to measure the small pressure drops along 

the length of the plastic tube, and the piping necessary to 

join the equipment as shown in Figure 2. 

CONSTANT LEVEL TANK 

The constant level tank is a 55-gallon drum placed 

above the plastie tube so that it maintains a constant pros- 

sure head. of 12 feet of water on the plastic tube. Fresh 

water was supplied from the laboratory water mains to the 

constant level tank. The constant level tank was used to 

eliminate the fluctuations in pressure obtained with the 

laboratory system. 
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FIG. 3 PHOTOGRAPH OF EXPERIMENTAL EQUIPMENT 
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PUMP, DRIVE AND ORIFICE 

A centrifugal pump heving a maximum discharge cf 30 

g.11ons per minute and driven by a 5 horsepower, 220 volt, 

electric motor wu used. to obtain the high flow rates. Con- 

trol valves were placed before anñ. after the pump to main- 

tain ad&juate flow control. 

The orifice used. to measure the volumetric flow rate 

was placed utreaxa from the test section to eliminate the 

possibility of vacuum formation at the orifice. Two separ- 

ate orifloes were used to measure the rate of flow. For the 

high velocitr flow rates a steel orifice plate, l/l-inch 
thickand drilled with a 25/32-Inch hole was used. For the 

low range of flow rates an orifice plate drilled with a 1/4- 

inch hole served the purpose. 1-l/2-nch standard galvan- 

ized pipe union was machined to hold the orifice. Pressure 

taps were installed 3/8 of an inch above and below the ori- 

floe plate. The xninoaeters used to measure the pres9ure 

drop across the orifice were double liquid differential type 

manometers, one contain1n water over mercuiy and the other 

containing water over carbon tetrachioride. Both manometers 

had, a range of 38 inches of fluid. Both orifices were ex- 

perimentally calibrated and the exerimenta1 calibration was 

used in this work. 



NTRANC ND EXIT L.ECTION' 

FIgure 4 Is a detailed drawing of the entrance sec- 

tion. The exit section is identical with the entrance sec- 

tion. The entrance section acts as u. calming section so 

that flow will be uniform in the test section, and so that 

any effects on the fluid entering and leaving the annulus 

would be minimized. 

Parts A-1 and A-2 were machined from 3/4-inch boiler 

plate. The hole that was machined in the center of A-1 was 

the same diameter as the internal diameter of the plastic 

tubing to which part A-1 was connected. The inside corners 

of the center hole In part A-1 were machined to give a 

rounded entrance to and exit from the test section. Part 

-2 was drilled and machined to hold a bushing, B, the pack- 

ing, C, a floating ring, D, and the packing gland, E. Part 

A-2 was made thicker over the packing gland section by weld- 

Ing u circular piece of 3/4-inch boiler plate to part A-2. 

Four holes were drilled and tapped with 3/4-Inch standard 

pipe threads, and four 3/4-Inch nipples, F, were screwed In- 

to flange, Â-2, on a 4-inch circle about the bushing. These 

pipes provide four separate entrances into the entrance sec- 

tion. Part A-1 and Â-2 were bolted to each other with eight 

5/16-Inch bolts, 5 inches long with a 3-1/2-inch length of 

6-inch standard pipe, G, between them. Grooves were 
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machined as illusrateu i Figuru 4, and leakage was pro- 
vented at the contacts between parts -1 and A-2 and the 6- 

inch pipe by application or a gasket material. A photograph 

of the entrance section as assembled is how in Figure 5. 

The bushing was drilled as illustrated to hold a 

3/8-inch rod, upon which was placed aluminum washers and. 

copper spacers. Figure 4 shows the position and method of 

installation of this bushing in the entrance and exit sec- 

tiens. ince there were rourteen separate fin arrangements 

to be tested, removal and replacement of this bushing of 

necessity- had to be simple. The flange was so contruoted 

triat it could be tightened or loosened with a spanner wrench. 

The use or the spanner wrench and the construction as il- 
lu.stratod worked very well. The bushing was knurled on the 

outer end as illustrated to facilitate handling of this 

piece. The inner end of tue bushing was tapered at an angle 

of O0 to the axis of the inner tube. This taper was meant 

to conform partly to the flow pattern of the enterIng fluid. 

Four separate entrances were provided by the pipes, 

F, to assure even distribution of the fluid entering the an- 

nulus. The round entrance and exit on part A-1 and the 

taper of bushing, 1, conformed approximately to the lines of 

flow of the entering fluid and hence minimized the disturb- 
ances caused by the fluid entering the annulus. 



FIG. 5 ENTRANCE SECTION 

FIG. 6 FkN JBE WIIN PISTIC BING 
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'The p1at10 f1tne was made from sheet plastic 1/4- 
inch thick. hole was bored In the plastic flange, if, hay- 

Ing the sanie di&aeter s the outside diameter of the plastic 
tub1xg, I. This flange was cemented to the plastic tube by 

iieans or methyl-ethyl-ketone, which acts as & good cement 

for Acrylic pastio. The steel ring, J', was machined with 

the same outside diameter as flange, H, and fitted loosely 

over the plastic tubing. This connection proved very satis- 

factory and showed no tendency to leak under the maxthum 

pressure obtained in the operatIon of the equipment. These 

flanges were joined to part A-1 by six 1/4-inch bolts with- 
out the use of any sealing compound, deformation of the 

plastic was sufficient to form the water-tight seal. 

LST SiCTION 

The outer pipe of the test section was made from two 

52-inch lengths of especially selected cast plastic tubing. 
In the selection of this outer tubing for the test section 
it was essential that any pipe used meet the tolerance 
specifications of metal tubing. It had been decided that 

transparent tubing would be used so that the physical 

picture within the tube could be observed. An investigation 

of the plastic and glass tubing available indicated that 
cast plastic tubing was best for this purpose. This tubing 

had the following internal dimensions: 
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j.. Up-stream section: 

End at inlet - 1.492 0.000 inches 

6 inches below inlet - 1.503 0.002 inches 

nd at outlet - 1.473 ± 0.001 inches 

6 inches above outlet - 1.476 0.000 inches 

2. :L)own-strearn section: 
ind at inlet - 

6 inches below inlet - 

End at outlet - 

1.480 0.001 inches 

1.485 0.002 inches 

1.483 0.001 inches 

6 inches dbove outlet - 1.435 0.002 inches 

The pressure drops obtained in this investigation were ob- 

tamed from the dowiastresn section p1us a 4-inch len8tb of' 

the uj'streom section. The average diaraoter of the plastic 
tubing over hioh the pressure drops were taken as found 

to be 1.482 Inches. Tkie plastic tubing had a wall thickness 

of about 0.25 inches. This save an outside diameter of ap- 

proxlíaately two inches. 

The plustic tubing was joined to the entrance and 

exit sections as illustrated in Figure 4, as previously des- 

oribed. Methyl-ethy-1-ketone was used as a solvant whenever 

plastic was to be joined to plastic, as was done in placing 
plstio flanges at the ends of the plastic tubing. The 

junction at the enter of the plastic tubing was thade smi- 

larly to the junction t tìe entrance and exit sections. 
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The test section was designed to eliminate any 

effects due to the fluid entering and leaving the annulus. 

This was done by making the test section as long as pos- 

sible, consistent with the space that was available, and by 

designing special entrance and exit seotions. The length 

of the test section exclusive of either the entrance or exit 
sections was loo inches, or about 67 times the inside diam- 

eter of the plastic tubing. Pressure tap arrangement and 

manometers will be described in the "Pressure Measurement" 

section. 

TRANSVERSE FIN '1JBiS TESThD 

Thirteen different transverse fin tube arrangements 

were investigated. Also studied was one plain annulas and a 

check test was made on the plastic tube without any inner 

tube. 

The transverse fin tube arrangements were made using 

aluminum washers with copper spacers between theni on a 3/8- 

inch rod, as illustrated in Figure 7. The copper spacers 

were out from 1/2-inch copper tubing with the use of a tube 

cutter. The external diameter of these spacers was 0.500 

0.002 inches. The nominal length of these spacers was 1/4- 

inch, 1/2-inch, and 1-inch. The aluminum washers were 

machined troni 25-pound aluminum sheets. They were drilled 

with a 3/8-inch center hole and machined to an outside 
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diameter of 0.750 ± 0.001 inches, 1.000 ± 0.001 inches, and 

1.255 ± 0.002 inches. 

With these washers and spacers, illustrated in Fig- 

ure 7, it was possible to obtain nine fin tube arrangements 

by arranging each washer size with each spacer length. Dur- 

Ing the course of the Investigation It was found necessary 

to have 1-1/2-Inch and 2-inch spacing for the 1-Inch and 

1-1/4-Inch washers. This was accomplished using a 1-Inch 

and 1/2-inch spacer together for. the 1-1/2-Inch spacings and 
2 1-Inch spacers for the 2-Inch spacings. This gave tour 
additional fin tube arrangements. 

The 3/8-Inch rod was installed in the test section 

by inserting the ends of the rod in the bushings of the en- 

trance and exit sections as illustrated. SInce the rod is 

of considerable length, it required support at or near the 

center. This was accomplished by soldering three short 
pieces of piano wire to a copper washer, then bendIng the 

plano wire in spider-like fashion outwardly froxa the washer 

so It would be centered In the plastic tube. Two spider- 

like supports were used for each test run. The use of these 

supports centered the tube to within ± 0.005 inches. It has 

been shown by Rothfus (22) that these supports have a slight 

influence on experimental results, but any such effect that 

they mIght have is small compared to the errors caused by 

the tube not being well centered. 
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Figure 6 is a photograph of an assernbled fin tube 

(1-inch spacers -1ïnob washers) within the plastic tubing. 

MANThRS 

The manometers used to measure the pressure drop vere 

two double liquid differential manometers, one with wster 

over mercury and one with water over carbon tetrachioride. 

These were joined to the pressure taps discussed in the 

tiPressure Measuremant" section and connected with 1/4-inch 

copper tubing as illustrated in Figure 2. The manometers 

used, to measure the pressure drop across the orifice have 

been discussed and were connected as shown in Figure 2. 

MICRNTh R 

It was found necessary to use a micromanonieter for 

measuring the'oxtrenely low pressure drops For this pur- 

pose a micromanoneter was available that could be used for 

accurately measuring pressure drops of lessthan one inch of 

fluid. 

A photograph of the mioromanome ter is shown in Fig- 

ure 8. This miçronianonieter is a tilting type of manometer. 

It was constructed from plans obtained from Rothfus (22). 

The present mieroinanometer is used with two liquids instead 

of with air and water as Rothfus used. This necessitated a 

small change which is mentioned below. 
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he essential part of the mieroiamnometer was the 

glass reservoir which was mounted so that it could be tilt- 
ed. he glass reservoir consisted of a spherical chamber, i, 

that could rotate on its axis when the reservoir was tilted0 

he cìainber, i, was connected to the tube, b, by means of 

the arm, G. L1ie tube, B, was a 9-mm glass tube on kothfus' 

manometer, iAiile on the inanoraeter used here the tube, 13, was 

a oaillary tube with a 2-min bore. This capillary tube made 

an almost vertical meniscus between the two liquids in the 

niicromanometer. The tube, B, was inclined to the axis of 
the chamber, , at a slope of 1/8-inch in four inches. A 

micrometer head, D, was mounted in a vertical position above 

the tube, B, and movement of the micrometer screw moved the 

tube, B, vertically and rotated the chamber, A, On its axis 

which was horizontal. Ji short length of spring steel, , 

kept the capillary tube in close contact with the micro- 
meter screw. The two flexible tubes, G, connected the glass 

reservoir to the two seal pots through which the pressure 

leads from the experIiìental equipment were connected. The 

glass reservoir was filled with the heavier fluid up to the 
axis of the chrìmber, A. Thus rotation of the chamber, A, 

does not change the level of the liquid in it. rThe remain- 

Ing space In the glass reservoir was filled with water. The 

meniscus between the two liquids could be seen in the capil- 

lary tube and adjustment of the micrometer screw would bring 
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the liquid - liquid meniscus to a mark on the capillary 
tube. If no pressure differential was being applied to the 

microinanometer, the micrometer reading was taken as the zero 

reading. Application of a pressure differential to the mio- 

romanometer moved the meniscus in the capillary tube and 

adjustment of the micrometer screw brought the meniscus back 

to the original position. The actual vertical movement of 
the capillary tube as determined from the micrometer was the 

pressure differential being applied. The range of this 
micromanorneter was one inch of fluid. The instrument could 

not be used at static pressures greater than 10 pounds per 
square inch gauge or under conditions where the static pres- 

sure was fluctuating. It could not be used when the pump 

was operating. 

0RIFICE CALIBRATION 

To cover the complete range of volumetric flow 

measurements, it was necessary to uso two separate orifices. 

The orifice plates were machined from 1/18-inch steel plate. 

A standard 1-1/2-inch galvanized union was used to hold the 

orifice plate in place. The lip protruding from the male 

side of the union 'was cut completely off and a 1/32-inch 
groove was cut to hold the plate. The female side of the 

union was also cut with a 1/32-inch groove, giving an exact 
fit for the plate. Pressure taps were drilled 7/16-inch 
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below and above the plate position in the orifice. A liquid 
gasket material was used to make the orifice plate-union 

connection leak-proof. The construction was such that an 

orifice plate with any size orifice, up to 1-1/2-inch, could 

be placed in the union. 

The orifice plate was placed in the line so that ten 

diameters of free flow above and below the orifice were as- 
sured. The diameters of the orifices used were 25/32-inch 

and 1/4-inch, the inside diameter of the pipe was 1.61 

inches (approximately). 

In calibrating the orifices, a centrifugal pump 

driven by a five horsepower motor was used to obtain the 

higher flow rates. For the lower flow rates, gravity flow 

from the constant head tank was used. A water over mercury 

manometer was used to measure the higher pressure drops 

across the orifice. The effective specific gravity of this 
fluid was 12.56. For the lower pressure drops a manometer 

containing water over carbon tetracliloride having an effec- 

tive specific gravity of 0.595 was used. 

The calibratIons were plotted and these plots are In 
the Appendix, Figures 15, 16, 17, and 18. It is noted that 
a straight line plot was obtained. The theoretical calibra- 
tion curve is also plotted for comparison. It will be ob- 

served that the theoretical calibration curve and the exper- 
imental curve each give a straight line. The theoretical 
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curve in no case would give an error greater than 6 per cent 

as coraared to the exeriniental curve. 

In recording the data for the calibration, only the 

displacement on the left side of the manom.eter was recorded. 

This was done to save time in makiri the final pressure drop 

recordings. Js the flow fluctuates slightly, lt was neoes- 

sary to make the orifice and pressure drop readings as fleer 

simultaneously as possible. Recording only the left side 

of the manometer made it necessary to adjust the manometer 
scale to zero with any slight temperature changes. The 

theoretical eçuatioxi used in oalculatixi the theoretical 

curve is discussed by Walker, et al (23, pp.60-61). The 

coefficient of discharge as described by Walker, et al was 

obtained from FIgure 21 of the saflie reference. 

0k' TING PROCEWRE 

A continual supply of fresh water was delivered to 
the constant level tank. The supply to the pump came from 

the bottom of the constant level tank. The constant level 

tank was equipped with an overflow that lead directly to the 

sewer. The fresh water was supplied at such a rate that 
water was flowing through the overflow pipe at all times. A 

shut-off valve was placed Immediately below the constant 

pressure tank so that the rest of the system could be drain- 

ed at any time. Three cnntrol valves were used us required. 
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One control valve, on the by-pass line for the pump, was 

used only while the pump was in operation; the control valve 

immediately downstream from the pump was used for higher 

flow rates; and the control valve downstream from the test 
section was used for control of extremely low flow rates. 

Each fin tube arrangement was tested at the higher 

flow rates using the larger orifice as previously described, 
the pressure drops being read from the mercury and carbon 

tetraclaloride manometers as required. The pressure drop was 

taken at approximately twenty different flow rates for each 

fin tube at the higher velocities. The tests at the higher 

flow rates were completed before any tests were run at the 

lower flow rates. This series of higher flow rates ranged 

0.2 to 4.0 cubic feet per minute. 

The larger orifico was replaced by the smaller 

orifice and the readings were taken for the lower flow rates. 
At the lower flow rates and for extremely low pressure 
drops, the mioromanometor was used to measure the pressure 
drop. A thermometer placed in one of the 3/4-inch exit 
pipes was used to measuretbe temperature for each run. 

J check on entrance effects was made. This check is 
of value in noting any disoropencies that may develop. 

In general, the procedure was to sot the volumetric 

rate, allow the system, that is the manometers, to reach 

equilibrium, record the pressure drops across the orifice, 
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record the pressure drop in the test section, and then note 

the teriperature of the fluId leaving the system. This 

uniform procedure was used at each ueasurement. 

1ESb'U}I MEASUREME11T 

Since the fluid used was water, it was necessary 

that all manometers be duplicate liquid typo x&inoeters. 

This has the advantage of permitting the choice of the heavy 

liquid in the manometer so that any desired sensitivity 
could be obtained. í disadvantage in using two liquids is 
that often t I difficult to obtain a well defined inter 
face between the two liquids, especially when the manometer 

tubes aro the least bit dirty. In the case of water over 

mercury uoh a difficulty was seldom encountered and a good 

menisous was usually obtained. When using organic liquids 
under water, the interface is often quite irregular and 

troquent cleanir of the manometer tubes was found to be es- 
sential. When using carbon tetrachioride under water, the 

greatest difficulty was in maintaining a olean manometer. 

The least amount of dirt on the walls of the manometers 

caused irregularities in the meniscus. 

Two tr.íes of manometers were used in this investiga- 

tion. One type was the conventional manometer for reading 

pressures greater than one inch of fluid and the other was a 

mioromanoxaeter for measuring pressures less than one inch. 
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two inches square was drifled and tapped with 1/8-Inch stan- 

dard pipe threads and a brass copper tubing adapter was 

screwed into this square of plastic. The plastic was then 

ground, first with coarse emery cloth and then with fine 

emery cloth, so that it had a curved surface which conformed 

to the outside diameter of the plistIc tubing. It wae then 

cemented to the plastic tubing. After cementing, a 3/32- 

inch hole was drilled through the wall of the plastic tubing. 

These static pressure taps proved satisfactory and withstood 

any static pressure encountered during operation. The re- 

sure taps were joined to the manometers as shown, Figure 2, 

so that the pressure drop could be obtained between taps 

number one and number two, between taps two and three, or 

between taps one and three. 
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PRQPRTIES OP WTF4R AND RMIATD IFORAON 

water was the fluid used. in i11 tests. Since tae 

various corre1ation are jartially based on the ooific 

gravity and viscosity of the f1owin fluid, it is a neeo- 

sity that these vtüues be known aocurte1y0 The value for 

th viscosity of water ws obtained from Table X of Mcdams 

(1?, p.407). The specific gravity (density) of water was 

obtained from Table 120 of the Chemical Engineers' H&ndbook 

(20, p.433). 

The invetigation was carried out at a nearly eon 

stant water temperature of 52°F for the higher flow rates. 

For the lower flow rates the water temperature varied from 

570F to 600F. The viscosity of water at 2'F as used for 

the following calculations is 1.27 centipoise (0.0008b2 

lb/sec.ftj. The density of the flowing fluid was 0.96 

rams/ini11iliter (62.39 pounds/cubic foot) at this temper- 

ature. 

The room temperature was constant at 68 ± 6°F. The 

relative density of mercury at this temperature based on 

water at 4°C as unity is given as in the Handbook of 

Chemistry (16, p.1355). The relative density of carbon tet- 

rachloride is given as 1.395 on page 397 of the same refer- 

ence on the same basis and at a temperature of 68°L 
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The water used for this study was drawn from the 

laboratory water supply. No additives were placed in the 

water and no external methods were used to control the tem- 

perature of the water. The constant temperature for the 

high flow rates was obtained by allowing the system to come 

to equilibrium before taking readings and noting that the 

water from the laboratory mains held a constant temperature. 

FRICTION FkCTOR - RLYNOLDS NUMBR OALOULATION 

The data obtained consisted of the orifice manometer 

(left side only), the left (i) and right (2) side of the 

test section manometer, and the temperature of the flowing 

water. From the orifice manometer reading the flow rate was 

cleterciined from the orifice calibration. Using this flow 

rate and the previously determined constants, viscosity, 
density, D2, and D1, the Reynolds number was calculated. 
From the observed pressure drop and flow rate and the pre- 
determined constants, the friction factor was calculated 

from the Fanning equation. 

For each run at constant temperature, the Reynolds 

number calculation can be made in terms of only one variable 
that is in Equation (le). 

(18) 
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DE (the equivalent dimeter), (density),,p (viscosity) are 

constant for a given run at a constant temperature and may 

be set equal to a constant o. 

NRe cV 

Where e 

p 

(19) 

The same procedure is used in calculating the fric- 

tioxi factor from the Fannïng equation except that the equa- 

tion must be set up in terms of the two variables dF (pres- 

sure drop) and V (the average fluid velocity 5 the annulus 

based on the mínimum cross-sectional area). The Fanning 

equation will then take the form of Equation (20). 

(20) 

where o' 
g0 

and g0 32.17 (lbs.mass)(ft)/(lb.toroe)(sec.2) 

A sample calculation is given for the run when using 

1.255-inch washers with a spacing of 1.003 inches. The ob- 

served temperature of the water was 52°F and the room tern- 

perature was 68F. 

Reynolds number: 

DE 
1.482-1.255 0.01893 ft. 



Minimum cross-sectional area _!_. (0.7412 - 0.82752) 

0.00340 q.ft. 

V $ o.0034o) 
V0 (4.90) ft./sec. 

ihore \T0 ou.ft./min. as determined from the orifice cali- 
bration. 

therefore 

= 62.39 lb/ou.ft. 

= 0.000654 lb/seo.ft. 

(0.01693).(62.24) = 1,384 sec/ft. 
0.000854 

V0 k.go) (1,364) = 6,750 V0 

Friction Factor: 

dN = 4050 ft. 

o' 
(32n,)(0,01893) 

- 0.0678 ft./soo.sec. 
2 4.50) 

giving 

0.0876 L. 0.00282 
(4.90)2 V02 vo 

Pressure drop conversion to feet of flowing fluid (ìater): 

for mer curr 

()_ (12.56) = 1.046 (Sa) ft.lb./lb. of i120 

where 12.56 equals the relative density o mercury 
minus the relative density of water 
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and Su represents the sum of the left (1) and right 
(2) side readings of the mercury ianometer in inches. 

For the observed data: 

0Cl4 orifice manometer 27.8 orn. 

Hg test section manometer 

(i) = 10.15 inches 

(2) = 9.42 inches 

The flow rate is given as 1.079 cu.ft./rain. from the orifice 

calibration and the pressu.re droi? (dF) is calculated to 

equal 20.45 ft.lb./lb. of 1120. 

(10.15 9.42) 1.045 20.45 ft0lb./lb. of H20 

The ieyno1ds number is calculated to be 7,300. 

6,780 (1.079) = 7,300 

nd the friction factor is calculated to be 0.0498. 

f * iii2 (o.00e) 0.0498 
(i.o"i) 
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Data for the pressure drop in a plain annulus are 
tabulated in Table I. The data for the pressure drop over 

the 54-inch test section for modified annull are tabulated 
in Tables II through XIV. The pressure drop data over the 
40-inch calming portion of the test section for modified 

annull are tabulated in Tables XV and XVI. The experimental 
and calculated data for the calibration of the two orifices 
used are tQbulated in Tables XVII and XVIII. 

Run number one for the pressure drop data was made 

using the 25/32-inch flow orifice. Run number two was made 

using the 1/4-inch flow orifice. In the Tables I through 
XVI, column i shows the manometer used to measure the pres- 
sure drop across the orifice. Column 2 shows 1/2 the dif- 
ferentia). on this manometer in centimeters. Column 3 gives 
the volumetric flow rate obtained from the orifice calibra- 
tion curves and the reading listed in column 2. Column 4 

shows the manometer used to measure the pressure drop in the 
test section, while column 5 gives this pressure drop in 
inches of manometer fluid. Runs numbered one for all the 

tubes tested were conducted at a constant temperature of the 

flowing fluid, except for the plain annulus. Column 6 gives 
this temperature in degrees Fahrenheit. For Runs numbered 
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two, the tests were conducted at varying temperatures, the 

temperature at the time of the readings being given in 
column 8. In column 7 is listed the Reynolds number as cal- 
culated from Equation (18) using an euiva1ent diameter of 

D2 - D1. The friction factor in column 8 was calculated 
from the Fanning equation (12a), using D equal to the equiv- 
aient diameter (D2 - D1). 

The experimental and calculated data for the call- 
bration of the orifices are given in Table XVII for the 

25/32-Inch orifice and In Table XVIII for the l/4-lnth ori- 
fice. The nianometer used to measure the pressure drop 

across the orifice is given in column 1, while column 2 

gives one half the manometer dif1rontia1 in centimeters of 

manometer fluid, and the square root of the reading shown In 

column 2 is shown in column 3. The temperature of the flow- 

ing fluid (water) is listed in column 4. Column 5 shows the 

time e1psed (min:seo) to collect thc weight (lbs) of water 
shown in column 6. Column 7 is the calculated volume rate 
of flow (ft3/xnin). Column 3 is plotted versus column 7 and 

gives a straight line us noted In the t'Orifìce Calibration" 
seo ti on. 
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rjy PLAIN .&NNULU 

Figuro 9 is a plot of the friction factor versus the 

Reynolds number of the annular fluid for a plain annulus, 

the equivalent diameter of which is 0.982 inches. 

i.e., DE a D2 - D1 = 1.482 - 0.500 = 0.982" 

quation (21) is the equation of the curve for 

streamlined flow 

f 25.2 (21) 

in which k for quation (13) is shown to be 25.2 and n for 

the same equation is ahown to be -1. Lazabt theoretical 

equation for streamlined flow (Equation lo) $hows that for 

this annu1u k is 23.4 and n is -i, therefore, the expon- 

mentally determined &ju.ition (21) is sliowxi to be in close 

igreeiarit witì Lrab's theoretical equation. içution (22) 

is an equation of the curve for the turbulent region of flow 

f 0.085 (22) 

Rothí'us (22) reported t = 0.076 NRe°24 for D2/D1 1.54 

and f a 0.090 N5025 for D2/D1 6.13 for turbulent flow 

in annali. For the plain annulus studied here, D2/D1 2.97. 

The data presented in this thesis compares quite well with 

that of Rothfus. It was noted earlier that the work of 

Rothfus agreed quite well with the other investigators list- 

ed in the "Theory and Literature Review" section. 
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The results described above on plain annuli indIcate 

that good agreement Is obtained with the results of other 

workers both in the laminar and turbulent region of flow. 

This would Indicate that the experimental ecuipment which 

was used for the present Investigation was operating cor- 

rectly and producing reliable data. Hence, on this basis, 

It was concluded that the subsequent data obtained on modi- 

fied annuli were likewise reliable. 

MODIFIED AN1ULI 

The pressure drop data for modified annuli are plot- 

ted In Figures lO (D1 0.750"), 11 (D1 i.00o"), and 12 

(D1 1.255"). The data are plotted with f, calculated from 

the Fanning equation (12e), versus the Reynolds number, cal- 

culated from Equation (18). The iajorIty of the friction 

factors obtained are those friction factors for the turbu- 

lent region of flow. i sufficient number of points were 

determined for the laminar flow region that an indication of 

the relationship between f and NRO can be obtained. 

The data for streamlined flow are represented by the 

following equations: 

f 21 NRe D1 0.750 Inches (23) 

f = 20 NRe D1 : 1.000 inches (24) 

f 18 NRO' D1 = 1.255 Inches (25) 
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Lamb's theoretical equation (16) for plain annuli gives the 

following equations for D2 1.482 inches and D1 as in- 
dicated: 

f = 24 NRe D1 0.750 inches (26) 

f = 24.5 NRe' = 1.000 inches (27) 

t = 26.7 D1 = 1.255 inches (28) 

The equations (2), (24), and (25) do not agree as well with 

Lamb's equation as they do with the empirically determined 

equations listed in the "Theory and Literature Review" sec- 

tion for plain annuli0 Becker (2, p.l13), Winkel (24, 

p.251) and Carpenter (5, p.65) obtained the empirical equa- 

tian f = 24 NRe' for a plain annulus0 t11 other equations 

listed show a value of k 1888 than 24. The agreement with 

these equations is very good. 

l'ho above Equations, (23), (24), and (25) were ob- 

tamed. for fin spacings of 0.260 inches, 0.504 inches, and 

1.003 inches for the values of D1 indicated. For the larger 
spacings, indications are that true laminar flow is not at- 
tamed. These equations snow that for the case of a modi- 

fled annulus the assumption that the inner fin tube behaves 

as a plain tube of outside diameter equal to the diameter of 

the fins holds for the smaller fin spacing is valid. The 

above assumption and proof of this assumption indicates that 
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in true streaxdined flow the fluid between the fins is es- 

sentially motionless. For the larger spacin8s (D1 1.507 

inches and D1 = 2.006 inches) lt Is postulated that the 
fluid follows the contour of the fin tubes, that Is, the 

fluid between the fins Is not niotlonless. Further work is 
needed to prove this hypothesis. 

The data on the pressure drop during turbulent flow 

requires more detailed analysis. It is seen from Figures 9, 

10, U, and 12 that the friction factor curve for the modi- 

fled annull have a tendency to break away from the stream- 
lined flow at a lower Reynolds number than Is found in the 

plain annulus. The Reynolds number at the point where the 
curves break from the streamlined curve Is the point where 

turbulent flow belns. Beyond this Reynolds number a trans- 
Itlon range Is found In which both turbulent arid streamlined 

flow exist. Beyond this transition region is the turbulent 
region. The above mentioned figures show an Individual 
friction factor curve for each tube in the turbulent region 
of flow. In all oases the friction factor curves for nodi- 
fled annuli lie above the curve for the plain annulus and 
there is an individual curve for each. The position of each 

curve is probably determined by the spacing between the fins 

and the ratio of the clearance between the fins and outside 
tube to the distance from the base of the fins to the out- 
side tube. 



C(UPÁRISON FOR 1TRANCE EFFECTS 

A comparison between the 40-Inch test section (the 

test sectIon nearest the entrance) and the 54-inch test sec- 

tion is plotted on Figuro 13. All of the experimental data 

discussed in the previous two sections was taken from the 

54-inch test section (the dnstream test section). The 

purpose of taking the data for the 40-Inch test section was 

to determine whether or not any entrance effects were pre- 

sent. The comparison was made for the fin tube having D1 

1.000 Inches and S 1.003 inches and for the fin tube hav- 

ing D1 1.255 inches and S 0.280 inches. Tap number one 

for the 40-Inch test section was located 5 inches below the 

entrance to the annulas. 

From FIgure 13 it is seen that the friction factor 
determined for the 40-Inch test section for both of these 

modified annali Is slightly below that determined for the 

54-Inch test section. Knudsen (13) noted this effect in his 
investigations. The fact that the friction factor is cAba- 

bated to be less for the 40-inch test section would Indicate 
that an entrance effect was present and that the entrance as 

designed did not conform exactly to the lines of flow of the 

entering fluid. 
During turbulent flow over fin tubes a large amount 

of the pressure drop will be caused by the turbulent motion 

of the fluid between the fins. As the fluid enters the 
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modified arinulus a eert&ln distance will be reçuired before 

the fluid between the fins is brought into niotion. s 

stated by Knudsen, 

"the fluid between the fins at the beginning of 
the tube might not have gained as much momentum 
as the fluid between the fins further downstream. 
Hence, the pressure drop over the first foot of 
tube would be less than over the second foot of 
the tube." 

Therefore, the plot on Figure 13 would be assumed to be cor- 

rect, since tap number one was located close enough to the 

entrance to be in the region of unsettled flow. 

It is believed that the flow at tap number two (the 

upstream tap for the 54-inch section) is located far enough 

downstream from the entrance (45-inches) that the flow is 

constant. All other disousion in this thesis refers to the 

54-inch test section. 

FRICTION FACTOR CORRIATION 

Nikuradse (19) and Knudsen (13) presented sets of 

curves similar to those shown in Figures 10, li, and 12. 
Nikuradse studied pressure drop through artificially rough- 
ened pipes and obt&ined a curve for each pipe roughness. 

Knudsen studied the pressure drop in modified annuli con- 

taming helical fin tubes. Moody (18) also presented a 

family of curves in the turbulent region based on the rough- 

ness factor /D. 



ransverse fin tubes may be considered to be very 

rough tubes, and by determining this roughness for each tube 

a parameter should be obtained which could be applied to the 

curves presented in the above mentioned figures. 

The roughness of the fin tubes in terms of /D as 

used. by Nikuradse and Moody would be W/D1, where W is the 

fin height and D1 is the fin diameter. In using this para- 

meter alone, the spacings of the tins, S, would be disre- 

garded. The Figures 10, 11, and 12 show this factor, S, to 

be of great importance. 

Knudsen (13) in order to obtain a parameter consis- 

tent with bis curves postulated that "during turbu1ar flow 

the fluid between the tins is also in turbulent motion". 

Assuming this to be true, he stated that the turbulence be- 

tween the tins would account for a large part of the pres- 

sure drop in the modified annulus. Further he postulated 

that the relative amount of fluid which is in turbulent 

motion between the fins would be approximately a measure of 

the pressure drop in the modified annulus. Considering this 

postulate, he used the ratio between the volume of fin space 

per toot of length divided by the volume of free space per 

toot of length as a parameter for his curves. He found his 

curves consistent with this factor. He found that as this 

ratio increased at a constant Reynolds number the friction 

factor increased. 



In making the above aesuxnt1on, Knudsen did, not take 

into account the distance between the fins, but wt on to 

say that the friction factor, in addition to being a fune- 

tion of the Reynolds iumber and the fin height, would be a 

function of thu fin spacing. 

The values of ,çipe roughness considered by Moody are 

relatively snail compared to the values of roughness studied 

In the present investigation. Neither Nikuradse nor Moody 

deals with the distance between roughness projections, but 

it appears that where both the depth and the separation of 

the roughness projections are of a rather large value corn- 

pared to the diaaieter of the tube, the friction factor would 

be a function of both of these .;uaatities. Figure 14 is a 

plot of a correlation believed to be valid at a constant 

Reynolds nunber in the turbulent region. This correlation 

takes into account the spacing between the fins as the ratio 
S/\ where S is the distance between fins and is the height 

of the fin, and the clearance between the fins and the cut- 

side tubing as the ratio D2 D where D is the inside dia- 
D2 - D0 

meter of the outer tube, D1 is the fin diameter, and D0 is 

the diameter of the tube on which the fins are placed (noto 

Figure 1). Figures 10, li, and 12 show f the turbulent 

region that as S is increased from zero for a constant fin 

height the friction factor increases with S to sorne maximum 
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value and then. decreases with an additional increase in b. 
Secondly, it will be observed froia the sanie Ligures that the 

friction factor varies with the height of the fins at a con- 

stant spacing. Therefore, the above ratios are believed to 
contain the variables that affect the friction factor. 

Figure 14 is a plot of the friction factor versus 
S/W at eonsttnt values of D2 and at a constant Reynolds 

D2 -D0 

number (10,000). t this NRe the friction factors used for 
this plot had reached a constant value. This indicates that 
full turbulence had been reached. From a series of such 

plots at constant values of the Reynolds number, a predic- 
tion of the friction factor should be possible. The point 
where /W = zero is the friction factor for a plain annulus, 
i.e., where the spacing, S, has approached zero. A line 
drawn horizontally rrom this point would represent a value 
of D2 D1 eQual to one, i.e., a plain annulus. 

D2 - D0 
Ixì Knudsen's (13) work on the visual study of the 

flow patterns between fins, an explanation may be found for 
the increasing value of t with an increase of S from zero. 
At an extremely small value of S he observed a single circu- 
lar eddy at the top of the fin space and a region of high 

turbulence in the remaining portion of the fin space. Á5 S 

was increased to a value of 8/W approximately equal to one- 

half, two eddies were observed vertically between the fins. 
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k$ S/W approached one, a single 1rge eddy was observed. 
1th an increasing value of 81W, this single large eddy In- 

creased In size along Its horIzont1 axis, the length or its 
vertical aNIs remaining nearly constant. Knudsen studied 

the flow pattern between nne up to a value oÍ S/V equal to 

three. This was not a large enough fin spacing for the 

single eddy to break down into a series of horizontal ed- 

dies. But within the range of his work it can. be postulated 

that the friction factor is related to the horizontal axis 

of the eddies between the fins; or to the ratio of the major 
axis to the minor axis, which Is approximately equal to S/W. 

That Is, as the horizontal axis of these eddies Increase an 
Increase in the friction factor might be expected0 To cor- 

relate this with the study made here, it could be assumed 

In the case where D1 1.000 inches a single circular eddy 

was present during turbulent flow when S equaled 0.260 

inches (S/w - 1.04). Án eddy with a greater horizontal axis 

would be present when S 0.504 inches (s/a 2.01) and 

likewise an eddy with an even greater horizontal axis would 

be present when S 1.003 Inches (S/; = 4.01). When S be- 

came larger than l.003 Inches, that Is, 1.507 Inches (S/W 

6.02) It ci1d be assumed that this single large eddy was 

breaking up, forming eddies with a shorter horizontal axis 
than for the ease when S 1.003 inches, and consequently 

giving a smaller friction factor. When S = 2.006 inches 
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(s/w F3.02) a smaller friction fttotor was observed than 
when S = 1.507 inches and, therefore, eddies with an even 

shorter axle thin in the case where S = 1.507 inches would 

be assumed present. 
There are not sufficient data in the literature to 

give a complete check for th correlation shown In Figure 

14, but a che was nde using the data of Jthudsn (13). 
This chek is shown in the following table: (Nne = 10000) 

D D 1 
.LxperI- redioted 

Pin s niental f 
Tube W D2 D0 _______ (FIK. 14J ro 
1 0.94 0.915 0.0112 0.0110 1.6 
2 1.15 0.735 0.0150 0.0160 o.? 
3 0.512 0.748 0.0135 0.0125 7.4 
4 0.730 0.618 0.0191 0,0180 5.8 
5 0.461 0.577 0.0225 0.0145 35.6 
6 0.320 0.570 0.0258 0.0130 49.5 

Knudsen's lnvestipation was carried out using an outside 

tube with a larger Inside diameter (D2 2.240 inches) than 
used in this investigatlon but this should hsve little of- 
foot if the correlation is acoarate. The table shows that 
the predicted friction factor Is in fair areernent with the 

experimental for the larger values of 5/W hut is extremeli 
inaccurate for the sna11er values of 3/a. 

The curves for the lower values cf S/W are in 

reality an extrapolation of the curves, below the lowest 

values of 5/W Investigated, to the point for a plain annulus. 

The extrapolation assumes a smooth curve in this region. 
Further study would verify or disprove this. 



The agreement obtained indicates at least a partial 

correlation. The correlation should give a more accurate 

prediction of f for values of S/i. in the region where the 

curves are not extrapolated. 
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Further work should be done at greater fin spacings 

and at larger Reynolds numbers to obtain data for an exten- 

sion of the correlation discussed in the previous section. 

Also since actually the curves in Figure 14 are an extra- 

polation bel; S 0.260 Inches to the friction factor for a 

plain annulus, further pressure drop data should be obtain- 

ed at values of S less than 0.260 inches and at constant 

values of D2 - Dj 

D2 -D0 

It is believed that with an extension of the work 

as suggested at various constant values of the Reynolds 

number an accurate prediction of the friction factor could 

be nade for turbulent flow if the dimensions of the annulus 

In çjuestion were known. 
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NOME1'CLA ThRE 

o constant 

c'= constant 

D = diameter, ft. 

D2 inside diameter of the outside tube, ft. or in. 

D1 = diameter of the fIns, ft. or in. 

D0 = diameter of the unfined portion of the fin tube, 
ft. or in. 

DE equivalent diameter, ft. 

E = internal energy of fluid, (ft.)(lb.foroo)/lb. 

f = Fanning eçuation coefficient of friction, dimen- 
sionless. 

g0 Newton law of motion conversion factor (lb.)(ftì/ 
ec)2 (lb.foroe). 

k = eiaperica1ly determined constant. 

L length 

M mass 

NR. = the Reynolds number, , dimensionless. 

n = eraerically determined constant. 
di length of pipe in questIon, ft. 

p absolute static pressure, lb./sq.ft. 

-dP = pressure drop due to friction, absolute units. 

-dp = pressure drop due to friction, engineering units. 

= heat input from the surroundings, (ft.)(lb.torce)/ 
lb. 
the distance between the fIns, ft. or in. 
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Su - manometer Uitfrentia1, in. 

T temperature, O, 

t = thickness of fins, ft. 

u locul velocity of a filament of fluid at a specific 
point, ft./sec. 

V average linear velocity, ft./sec. 

= volume rite of flow, ft.3/iin. 

specific volume, cu.ft./lb. 

W work input from surroundings, (ft.)(lb.foroe)/lb. 

W = height of fin, ft. or in. 

Z height above any datum plane, ft. 

C epsilon, proportionality factor proportional to the 
heights of roughness irregularities. 

Q theta, tiiae. 

mu, absolute viscosity of fluid, lb./seo.ft. 

17 pi, 3.1416 

rho, fluid density, lb./cu.ft. 
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EXPERIMENTAL àND CALJLA TED 
PRESSURE DATI POR PLAIN ANMJLUS 

¶II1flLE I 

D2 - 1.482g D1 = 0.500" 

(1) (2) (3) (4) (5) (o) 
1/2 

Flow Oriflo. Flow Priot 
Rato Differ- Rete Drop Friot 
Mano- ential Mano- Drop Tern 
meter (orn) xiUn meter jL. (°) 

Run Number One (94 Test Section) 

(7) (3) 

_____ f 

Gel4 1.tSl 0,299 COl4 0.26 54 2ö40 0.01124 
2.40 0.342 0.38 " 3200 0.01092 

0.388 0.45 " 3450 0.01120 
3.25 0.393 0.50 " 3580 0.01088 
3.71 0.418 0.57 ' 3920 0.01092 
4.35 0.451 0.66 ' 4220 0.01090 
5.30 0.492 0.79 " 4610 O0109b 
?.55 0.579 1.03 " 5420 O.0108 

13.55 0.765 1.64 " 7160 0.00945 
9.70 0.653 1.46 52 6110 0.00995 
16.60 0.842 1.98 ' 7890 0.00940 
22.10 0.970 2.51 9090 0.00900 
28.20 1.052 2.89 " 9800 0.00875 
31.50 1.148 3.38 " 10750 0.00851 

Hg 1.45 1.138 3.38 " 10640 0.00880 
1.95 1.315 4.38 " 12300 0.00853 
2.40 1.46 5.27 " 13650 0.00833 
3.00 1.63 6.37 " 15250 0.00808 
3.71 1.82 7.53 " 17050 0.00779 
4.70 2.045 9.42 19150 0.00758 
5.95 2.305 11.47 " 21600 0.00725 
6.80 2.465 12.97 23100 0.00720 
7.20 2.54 13.66 " 23800 0.00723 
8.10 2.695 15.08 25200 0.00698 
9.10 2.85 16.66 " 26700 0.0090 
9.50 2.91 17.27 " 27200 0.00685 

10.85 3.08 19.06 " 28800 0.00675 
12.00 3.28 21.49 " 30700 0.00674 
13.30 3.45 23.25 " 32300 0.00657 
14.40 3.59 25.20 33600 0.00658 
15.50 3.705 27.12 34700 0.00665 
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TABLE I (Continued) 

(1) (2) Ç3) (5_) 7) (e) 

Run Number 2o (54" Test Section) 

Cd4 3.00 0.0404 Micro 0.016 64 452 OO575 
6.35 0.0570 0.021 " 639 00382 
8.10 0.0639 OO24 " 715 0G0346 
10.50 0.0725 0.029 " 81]. 0e0322 
14.70 0.0854 0.031 " 955 0.0251 
20.50 0.1001 0.03? " 1120 0.0216 
25.70 0.1119 0.042 " 1250 0.0197 
33.00 0.1262 0.048 62 1370 0..01?6 

Hg 1.52 0.1240 0.048 " 1350 0.0183 
2.20 0.1475 0.054 " 1610 0.0162 
2.80 0.166 0.068 60 1760 0.0144 
4.00 0.199 0.082 " 2110 0,0121 
5.00 0.2Z3 0.092 " 2360 0.0109 
6.80 0.259 0.122 " 2740 0.0107 
8.30 0.286 0.156 " 3030 0.0112 
9.00 0.297 0.160 58 3030 0.0107 

10.10 0.315 0.182 " 3230 0.0108 
10.40 0.320 0.183 3260 00105 
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EXPERTh1NT.AL AND OiLCTJLa TED PRESSURE DATA FOR 
MODIFIED ANNULI OVTR 54" TEST SECTION 

TT 

0.750" Washers - 0.260 Spacing 

(i) (2) (3) (4) 
1/2 

Flow Orifice Flow Frict 
Rate Differ- Rate Drop 
Mano- ential ft3 Mano- 
meter (cm) min meter 

Run Number One 

(5) (6) (7) (8) 

Fr jot 
Drop Temp Ne 
(in) ) - r 

0Cl4 1.50 0.278 0014 0.64 52 2310 0.0257 
2.81 0.368 1.19 3060 0.0270 
3.55 0.409 1.46 3400 0.0270 
4.75 0.469 1.91 3900 0.0267 
7.25 0.509 2.70 4730 0.0257 
9.70 006b2 5420 0.0249 

13.10 0.753 4.42 6260 0.0241 
16.50 0.840 5.50 5990 0.0238 
20.50 0.934 6.89 7750 0.023'? 
26.20 1.032 8.46 8750 0.0238 
32.00 1.159 10.12 9610 0.0233 

klg 1.45 1.148 10.31 9480 0.0241 
1.82 1.290 12.84 10550 0.0235 
2.29 1.440 15.80 11300 0.0235 
2.80 1.580 H 0.90 13150 0.0238 
3,175 1.828 1.20 15200 0.O24 
4.95 2.093 1.82 17400 0.0240 
6.00 2.312 1.92 19200 0.0234 
7.20 2.54 2.25 21100 0.0228 
8.40 2.74 2.60 22800 0.0223 
10.10 3.01 3.16 25000 0.0228 
11.90 3.26 3.87 27100 0.0225 
13.10 3.42 4.10 28400 0.0228 
13.30 3.45 4.1? 28700 0.0228 

Run Number Two 

0014 2.50 0.0372 MIcro 0.025 80 456 0.0555 
4.80 0.0502 0.030 79 607 0.0370 
6.80 0.0589 0.041 78 700 0.0364 
9.20 0.0680 0.053 76 795 0.0352 
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T;IBLE U (Continued) 

(1) (2) (3) (4) (5) (6) (7) (8) 
- 

0Cl4 12.50 0.0789 Micro 0.06? 74 900 0.0332 
17.60 0.0930 0.098 70 1010 0.0350 
21.30 0.1018 0.119 67 1060 0.0356 
26.50 0.1134 C.140 6G 1160 0.0388 

H 1.25 0.1125 0.140 ' USO 0.0389 
1.6 0.1300 0.190 64 1290 0.0347 
2.02 0.1430 0.220 " 1420 0.0333 
2.52 0.1600 0.270 ' 1580 0.0327 
5.34 0.183 0.345 62 1770 0.0318 
4.66 0.218 0.465 " 2120 0.0301 
5.55 0.238 0.545 " 2310 0.0298 
6.02 0.260 0.633 ? 2520 0.0289 
7.50 0.276 0.710 " 2680 0.0287 
8.50 0.295 0.785 " 2860 0.0278 
9.50 0.311 0.875 ' 3020 0.0276 

10.00 0.319 0.910 ' 3100 0.0278 
16.30 0.407 0014 1.35 60 3840 0.0252 
22.60 0.480 1.75 4520 0.0244 
31.00 0.561 2.45 5300 0.0239 
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TABLJ II] 

O.75O' ashers - O.504tt paoings 

(i) (2) 3) (4) L5) J.) j7J (e) - 
Run Number One 

0014 1.85 0.305 CC14 1.57 52 2530 0.0456 
2.90 0.372 2.14 3090 0.0478 
3.90 0.426 2.51 3540 0.0428 
4.90 0.475 3.07 3950 0.0420 
r,60 0.580 4.23 4820 0.0390 

10.4 0.675 5.35 5610 0.0363 
12.8 0.745 6.23 6190 0.0346 
16.1 0.830 7.73 6900 O0347 
18.8 0.896 8.86 7450 0.0341 
22.0 0.968 10.20 8050 00336 
25.7 1.042 1L83 8370 00335 
29.6 1.117 13.39 9270 0.033]. 
32.4 1.165 14.46 9690 0.0329 
35.? 1.222 15.85 10190 0.0327 

Hg 1.72 1.234 Hg 0.79 10260 0.0333 
2.00 1.333 0.90 11100 0.0328 
2.55 1.500 1.15 12550 0.0306 
5.45 2.210 2.34 18400 0.0313 
4.85 2.075 2.08 17250 0.0316 
4.05 1.895 1.88 15750 0.0330 
3.50 1.764 1.54 14680 0.0322 
2.95 1.622 1.29 13500 0.0320 

Run Number Two 

Cd4 2.3.0 0.0344 Mioro 0.024 64 342 0.0628 
2.75 0.0400 0.027 " 398 0.0521 
4.10 0.0464 0.029 " 461 0.0419 
6.00 0.0555 0.036 551 0.0360 
7.60 0.0622 0,048 " 619 0.0384 
9.60 0.0695 0.051 " 890 0.0391 

12.00 0.0774 0.078 " 770 0.0402 
16.10 0.0391 0.118 " 886 0.0459 
21.00 0.1014 0.158 63 990 0.0475 
23.50 0.fl.4 0.19b bO 1070 0.0468 

Hg 1.22 0.1105 0.195 " 1040 0.0492 
1.50 0.1225 0.273 ' 1155 0O567 
1.80 01335 0.303 ' 1260 0.0524 
2.18 0.1470 O..343 1390 0.0496 
2.80 0.1665 0.438 1570 0.0488 



TABLE III (Continued) 

(1) (2) () (4) (s) (6) (7) 

Hg 3.54 0.16? ioro 0.543 59 1760 0.0476 
4.30 0.207 0.644 " 1950 0.0464 
5.30 0e229 0.77b ' 2100 0.0456 
6.70 0.258 0.976 58 2280 0.0454 
6.70 0.258 0014 0.95 2260 0.0440 
7.40 0.270 1.08 " 2460 0.0458 
8.10 0.83 1.19 " 2570 0.0459 

12.50 0.350 1.75 ' 3160 0.0436 
17.70 0.416 2.25 3790 0.0405 
24.40 0.488 2.89 4440 0.0330 
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TABLE IV 

O75O" Washers - 1.003W pacings 

J1) (2) 13)__ (4) (5) (6) (7) () - 

Ruii Number One 

Cd4 1.65 0.290 CC14 1.00 52 2410 0.0368 

2.95 0.376 1.65 3130 0.0361 

4.'70 0.467 2.6? 390 0.0376 

7.00 0.560 3.58 46b0 0.0352 

9.10 0.633 4.46 5260 0.0341 

12.10 0.725 5.80 6030 0.0340 

15.90 0.826 '7.36 6880 0.0333 

17.70 0.870 7.95 7240 0.0325 

19.80 0.918 8.88 7640 0.0319 
23.50 0.998 10.45 8300 0.0324 
27.80 1.081 12.33 9000 0.0324 
31.60 1.153 1.85 9600 0.0322 

36.40 1.231 15.90 10250 0.0323 

Hg 1.85 1.280 Hg 0.78 10640 0.0311 
2.10 1.366 0.93 11380 0.0325 
2.70 1.550 1.17 12900 0.0318 
5.50 2.220 2.35 18450 0.0306 
4.90 2.094 2q10 17400 0.0311 
4.00 1O887 1.74 15700 0.0319 
3,35 1.755 1.47 14600 0.0311 

Run Number T\o 

0014 1.00 0.0251 MIcro 0.016 64 250 0.0794 
1.50 0.0296 0.019 " 294 0.0670 
2.20 0.0351 0.022 " 349 0.0554 
.60 0.0440 0.023 " 438 0.0367 

4.90 0.0505 0.028 " 502 0.0340 
8.80 0.0590 0.042 " b86 0.0373 
9.80 0.0702 0.071 " 699 0.0443 

13.40 0.0815 0.101 62 790 0.0467 
20.50 0.1001 0.151 " 970 0.0466 
31.60 0.1230 0.226 " 1190 0.044. 

Hg 1.52 0.123 0.226 " 1190 0.0441 
1.98 0.140 0.278 60 1320 0.0439 
2.65 0.162 0.364 " 1530 0.042? 
3.54 0.187 0.473 " 1760 0.0416 
4.72 0.216 0.609 58 1960 0.0402 
5.60 0.236 0.719 " 2150 0.0399 



TABLE IV (Continued) 

Li) (2) (3) (4) () (6) (7) (8) 

Hg 7.00 0.263 MIcro 0.874 58 2490 0.0389 
7.70 0.276 0.959 " 2510 0.0388 
7.70 0.276 CC14 0.96 2510 00388 
8.55 0.291 1.09 2650 0.0393 
v.90 0.312 1.24 2860 0.0390 

14.30 0.374 1.72 60 3520 0.0379 
18.00 0.420 2.07 3960 0.0362 
2.50 0.470 2.50 4430 0.0350 
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TABL1 Y 

1.000" Washers - 0.260' Sp&cings 

(i) 3) (5) (6) (7) 

Run Nunber One 

col4 2.00 O.31 0014 2.88 51 2450 0.O30 
4.35 0.4 4.57 3500 0,0258 
3.00 0.?8 3.62 29.30 0.0291 
6.30 0,533 6.08 4130 0.0245 
8.50 0.315 7.73 4750 0.0238 
10.60 0.680 9.33 5270 0.0232 
13.00 0.750 10.72 5810 0.0218 
14.50 0.791 32.47 b140 0.027 
18.50 0.888 15.76 6580 0.0229 
21.70 0.960 18.20 7450 0.0226 
26.60 1.040 22.80 80b0 0.0241 
29.40 1.113. 25.15 8620 0,0232 
33.60 1.187 28.80 9200 0.0234 

11g 1.25 1.055 Hg 1.10 8180 0.0238 
1.70 1.230 1.52 9530 0.0242 
2.85 1.594 2.54 12380 0.0242 
3.50 1.765 3.10 13700 0.0240 
4.10 1.916 3.82 14850 0.0252 
5.55 2.227 5.14 17300 0.0250 
6.85 2.474 6.45 191b0 0,0255 
7.60 2.810 7.22 20250 0.0256 
8.45 2.750 8.00 21300 0.0255 
9.80 2.960 9.15 23000 0.0252 

Run Number Two 

col4 1.22 0.0272 Mioro 0.052 66 260 0.0805 
1.88 0.0327 0.063 " 312 0.0675 
2.60 0.0378 0.074 " 361 0.0592 
3.60 0.0440 0.090 " 420 O.053 
4.90 0.0505 0.111 " 482 0.0498 
7.00 0.0598 0.141 " 571 0.0450 
10.20 0.0717 0.182 " 685 0.0404 
14.40 0.0845 0.250 80? 0.0399 
19.60 0.0980 0.320 64 910 0.0382 
25.70 0.1119 0.410 62 1010 0.0375 

Hg 1.20 0.1095 0.410 " 990 0.0390 
1.62 0.127 0.520 " 1145 0.03b6 
2.18 0.147 0.875 80 1290 0.0357 
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TABL1 VI 

1.000" Washers - 0.504?? Spacings 

Ji) 131 (4LJ.1 iL (i) (e) 

Run Number One 

Cd4 1.60 0.286 COl4 4.15 52 2220 0.0580 
2.10 O.23 &.0? 2505 0.0555 
3.12 0.S86 ó.68 2990 0.0505 

0.448 8.b8 4?0 0.0495 
5.20 0.486 10.Ob ¿780 0.0484 
6.20 0.529 11.75 4100 0.0482 
8.65 0.617 16.35 4?90 0.0492 

12.40 0.7 23.05 5890 0.0490 
1850 0.888 11g 1.55 6880 0.04'lS 
24.90 1.026 2.10 7950 0.0484 

Hg 1.12 1.000 2.10 7750 0.0508 
1.62 1.195 2.95 8500 0.0497 
2.60 1.520 4.75 11800 0.0496 
3.20 1.690 6.90 13100 0.0500 
4.45 1.990 8.05 15440 0.0492 
5.40 2.190 10.15 17000 0.0511 
6.20 2.350 11.35 18200 0.0496 
6.60 2.425 12.15 18800 0.0499 

Run Number Two 

col4 i.io 0.0281 MIcro 0.049 62 236 0.0825 
2.30 0.0358 0.071 " 323 0.0633 
4.10 0.0465 0.109 ' 420 0.0575 
6.70 0,0565 0.177 " 52? 0.0590 

10.20 0.0717 0.251 " 647 0.0558 
14.10 0.0639 0.374 755 0.0610 
19.10 0.0967 0.491 " 873 0.0600 
27.20 0.1149 0.702 60 1010 0.0610 

Hg 1.50 0.122 0.804 " 1070 0.0618 
1.75 0.131 0.914 " 1150 0.0610 
1.75 0.131 0014 0.89 " 1150 0.0595 
2.30 0.150 1.14 " 1315 0.0580 
3.65 0.189 1.68 " 1660 0.0540 
5.40 0.229 2.35 " 2010 0.0512 
7.00 0.262 2.98 " 2300 0.0495 
9.80 0.310 3.95 2720 0.0475 

14.00 0.368 5.3? 3230 0.0450 
18.20 0.428 7.00 3720 0.0462 
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TABLE VII 

1.00O' Veshers -1.00" Spacings 

(1) I (4) (ß) (6) (7) (ô) 

Run Nuibcr On. 

Cd4 1.12 0.245 0Cl4 3.ô 52 1900 0.0733 
2.20 0.39 5.95 2550 0.062C 
3.35 0.396 C.2 3080 0.0622 
5.60 0.512 13.C? 370 0.080 
7.60 0.570 1t.35 4410 0.0b76 
0.90 0.bo0 21.07 5110 0.0570 

11.60 0.708 24.30 5490 0.0575 
12.70 0.739 Hg 1.26 57GO 0.0560 
lb.10 O.80t 1.Ó0 t.5O 0.0565 
18.20 0.880 1.79 6820 0.0557 
21.70 0.960 2.12 7440 0.0557 
24.90 1.02 2.42 7950 0.0555 
28.10 1.086 2.73 8420 0.0560 
31.40 1.L6 .02 8730 0.0576 
33.00 1.175 3.23 9110 0.0565 

Hg 157 1.165 3.25 9050 0.0578 
2.05 1.345 4.45 10420 0.0590 
2.60 1.525 5.60 11800 0.0580 
¿.42 1.745 7.40 13500 0.0586 

Run Nwnber Two 

Cd4 1.50 0.0297 MIcro 0.055 60 26]. 0.0720 
3.20 0.0416 0.120 " 366 0.0790 
4.50 0.0488 0.170 " 427 0.0822 
6.10 0.0560 0.205 " 491 0.0748 
7.60 0.0622 0.286 " 546 0.0845 

10.40 0.0721 O.75 " 634 0.0820 
3.40 0.0428 0.122 " 376 0.0760 
4.62 0.0492 0.176 " 432 0.0825 
5.61 0.0539 0.220 " 473 0.0870 
7.30 0.0610 0.276 " 535 0.0850 

10.10 0.0712 0.372 " 625 0.0838 
15.10 0.0865 0.543 " 760 0.0830 
20.20 0,0995 Ö.698 875 0.0806 
25.80 0.1119 0.867 ' 980 0.0796 
28.40 0.1173 0.945 " 1030 0.0782 
28.40 0.1173 CC14 0.98 1030 0.0782 

Hg 1.38 0.1175 0.96 1030 0.0781 
1.70 0.130 1.21 1140 0.0819 
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TABLE VIII 

1.000" Washers - 1.507" SpacIngs 

(1) LL (3) (f1) (5) (6) (1) () 

Run Number One 

Col4 1.56 0.284 0014 3.82 52 2200 0.0541 
2.50 0.343 5.60 2700 0.0530 
3.4 0.404 8.14 3130 0.0585 
Ó.5 0.535 13.O 4150 0.0552 
.4Z 0.64 20.04 43O 0.0558 

1.10 0.7db 2t.3 4810 0.0555 
16.00 0.828 Hg 1.58 6410 0.0556 
20.10 0.926 1.94 7170 0.054? 
25.10 1.030 2.43 7380 0.0553 
30.70 1.137 2.97 8800 0.055? 

Hg 1.80 1.26 3.87 9770 0.0588 
2.01 1.34 4.23 10400 0.0507 
2.75 1.565 58O 12100 0.0571 
3.30 1.715 0.97 L300 0.0574 
3.90 1.86 8.10 14400 0.0586 
4.50 2.00 9.37 15500 0.0568 
5.35 2.165 11.15 16850 0.0564 
6.50 2.4]. 13.48 18700 0.0561 

Run Number Two 

0Cl4 1.30 0.0279 MIcro 0.059 61 249 0.0870 
2.65 0.0384 0.101 " 343 0.0769 
4.15 0.0469 0.147 " 418 0.0765 
7.10 0.0599 0.27? " 534 0.0881 

10.00 0.0708 0.345 60 621 0.0788 
13.10 0.0807 0.464 " 709 0.0815 
21.80 0.1031 0.682 " 905 0.0740 
29.90 0.1200 0.839 " 1050 0.0705 

Hg 1.45 0.120 0014 0.87 " 1050 0.0689 
1.85 0.136 1.13 " 1190 0.0695 
2.70 0.164 1.58 58 19O 0.0672 
3.35 0.182 1.95 " 1540 0.0672 
4.80 0.1? 2.67 1840 0.0647 
5.80 0.238 3.16 ' 2020 0.0636 
8.10 0.282 4.21 2390 0.0605 
10.20 0.31? 5.19 2680 0.0588 
14.80 0.381 7.30 80 3340 0.0575 
20.50 0.448 10.05 3940 0.0574 
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TABLE I 

1.000" Washers 2.006" Spacings 

(2) (3) (4) C (6) ('i) (8) 

Run Number One 

0014 0280 COl4 2.95 51 21'7Q 0.0430 
0.j':,Ç ti..1 O.04.. 

C) iir 
'.. . .) 

í\ at 
,) . _èu.t 

A ÇA 
. s ?'2: 

ocr' r IkA) 
J Ji4) 

4.15 0.440 '7.20 3410 0,0426 
6.00 0.521 10.33 4040 0.0434 
.3o O.63 15.93 4950 0.0446 

13.10 0.752 21.33 Z&30 0.0432 
I' £-«7r ')a ' cAr(' 

16.10 0.830 Hg 1.2 6430 0.0438 
21.;o 0.Ço0 1.68 74O 0.0436 
25.70 1.042 1.9? 8090 O.043b 
32.30 1.165 2.4? 900 0.0439 

Hg 1.45 1.17 2.47 9050 0.0435 
1.60 1.19 2.69 91O 0.0439 
2.20 1.40 3.61 10820 0.0445 
2.60 1.52 4.27 11770 0.0446 
3.05 1.65 5.06 12780 0.0449 
3.60 1.79 5.90 13830 0.0445 
4.10 1.91 6.77 14800 0.0448 
4.88 2.065 7.90 16200 O.049 
6.20 2.35 10.00 16200 0.0437 
7.30 2,So 11.77 19700 O.O47 

Run Number Two 

Cd4 1.00 0.0251 Micro 0.037 60 221 0.0670 
1.62 0.0323 0.059 " 284 0.0648 
3.75 0.0447 0.104 " 393 O.0b97 
5.?o 0.0545 O.1b7 " 479 0.0605 
8.10 0.0b21 0.217 " 546 0.0641 
120O 0.0774 O.25 " 830 0.0565 
17.60 0.0930 0.421 " 815 0.0555 
23.70 0.1074 0.544 945 0.0537 

Hg 1.35 0.116 0.637 " 1020 0.0540 
1090 0.137 0.887 58 1160 0.0540 
3.05 0.174 0Cl4 1.29 " 1470 0.0487 
4.65 0.214 1.91 " 1810 0.0476 
6.40 0.250 2.5o " 21L0 O.04t6 

10.50 0.320 4.08 " 2710 0.0456 
8.10 0.282 3.10 " 2390 0.0445 
15.20 0.384 5.55 " 3250 0.0430 



TABLE 

1.255" Washers O,2t30" 3I8CjflßS 

(1) (j (6) (2i 

Run Number Ozie 

Cd4 1G20 O.52 H O. 52 1710 O,O1cô 
i.'7O OJ94 114 19O 
C, r ).L) O.j&7 1to r ' í6:.O I O.O7 
4460 O4) 2b4 14C O.Oi4 
r b4O ' 0.401 

.t 
1. 

4m C' - OC 
45O O457 .4O 3100 O.O6 

O49ô 8c 3360 00%44 
8ÇO O45b 328 3O OO,14 
8O O.615 3..97 4160 O.O31O 

11.20 0,69 4.Çìb 4730 0.0299 
13.90 0,'774 5.9% 5240 0.029% 
17.80 0.672 5910 0.024 
20.40 0.930 6.%4 6300 0.0280 
25.30 1.035 g.e 7010 0,0275 
30.20 1.127 11.61 7630 0.0270 
3q70 1.188 12,87 8040 0.0269 

Hg 1.94 1.310 15,20 8870 0,0261 
2.20 1.394 17.26 9450 0.0261 

Run Number Two 

0014 1.22 0.0272 MIcro 0.439 63 218 0.0830 
1.60 0.0305 0.501 " 244 0.0753 
2.30 0.0359 0.834 " 287 0.0688 
2.80 0.0391 0.706 " 313 0.0645 
3.90 0.0455 0.940 " 364 00634 
3.90 0.0465 COl4 0.93 " 364 0.0627 
6.60 0.0581 1.34 " 465 0.0553 

10.50 0.072.5 1.91 580 00488 
1560 0.0877 2.62 " 902 0.0475 
19.80 0.0984 3.20 ' 785 0.0461 
27.00 01145 4.30 " 91 0.0456 

Hg 1.60 0.126 5.27 " 1010 0.0464 
2.80 O.1b 8.38 " 1.5.50 0.0425 
3.60 0.188 10.31 " 1500 0.0407 
4.80 0.217 13.28 " 1735 0.0393 
5.40 0.230 1470 1840 0.0368 
8.30 0.249 Hg 0.76 1990 0.037% 
7c'..0 0.272 0.91 2180 0.0364 

13.50 0.383 1.48 2900 0.0332 
26.00 0.503 2.65 " 4020 0.0309 



TA]3LE XI 

1.255" Washers -O.O4" paoings 

(1) (2) (3) (4) (5) (6) () (8) 

Run Number One 

CC14 1.35 0.26? Rg 1.08 52 1810 0.0446 
2.00 o.o1 1.55 2140 O.04 

'70 0.4.Lb ¿.4e 2610 0.0415 
4.'7O 0.46? 3.05 3160 0.0411 
5.?5 0.511 3.50 3460 O.0395 
6.65 0.545 3.95 3690 0.0392 
?.3O 0.589 4.49 3980 0.0Só 
9.00 0.629 5.10 45O 0.0331 

10.45 0.b7? 5085 4o90 0.07o 
Hg 1.95 1.315 19.90 6910 0.0339 

1.80 1.260 18.5 6530 0.0341 
1.62 1.19b 16.55 8100 0.0341 
1.65 1.100 14.20 7450 0.0346 

CC].4 29.d0 1.109 14.0 '7500 0.0341 
25.60 1.040 12.50 7050 0.0341 
22.00 0.968 11.02 6550 0.0348 
18.40 0.887 9.30 6010 0.0350 
13.40 0.ThO 7.12 3150 O.O63 
9.30 0.638 5.16 4320 0.0373 

Run Number Two 

CC].4 1.00 0.0251 Micro 0.239 63 201 0.0752 
1.55 0.0301 0.500 " 241 0.0765 
2.02 0.0638 0.5'3 " 270 0.0701 
3.40 0.0427 0.771 " 342 0.0590 
4.4 0.0482 0.9i2 " 3th 0.O54t 
8.b0 0.0659 CC].4 1.54 62 50 0.0497 
13.00 000BQS 2.25 " 635 0.0465 
19.40 0.0973 3.22 " 7o9 0.0474 
27.20 0.1149 4.2? " 906 0.O45 

Hg 1.42 0.119 5.01 " 940 0.0496 
2.40 0.151 7.98 " 1190 0.0488 
3.00 0.172 9.52 " 1360 0.0450 
4.20 0.206 12.82 1O0 0.0435 
5.00 0.222 14.93 " 1750 0.0425 
6.10 0.245 Hg 0.80 " 1935 0.0393 
7.30 0.267 0.99 " 2110 0.0410 
7.90 0.278 1.03 2200 0.0392 



T4BLE XII 

1.255" vashers - 1.00ö" 5ao1ngs 

(1) (2) (3) (4) (5) (6) C'i) (Q_ - 
Run Number One 

0014 1.Oo O.2L3 Hg 0.97 52 1615 0.0505 
2.3O O..37 1.99 285 
.10 O.34 2.o7 ¿bOO 00bJA 

4.40 0.454 .3.55 .3060 0.008 
.3.40 0.400 2.80 ¿710 0.0b1 
4.c0 0.473 3.92 ¿220 O.O50 
7.O O.ob9 b.bO ¿8b0 0.0510 
8.t0 0.544 o.10 3b90 0.009 
9.40 0.b4.5 ?.0 460 0.0514 

11.70 0713 8.90 4640 00518 
14.bO 0.791 10.50 b.370 0.0494 
lb.oO 0.043 ).2.Ob 5710 0.0500 
16.30 0.884 1330 5990 0.O502 
20.10 0.928 14.65 6290 0.0502 
23.00 0.968 16.0 6700 0.0493 
25.70 1.041 18.3 7070 0.0496 
27.60 1.079 19.57 7300 0.0495 

Run Number Two 

col4 1.02 0.0253 MIcro 0.318 64 205 0.0692 
1.50 0.0297 0.46? " 241 0.0740 
2.01 0.0338 0.612 " 274 0.0750 
2.90 0.0397 0.864 322 0.0765 
4.55 0.0488 CC1j 1.25 " 396 0.0733 
0.70 0.0585 1.78 " 475 0.0725 

11.70 0.0764 2.80 " 60 0.0670 
15.60 0.087? 3.62 " 711 0.0655 
21.30 0.1016 4.80 " 825 0.0646 

Hg 1.32 0.115 6.16 " 933 0.0645 
2.00 0.140 7,80 1135 0.0556 
3.20 0.178 13.10 62 1405 0.0578 
3.80 0.194 15.29 " 1535 0.0565 
5.82 0.240 Hg 1.04 60 1840 0.0532 
8.90 0.295 1.54 " 2260 0.0521 



BL1 Xlii 

1.255" ashers - 1.507" Spacings 

(1) (2) (3) (4) (5) (6) (7) (QL 

Run Number One 

0014 1.55 0.281 Hg 1.ô4 52 1900 0.0815 
2.05 0.31J 2.24 2150 0.0621 
3.40 0.400 3.00 2710 0.0555 
50GO 0.504 4.98 3410 0.0560 
8.20 0.ì01 7.10 4080 0.0580 
11.70 0.712 9.65 4830 0.0560 
12.50 0.732 10.40 4980 0.0573 
13.80 0.773 11.20 5240 0.0553 
15.25 0.810 12.30 5490 0.0553 
16.60 0.842 13.20 5700 0.0551 
18,00 0.878 14.45 5950 0.0555 
20.40 0.930 16.15 6300 0.0552 
22.20 0.970 17.70 6560 0.0554 
26.20 1.051 2060 7140 0.0545 
281O 1.08? 21.95 7550 0.0547 
29.90 1.119 23.50 7550 0.0550 
30,30 1.130 23.80 7790 0.0544 

Run Number o 

0014 1.16 0.0267 Micro 0.358 70 235 0.0701 
2.35 0.0361 0.673 " 318 0.0720 
3.20 0.0416 0.885 " 366 0.0712 
3.20 0.0416 0014 0.9e " 368 0.074? 
4.70 0.0498 1.27 " 436 0.0720 
5,55 0.0536 1.47 ' 472 0.0714 
6.85 0.0591 1.76 " 520 0.0704 
8.60 0.0658 2.16 579 0.0697 

12.30 0.0783 3.01 68 679 0.0681 
18.45 0.0952 4.38 88 800 0.0675 
25.75 0.1117 5.86 64 905 0.0656 
32.40 0.1252 7.29 2 1002 0.0630 

Hg 1.90 0.138 6.77 60 1060 0.0643 
2.15 0.148 9.91 " 1120 0.0650 
3.15 0.176 13.98 58 1310 0.0630 
3.58 0.188 15.79 5? 1370 0.0620 
4.31 0.206 18.56 1505 0.0610 
4.95 0.221 21.05 " 1615 0.0602 
5.70 0.239 24.00 " 1745 0.0586 
6.08 0.244 25.40 1780 0.0595 
6.50 0.253 26.50 " 1850 0.0579 



T4BLI XIV 

1.25e" ashers - 2.006" Spacings 

.L4) (5) (6) (7) (8) 

Run Number One 

cul4 1.01 0.234 Hg O.'18 52 1590 0.0420 
2.8 0.334 1.70 2260 0.0450 
¿.bO 0.S55 1.9? 2410 0.0461 
.2O 0.390 2.40 2650 0.0465 

4.50 0.458 3.30 3110 0.0445 
0.542 4.39 3680 0.0440 

9.45 0.642 6.46 4350 0.0463 
11.40 0.7Ob '7.55 4780 0.0451 
13.50 0.762 8.85 5170 0.0450 
1'?.90 0.8'?4 11.80 5920 0.0449 
21.40 0.952 13.5? 6450 0.0442 
24.10 1.010 15.60 6850 0.0451 
28.00 1.085 17.95 7350 0.0450 
30.01 1.123 19.10 '/610 0.0445 
3.50 1.166 20.5h 7900 0.0448 
33.45 1.184 21.10 8020 0.0444 

Run Number Two 

0Cl4 1.00 0.0251 Micro 0.229 81 195 0.0551 
2.00 0.0337 0.404 " 262 0.0496 
2.30 0.0358 0.485 " 279 0.0529 
3.70 0.0445 0.763 " 34? 0.053? 
4.55 0.0488 0.851 " 380 0.0500 
5.45 0.0532 CC14 1.02 " 415 0.0503 
7.30 0.0610 1.36 " 

4175 0.0509 
10.40 0.0723 1.90 " 583 0.050? 
14.60 0.0856 2.54 " 66? 0.0482 
20.70 0.1005 3.35 " 785 0.0461 
27.00 0.1145 4.O " 895 0.0468 

Hg 1.62 0.12? 5.54 " 9?0 0.0479 
2.45 0.155 8.10 " 1208 0.0469 
¿.22 0.178 10.3? " 1385 0.0458 
4.40 0.208 13.75 " 1620 0.0443 
b.80 0.239 18.05 " 1860 0.0440 
6.70 0.257 20.70 " 2000 0.0438 
6.40 0.28? Hg 1.21 2240 O.045 
12.90 0.356 1.81 " 2770 0.0422 
17.50 0.414 2.42 3230 O.O430 
22.00 0.464 3.05 3810 0.0420 
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EXRERDENTAL AND CILCtTLA TED PRESSURE DATA FOR 
MODIFIED ANNULI OVER 40" TEST SECTION 

TABLE V 

1.000" washers - 1.003" Spaolngs 

(1) (2) (3) (4) (5) (6) (9) (8) 

1/2 
Flow Orifice Flow Frict 
Rate Ditfer- Rate J)rop Frict 
Mano- ential Mano- Drop Temp NR. 
meter (cm) min (mL L??.! - _____ 

Run Nwibor One 

ecl4 2.20 0.329 COl4 4.3'? 52 2550 0.0625 
1.75 0.296 3.65 2o10 0.0637 
.12 0.386 6.01 2990 0.0622 

4.55 0.459 8.16 3560 0.0601 
'7.20 0.565 11,75 4)80 0.O7O 
8.70 0.619 13.74 4800 0.O$5 
12.30 0.730 19.13 5660 0.0550 
15.10 0.806 23.05 62b0 0.0550 
10.15 0.667 15.55 5170 0.0541 
28.25 1.089 Hg 2.00 6920 0.0554 
23.75 1.002 1.71 7770 0.0556 

Hg 1.60 1.190 2.41 9220 0.0560 
1.80 1.280 2.80 9750 0.0573 
2.22 1.394 3.45 10800 0.0580 
2.50 1.490 3.95 11550 0.0530 
3.00 1.630 4.6'? 12620 0.0573 
3.55 1.778 5.60 13770 0.0580 

Run Nwabr Two 

Hg 1.75 0.132 0Cl4 0.84 60 1160 0.0745 
240 0.154 1.03 " 1350 0.0680 
3.25 0.179 1.40 " 1570 0.0675 
3.75 0.192 1.54 " 1685 0.0645 
4.20 0.203 1.69 " 1780 0.0635 
5.3O 0.228 2.10 " 2000 0.0D24 
7.20 0.266 2.76 " 2340 0.0b02 
8.25 0.285 3.17 " 2510 0.0601 
10.80 0.326 3.37 " 2860 0.0562 
14.50 0.378 o.02 3320 0.0542 
18.90 0.430 6.33 " 3770 0.0529 
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TnBLE vi 

1.255" Washers - 0.260" SpacIngs 

(1) 
(2) 

(3) (4) (5) (6) (7) (8) 

Run Nwnber One 

Gel4 1.15 0.248 Hg 0.5? 52 1680 0.0370 
2.65 0.359 1.03 2430 0.0320 
3.60 0.410 1.4 2780 0.0318 
4.90 0.475 1.72 3220 0.0305 
b.45 0.538 2.12 3640 0.0293 
8,90 0.25 2.71 4230 0.0277 

1.4.40 0.789 4.14 5340 0.0267 
114O 0.705 3,38 4770 0.0271 
13.10 0.753 3.82 5100 0.0288 
14.40 O.?8 4.06 5340 0.0261 
16.60 0.845 4.62. 5720 0.0258 
18.95 0.900 5.14 1OO 0.O53 
21.3b 0.952 5.70 b450 0.0252 

Hg 1.05 0,9b5 5.78 bb4O 0.0247 
136 1.095 7.33 7420 0.0243 
1.86 1.286 9.94 8700 0.0239 
2.30 1.435 11.91 9720 0.0231 
2.60 1.520 13.55 10300 0.0234 

Run Number Two 

ecl4 8.30 0.0568 CC14 0.95 61 443 0.0555 
10.50 0.0726 1.39 " 588 0.049'? 
11.00 0,0742 1.44 580 0.0492 
15.60 0.0877 1.90 " 885 0.0466 
21.10 0.1016 2.40 " 792 0.0438 

Hg 1.30 0.114 3.29 " 690 0.0478 
2.50 0.157 5.4? " 1220 0.0418 
4.85 0.218 932 " 1700 0.0370 
b.65 0.256 12.26 " 2000 0.0353 
8.55 0.290 15.10 " 2260 0.0338 

10.70 0.324 18.25 " 2530 0.0328 
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RThUNTàL ND CJLCULAThD DATA 
FOR ¶IU ORIFICE CALIBRATION 

xvi- 

25/32" Orifice 

(1) (2) (3) (4) (5) (6) (7) 

i Mano- 
meter Voiwne 
Differ- Square Water Rate of 

Mano- ontial Root of Temp Time Collected Fow 
meter jomì Col. (21 (!J jiinseoj (lbs) ft Jrath 

Hg 1.85 1.36 52 1:00 80.5 1.29 
1.41 1.19 1OO 70.25 1.lZb 
3.10 1.76 1.00 106.5 1.71 
2.30 1.52 1:00 9.O 1.428 
5.70 2.39 1:00 140.5 2.25 
3.80 1.95 1:00 114.7 1.84 

10.45 3.24 :60 158.0 3.04 
1 Ç) t 

Ç_J e 
rz 1 
t) J 

i .f_u.\ 
.t . i j 

Ç,r L 
ç. 

7 

8.15 2.86 .58 181.5 2.67 
17.2 4.15 1.00 246.0 
8.75 2.60 1:00 152.5 2.45 

14.9 3.86 1:00 226.5 3,63 

0014 30.3 5.51 52 2:00 144.0 1.116 
24.8 4.99 2:00 130.0 1.042 
19.1 4.37 :OO 113.5 0.910 
13.0 3.81 2:00 94.5 0.780 
7.9 2,81 3.00 110.5 0.576 
5.3 ¿.30 3.00 91.0 0.486 
3.45 1.86 3.00 74.5 0.400 
30.7 5.oS 1.00 71.0 1.13? 
23.7 4.87 1.30 93.5 0.999 
E0.5 4.53 2.00 112.0 0.897 
18.7 4.33 2:00 112.0 0.897 
13.8 3.72 2:00 96.5 0.773 
8.2 2,86 2:10 82.0 0.602 
8.0 2.63 3.00 111.0 0.593 
5.5 2.35 3:00 95.5 0.510 
4.0 2.00 3:00 81.5 0.435 
2.0 1.bl 3.00 65.5 0.350 
1.7 1.30 3:00 55.5 0.296 
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FIG. 15 25/32" ORIFICE CALIBRATION 
H20 OVER Hg MANOMETER 
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H20 OVER CCI4 MANOMETER 
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FIG.17 1/4 " ORIFICE CALIBRATION 
H20 OVER Hg MANOMETER 
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