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APPENDIX K

Table of Nomenclature

Velocity Distribution Exponent in Eq,
v/vmax. = (1-r/R)4.

Area in square feet,

Temperature Distribution Exponent in Eq,

Specific heat &f fluid at constant pressure,
Differential Prefizx,

Inside pipe diameter in any
convenient unit.

Inside pire diameter in inches.

Fanning Friction Factor (no units)
Surface friction between Fluid and Wall
32,2 ft. per sec. per sec.

film coefficient of heat transfer, pipe
to water, B.t.u. per hour per foote

per ° F., based on arithmetic mean

temperature drop across water film,

Differential head and pressure drop,

. expressed 1in feet of fluid,

]

thermal conductivity, B.t.u. per hour
per square foot per ° F. per foot
thickness.

Friction Length of straight pipe in feet.
Prandtl's mixing Length.

velocity distribution exponent in Eq.

-Y_-s B.-'(r/R)z]ln.
Vmax. ‘

veloclty distribution exponent in Eq.
)

- ﬁ._ (r/R)l.25-]m'

v
max,

Absolute Pressure 1in lbs. per square feet.

Differential Pressure and Pressure Drop.



Q@ = Quantity of heat transferred in B.t.u.
Q' = Rate of flow of Fluid in ft.3/sec.

r = variable radius or distance from axis of Pipe.
R = 1Inside pipe radius.

r/R= Fraction of radius of Pipe.

S = Specific gravity of fluld at temperature in question.
t = Variable temperature at distance r from pipe
axis in ° C.
tq = Axial temperature 1in ° C.
te = Average downstream exit temperature in ° C.

teg = Average fllm temperature or effective film
temperature in ° C,

t3 = Average upstream inlet temperature in ° C,

ty = Mixing cup temperature in ° C. (obtained through
- graphical integration).

tw = Inside wall temperature of pipe in ° C. (Calculated).
to.w, Outside wall temperature of pipe in ° C,.(Measured).

ta Average cross-sectional temperature in ° C.
V€« (obtained through graphical integration.)

At tw-t

—=—mmo- = —-s--- = Fraction of temperature drop,
At ax tw-ta variable with r.

U = Average velocity in feet per second.

v or V = Variable velocity at distance r from
pipe axis.

Vay = Average velocity in feet per second.
V = Maximum or axial velocity

max,

v = Hatio of average to maximum velocity,

ave./v .
mex or velocity ratilo.

X = Calming Section Length in feet,



pA =

viscosity, centipoises, taken at arithmetic
mean of average cross-sectional temperature
between two sections.

viscosity, Centipoises.

g (Mu)=Absolute viscosity of fluids.

p(Rho)=Fluid density as 1lbs. per ft.®

A(Nu) = Kinematic Viscosity of fluid = p/p

A (Lamba )=4f

6 (Theta)=Time in any convenient unit.

max

Pr, =

D Vav p
------ = Reynolds number in Consistent
n . Units (Dimehsionless)
D Vipax P
T eememne- Maximum Reynolds number.
V)
cu
-=- = Prandlt's number in consistent units
k (Dimensionless)

Pe!

i

Peclet Number = (Re)(Pr)



ABSTRACT

The primary object of this investigation has
been to determine experimentally the velocity and tem-
perature distributions over a pipe cross-section ob-
tained when water is heated or cooled as it is pumped

vertical
through a, copper pine. From the experiments, the
mechanism of non-isothermal flbw of fluids ié explained
and compared with the isothermal case. To make this
comparison vossible, a critical survey of literature
on friction factor nroblem and velocity distribution
measurements was necessary.

By collecting, calculating, and plotting the
available experimental data of reliable nature on thé
friction factbr it is determined that the nGeneral

Index Law Eqguationn

£ =d+BRe.C e (1)
should be used to express the relation between Fanning
friction factor, f, and Reynolds number, Re. The
following table shows the constants in this formula
for the classes of pipes considered:

Kind of Pipe o B c Range of Re.

1. Drawn Brass, etc.  0.00140 0,1252 -0.32 3000-3,000,000
o, Commercial Iron, etc.0.00307 0.1886 -0.38 3000-2,500,000

E%
@)
(3)



The first class of pipe includes all clean
ntechnically smooth" pipes, i.e., those of copper,
brass, lead, and glass. The data for this class is
fitted by the formula within * 5% over the entire
range of Re. The inside diameters of the pipes used
in obtaining the data ranged from 0.107 inches to 4.97
inches. The fluids involved are air, water, steam,
and oils. No trend with varying diameter is found.

The new equation agrees well with that of Lees over
the range of the data represented by Lee's equation.

The second class of pipe comnrises ordinary
clean commercial iron and steel pive. The data is
fitted within % 10% over the entire range of Reynolds
number. The pipe sizes ranged from 0.42 inches to
12 inches and now consistent rend with change of dia-
meter is found. Air, steam, water, and brine have
been used in the tests, thus this equation is recom-
mended to use almost for any fluid. This equation
checks very well with that orovosed by Wilson, McAdams,
and Seltzer in 1922, but it is in disagreement with

raltased
that of VcAdams and Sherwood for air and stedm,in 1926,

The mechanism of the isothermal flow of fluids
in pipes may be explained briefly as follows by con-
sidering the above proposed ecuations. At low Reynolds
number in the turbulent flow region, the laminar film

at the boundary controls or counts mostly for the

friction which, of course, decreases proportionally as



velocity increases since an increase of velocity will re-
duce the film thickness, while at very high Reynolds
number, the pipe wall roughness controls or counts
mostly for the friction; thus an increase of velocity
will only reduce the friction slightly. It is obvious
from Eq. (2) and (3) that as Reynolds number approaches
infinity, the friction factor is equivalent to a con-
stant which might be considered is purely due to inter-
nal nipe wall roughness, thus this factor for iron and
steel pipes is found to be more than twice as big as
thet found for copper and brass. This consideration
predicts that for non-isothermal case the film temper-
ature, instead of the average temperature should be
used in calculating the Reynolds number to obtain the

friction factor value.

From a study of the isothermal velocity dis-

tribution problem in literature, it is recommended the

following equation be used

a a
= a - =@ Ty

for the velocity distribution in pipes, where V =
velocity at the point at the variable radius, r, in

the pipej V .. = axial velocity; R = Inside radius of

pipe;¥ = R-r = distance from pipe wall. Using Levy's

method, a semi-theoretical relation is derived between

the exponent m"ar in Eq. (4) and General Index Law



equation for friction factor as follows:

a=-1.5% 0.5 /9-8 (ng %ﬁ) ee-.(5)

Therefore, Eq. (5) enables one to calculate the velocity
distribution exponent ra" by substituting in the fric-
tion factor egquation for any kind of pipe. Another
useful relation has been found for the ratio of aver-
age to maximum velocity over a pipe cross-section is
ag follows:

Vave. 2 1 (6)

Vmax.  (&+1)(a%8) T Re. af 7
> - T dRe.

It is.apparent from Equations (2), (3), and (5) that
the velocity distribution exponent m"a" will vary with
Re., decreasing as Re. increases; this relation checks
by all the experimental data found in literature and
checks approximately by the Writer's isothermal velo-
city distribution experiments. Therefore, it is
necessary to modify Prandtl—von Karman's one-seventh
potential law,pronosed in 1921, on velocity distribu-
tion which stateé for turbulent flow the exponent m"an
in Eq. (8) is a constant and equal to 1/7. From Egs.
(2), (3), and (6), one can also see that the velocity

ratio should increase as Reynolds number increases.



The applicability of Eq. (6) is greatly inspired by the
excellent correlation with Stanton and Pannell's data.
After a rather thorough review of literature, the
vexperiments were then carried out. An apparatus was spe-
cially built in the course of investigation. The apvar-
atus consists essentially of a centrifugallpump, a
water reservoir, calming sections over 100 I.D., and
two vertical heat transfer sections of 2" hard drawn
copver pipe which are jacketed by 3-1/2" iron pipes and
either heated by condensing steam or cooling water.
Special pitot tube and thermocouple sets have been de-
signed for velocity and temperature explorations.
Fifty-six isothermal runs of water were first carried
out, and their results check we®y well with what is
recuired by Eq. (5) and (6). On the non-isothermal runs,
mostly heating runs, one pipe was made to run parallel-
currently and the other counter-currently. There is no
aporeciable difference in result of these two groups
of runs. Temperature distribution calculations were

made use of, the following relation, readily derived by

assuning
at av
dr X dr °’
b b
At Byt T I
Atmax. = tw—ta = (1 - ’R“) - (R) v e e (7)

Thirty-8ix non-isothermal velocity distribution runs



’(;‘f‘f/- e 1_7,4 t
and ,temperature distribution runs, including only six

runs during cooling, were obtained.

The experimental result reveals an important
fact that the exponent "br is far from being equal to
the exponent nwan, i.e., temmerature distribution is not
equaléf all to the velocity distribution. The elemen-
~tary form of Reynolds analogy requires that these two
exponents should be equal, assuming that there is si-
milarity'between momentum transfer and heat transfer,
This non-similarity of mechanism of momentum transfer
and heat transfer clarifies the question of applicabil-
ity of Reynolds analogy to liquids, although it has
been found anplicable to gases by J.R. Pannell's ex-
neriments. From the present experiments, it has been
found that the temperature drop through the laminar
film at the wall is estimated to be 80-90% of the tem-
perature difference between temperatures at the wall
and at the center of the pipe, as compared with a
ratio of 40-50% in Pannell's experiments on air. This
phenomenon is what to be expected, since in case of
gases the rapid to and fro motion of their molecules
causes the heat transfer very efficiently, but in case
of 1liquids the transmission of heat, according to
Caldwell, is believed and has been shown exverimentally
to take place not through diffusion'of molecules but
through the actual contact of the molecules themselves.

The film temperature has been used in calculating Reynolds
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number, and the correlation of the non-iscthermel

velocity distribution exponents with the isothermal

Carried out-
ones is,geed. The temperature distribution exponent

nbr has been found to be dependent on the product of
and
Peclet number ¢i a proposed temperature gradient
ratio,‘twall“taXiS
tave. baxis
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MECHANISMS OF ISOTHERMAL AND
NON~ISOTHERMAL FLOW OF

FLUIDS IN PIPES,
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I. INTRODUCTION

The primary object of the work herein described
was to determine eXpefimentally the velocity and tempera-
ture distributions obtained when a liquid is heated or
cooled as it is pumped through‘gzgfgg. Reynolds analogy
suggests the similarity between the transfer of momentum
and heat, but the results obtained by using this analogy

fovnd applicable
in its elemental form are,only in case of gases, not for
liquids. The failure of his analogy in applying to 1li-
quids has often been explained from many different vpoints
of view. However, up to the present tim;ffggﬁ:;tual ex-
verimental work on the simultaneous velocity and tempera-
ture distribution of a liquid has been available, so that
it has been difficult to determine whether, or in what
manner, the assumptions involved in the various deriva-
tions should be changed. It is thus hoped that a deter-
mination of the facts as to the velocity and temperature
distr;butions may lead to & clarification of heat trans-
fer theory. Recently, Eagle and Ferguson, in England,
Keevil, in this Institute, worked independently on the
non-isothermal friction factor during heat transfer.
The first two ﬁorked with water; the second with oils.
The question is still far from solved for fluids in
general. This investigation might throw some light on
the latter problem also.

The easiest way to study the above stated problems



is to compare the non-isothermal velocity distribution
and temperature distribution with the isothermal velodity
distribution. In studying the isothermal flow of fluids
in pipes, the two most obvious measurable factors are
the pressure gradient and the velocity distribution. A
theoretical friction factor equation generally has some
concomitant velocity distribution equation. Considerable
experimental work on turbulent flow friction factor has
been found in literature and numerous graphical correla-
tions and emvirical equations have been proposed, but
few of these have been compared with any extensive part
of the now-available data. Until recently, comparatively
little work on isothermal velocity distribution is found
in literature. Consequently, a critical survey of liter-
ature oﬁi¥;iction factor problem, as‘given in Chapter II,
and on isothermal velocity distribution, as given in
Chapter III, was of primary importance, while the collec-
tion of additional experimental data on isothermal ve-
locity distribution was thought necessary.

The importance of the present investigation is
evident because'of its vast avplications in commercial
flow of fluids and heat transfer work, besides the

theoretical interest ;n the mechanism of flow isother;

mally and during heat transfer.

)



Isothermal Friction Factor of Fluids in Circular Plpes,

A. General Law of Surface Resistance,
B. Hagen-Poiseuille's Law for Leminar Flow.
i General Index Law for Turbulent Flow,

D, New Equation for Friction Factor of Fluids i1n
Smooth Pilpes,

'E, New Equation for Friction Factor of Fluids in
‘ Iron and Steel Pipe.

F, Application of von Karman's New Theory.
Ge Effect of Entrance Conditions on Friction Factor.
H, Effect of Roughness 'of Pipe Walls on Friction Factor,

I, Literature References,



-IT, TIsothermal Friction Factor of Fluids in Circular Pipes,

A, General Law of Surface Resistance,

It 1s a well known fact thet as a fluld moves
over a solid surface there is produced at the béuﬁdary
frictional or shearing stress just as in the case of two
golid surfaces sliding over each other, This is called
the skin friction or surface resistance and this sccounts
for the pressurs drop of flulds in pipe lines. The
differential form of Bernoulli's theorem (1)* may be

written as

In case of liquids, the density may be taken as constant

throughout the system; Thus, integrating Eq. (1),
f T i ( ----------- + ———- ) .olooo(la)*

In case of 1sothermal flow of gases, substituting in the

gas law and integrating,

Py
f: ------ ( ------------ +BT 11’1 _——) u.ua(lb)
2 VB L 2g DPe
The kinetic energy term is often negligible in case of
llquids, but it 1s not negligible in case of gases

+Numerals in brackets refer to literature references st
the end of each chapter,

*Refer to Nomenclature Table et the end of‘ﬁhesis.



especially at high Reynolds Number; thus, in the former

case of Eq. (la) may be simplifies to
. .

B W e PP & 1

+he
which 1s commonly known as,Fanning Equation,

Rayleigh (2)(3) hes sh6Wn from his principle of
dimensional similarity that surface friction depends
eans+¥ on the dlameter of the pipe, and en the welacity, .
density, and kimematlc viscosity of the fluid. He further
stated that this 1s a general law of the resistance of
bodies of geometrically similar shape Irmersed in fluids
moving relative to them, while_flow of flulds 1n
Pipes 1s only a speclal case. If this ié tfue, the
expression for the surface resistance may be written
as,

F/(pV®) = Function of Reynolds No., = (f(Re.) (2)
The frictlion factor, f, is equivalent to 2F/pVe,
Equation (2) then may be written as

£ = 2F/pv2 -—-(f"(Re.) ' sk ¥ B A .(2a)

It has been polnted out by Lees (4) that on the theorétical
side of this problem, whether established by an examination
of the equations of motion of flulds as by Stokes and
Helmholtz or by dimenslonal analysis as by Reyleigh,
shows that cases having the same value of Reynolds number

will give same value of friction factor.



Reynolds (6) has definitely shown that there are
two entirely different types of fluld motion, One 1s called
laminar or viscous flow which is characterized in a straight
pipe, by the straight line motion of the fluid particles
parallel'to the axis, The other 1s called turbulent flow
which 1s characterized by an erratic eddying motion of individual
fluid particles, although the net flow is only in the direction
ibf the axis, The Reynoldg number at which one type of flow
changes to the other is defined as the critical value, From
an extensive study of this critical value by Schiller (6)(7)
(8)(9), it is found that the critical value depends greatly
upon the 1inlet length or calming sectlon and the entrance disturb-
ances, According to him, 2,320 may be taken as the lower
limit of this criterion, A more detailed discussion of this
point will be given later (p.30).

Hsiao (10) recently has derived a genmeral equation,
based upon dimensional analysis, for friection factor in%ermsA
of Reynolds number and an exponent 'n' which is equal to 1
for laminar flow and varies from 1,7 to 2,0 for turbulent flow

depending on the pipe wall roughness, His equation reads:
1-n n-2

1
nel

Thus for viscous region, where n = 1

-1
f = 16 Re, = 16/1{6. 0000(4)
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And for turbulent region, where n = 1,75 for smooth pipes,

£ = 0.0826 R&5C0,2D ceeeneo(B)
He used the general equation (3) to correlate his
experiments on the effect of corrosion on the resistance 4o
the flow of water in metallic pipes.
¢ B, Hagen-Poiseuille's Law for Viscous Flow

In 1839 Hagen (11) first studied the*flow of
ﬁater through brass tubes at different temperatures, and
in 1842 Poiseullle (12) used very small glass capillariles
*%b study the flow of water. They practically reached

the same equation as follows:
C\){_—_K ______ 0....(6)

Later, Wiedemann and Hagsnbach (11) deduced mathematically

the following modified equation

Q:--——--T-- .-o.oo(?)

which is better known as Polseuille's Law, though it
ought to be named as Hagen-Poiseuille'!s Law which name
has been adopted by Prandlt and Tietjens (13).

Hagenbach deduced #g. (7) from a theoretical
derivation of a velocity distribution formula for laminar

flow ‘
P
V= mmmmmmm [(Ra - (r)zj ee..(8)



The volume of liquid passed per unit time is equal to
the volume of a paraboloid, since Eq. (8) is its
profile and is in the form of a parabola, Thus the

volume of the parsboloid will be
.{ R P o 2 '][PR
Q=2';[fl vr dr=2wf === (R =r Jr dr 5 ---==--
0 0

which is identical with Eq. (7). Then the law of surface
resistance for laminar flow can be easily obtained

from Eq. (7) and (la) and definition of friction factor
1£1 in Eq. (2a). Then

-1
f = 16 Re, = 16/Ke, eveees.o(10)

This theoretically derived equation has been found to be
correct by the early investigators on the viscosity
problem and more recently by the experiments of Blasius
(14), Stanton and fannell (15), Mills (16), Clapp and
FitzSimons (17) and Keevil (18). Therefore, the resist=
ance law for viscous flow is proved to be exact and
it has been accepted by the scientific world.v
C. General Index Law for Turbulent Flow.

Heynolds (5), from his experiments on lead pipe,
made a log-log plot‘of his observed values of surface
resistance against velocity. He found two straight
branches; the lower one corresponding to observations
below the critical value of Re., the upper one to
those above the critical, He suggested for the

turbulent region a simple Indez Law

£ = B re? = B Re""2 ceeenl(11)

.. (9



th‘.-t
s

where n varies as the nature of the roughness of surface.
A general Index Law has been suggested by many

authorities on this problem and has been used by them 1in

correlating theirkexperimental results on turbulent flow:

f=d+pRec eeee.a(12)

It is obvious that Eq. (12) reduces to the ifleynolds simple

form if a=0, so it may be said that the latter is only

a special case of the former. A study of the available

data on smooth plpes and commercial pipes sbems that

this equation can be used to represengﬁgurface resistance

law in turbulent region very satisfactorily. The

coefficients 4, ﬁ, and c¢ are constants only for classes

of plipes of the same degree of wall roughness, A rough

pipe would be expected to have coefficlents different from

those for smooth pipe. However, all avallable experimental

data reveal that for any particular type of pipe these

coefficients are constants, - a fact which simplifies

the study of the present problem and gives further support

to the General Index Law, It is to be noticed that

many sets of experimental results have been presented

in other forms, some of which are very compllcated.

These will not be mentioned here, since & comprehensive

reviews ofi these forms have been made by Zason (19)

on alr and gases,and by Gibson (20) and Forchheimer (21)

respeetivedy on water.

e



A brief summary of Index Law equations proposed
by various authors for turbulent flow of flulds in smooth
pipés, with thelr experimental particulars is shown in
Table T, Glass, lead, copper and drawn brass are
considered to belong to the class of "technically smooth"
pipes. It is seen from Table 1 that experimenters
who studied a comparatively small range of Heynolds
number have generally recommended that the friction factor
be expressed by the simple Index Law having A= O,

As the range of reynolds number increases, it is seen
that the general Index Law equation is advocated.
Schiller and Ombeck are exceptions, but it is seen

from Schiller's original paper that beyond Ke. = 28,000
his own data devliates from hls proposed equation, which
is identical with that of Blasius. Indeed, the simple
Index Law requires that friction factor is a linear
functions of Reynolds number on a-log-log plot, which is
found to be not true for a wide range of Re. The simple
Index Law requires that friction factor approaches zero
as Re. approaches infinity, while the general Index

Law states that frictlon factor will approach ©

as a limit as Re. approaches infinity.

D. ©New Equation for Friction Factor of Flulds
in Smooth Pives (for Re. 3,000-3,000,000)

A wids range of data on friction factor in
glass, lead, copper and especlally drawn brass has been
Nne-
collected andacalculated with the object of obtaining

a more accurate general Index Law equation which will

cover the biggest range of Reynolds number possible.

1G



SUMMARY OF GENERAL INDEX LAW

-5 ’ TABLE 1.

A

EQUATIONS FOR TURBULENT FLOW IN

SMOOTH PIPES
c
Equation: f =@ + ,B Re.
Authority and : ' ; Coefficients in Eq. (12)
Reference Fluid Pipe Material Range of Re o B -C
1. Saph and Schoder(z2) . ~
(as calculated by 3,000 to 0 .0791 250
Blasius) (I4) Water drawn brass 100,000 ,
2. H. Blasius (14) Water glass, lead 3,000 to
. 76, 300 0 .0791 « 250
3. H. Ombeck (%3) AT drawn brass 6,590 to 481,500 0 . 0605 .224
4, M, Jakob (24) air,Water drawn brass 3,000 to 70,000 0 .0818 . 5L
5. L. Schiller(§) Water drawn brass 3,000 to 400,000 0 0791 « 250
6. H. Richter (z¥) Water drewn copper 4,100 to 72,000 0 .0873 « 267
7. C. Y. Hsiao (10) Water copper ,glacs, 2,690 to 86,200 0] « 0826 « 50
lead~lined _
8. Jakob, Erk. (24)  Air,water drawn brass 86,000 to 462,000 .00179 . .153 +350
9. Stanton,Pannell() .
(as calculated Air, water drawn brass 3,000 to 430,000 . 00180 .153 .350
by Lees) (4)
10. Mises (27) smooth pipe .0024 A5 «500
11. R. Biel (28%) smooth pipe .0024 810 «500
12. R. Hermann (30) Water drawn brass 20,200 to 1,900,000 00135 « 099 « 300
13 R. Hermann (30) Water drawn copper 37,700 to 1,330,000 +00132 «0998 « 300
Author 4,000 to 3,000,000 .00140 \185 .320

o~
-



The available data used for this purpose are all taken
from the original tabulated datg:ggterature, except
Nikuradse's data (32) which are presented only in the’
form of a log-log plot of 4f against Reynolds number.
These were necessarily read from an enlarged photograph
eight tlmes as bilg as the original which enabled the
writer to read the values accurateyto three significant
figures. Ombeck and Nusselt's data ©m compressed
alr in drawn brass pilpes haﬁ@ already been corrected for
change of kinetic energy which is only negligible below
Re., = 10,000 in their work. Stanton and Pannell's
experiments on alr have not been corrected for kinetic

' negligible
energy changes but this 1s,ret—serious- in thelr case
since their runs on air are mostly below Re., = 10,000,
In so far as 1s known, all data having an inlet length
below 40D, or of an unreliable character for other
reasons are excluded, As a result of these considerations,
17 groups of reliable data having calming length of
more than 40D, consisting of 1339 tests, have been
recalculated and are plotted in Figure I using 4f as
ordinate and Re., as abscissa, the adoption of 4f 1nstead
of f as ordinate 1s merely for convenience since all
data in German literature are expressed in this way.
Table II summarizes the particulars of these 17 groups
of experiments having range of diameter, kind of pipe,

range of Heynolds number, and inlet length in terms of

diameters of the pipe tested all 1indicated.



II

TABLE

SUMMARY OF PREVIOUS EXPERIMENTS ON FRICTION FACTOR IN SMOOTH PIPES.

. Pipe Range No.
Fluida Ma- I.D. of of Inlet
Authority and Reference Used terial Pipe in In. Re Tests Length Remarks
1. H.Smith,Jr. (33) Water Glass 0.746 0.917 7,450-34,200 9 Excluding 4 runs on
0.502" pipe, which is
quoted as unreliable by
author.
2. Saph and Schoden®(as Water Drawn 16 Pipe vary-3, 000—100 000 39 These 39 tests are cho-
calculated by BlasiusXH} Brass ing from sen as representative
0.107-2.09 of about 300 actual run
3. H. Blasius (14) Water Lead 0.190 1,450-23%,600 68 9%.2D 45 runs on lead pipe wik
inlet length of 20.7D
. are excluded.
H. Blasius (14) Water Glass  0.3%9 4,470-76,300 75 51.7D Glass pipes not having
uniform cross-sections.
4, H. Ombeck (23) Air Drawn o 79 1. 176 6 592-481 496 145
. Brass é
5. W.Nusselt (as calcu- Air Drawn 0.866 6,208-151,700 10 W. Nusselt's data were
: lated by Ombeck) (z23) Brass also calculated by
Blasius; results are no™
, , much different.
6. Stanton and Pannell(!¥) Air Drawn 0,142, 0.281, 1012-430,000 308 90-140D Only 7 runs were done o
and Water Brass 0.494 1. 255, 4L.97" pipe.
k.97
7. J.R. Freeman (16) Water Drawn 2.108, 3.067, 11,420-908,000 59 3" pipe is said to be
Brass 4.000 slightly rougher than
| either 2" or 4r pipe,
& H.F. Mills (/6) Water Drawn  O.54 2,580-12,680 20
: Brass

ok



Pipe Range No.
Fluid MNa- I.D. of of of Inlet
futhority and Reference Used terial Pipe in In. Re Tests Length Remarks
) Jakob and Erk (26)  Water Drawn 0,54 86,330-461,620 40  L40-51D
Brass
0. R. Hermann (3¢) Water Drawn 2.68 20,200-1,898,000 97 169D
Brass
Water Drawn 1.97 37,640-1,328,000 74 29D
Copprer
1. J. Nikuradse (3%) Water Drawn 41,200-3,070,000 94 Greater  Diameter of pipe not
Brass than 55D stated in the“isference
2. C.Y. Hsiao (19) Water Copper, O. 671 0.825 2,690- 86,200 120 75-145D  Only &0 duns are’ cho-
&8 lead § sen from 359 runs on
lined gal- 0.825" copver pipe.
vanized
wrought iron n
. one
3. C.Y. Hsiao (19) Water Glass 0.330,0.350 4,800- 36,710 63 91-137D Glass pipes \ati—not
‘having vniform cross-
section; excluding 30 LD
inlet length runs.
4., A.H. Gibson (z0) Water Copper 0'751586998 10,200-101,800 15
1.
5. H. Richter {25) Water Drawn 1.57 4,100~ 72,000 38 43p
Copre r
6. Clapp and Fitzsimons(7)Water Copper 0,494 2,660~ 36,600 45 100D Range o
, an
7. Clapp and Fitzsimons(7)0il Copper O.4o4 1,087-6,740 20 100D ATemp. of oil varied

from 30-98°C,

e
™
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1.597!
D = 0.33, 0.35'"!

ILined D = 0.671, 0.825,
D = 0,751,0.998,1.50""

Galvanized Wrought Iron Pipes

Water in Copper and Lead
Water in Glass Pipes
Water in Copper Pipe

3 (. Y. Hslao:

142,0,281,0.494,
255

Air and Water in Drawn D =0,
1

© Stanton and Pannell

D = 0.746,0.917'!
D =0.107-2,09"!

Water in Glass Pipes

Water in Drawn Brass

3
.

ph and Schoder

Sa

+ Hamilton Smith, Jr.
o

-0.32

4f =0.00559+ 0. Soi Re.
( 1339 points shown in this plot )

FRICTION FACTOR IN SMOOTH PIPES

Proposed Equation:

D=1,57""
D = 0,494"!
D = 0.494''

Water in Drawn Copper Pipe

H, Richter:
® Clapp and FitzSimons: Water in Copper Pipe

¥ Clapp and FitzSimons: 0il in Copper Pipe

A ¢, Y. Hsiao:
B A, H. Gibson:

.

5.?3"

4,977
'' (Brass
] '(COPP“ 7

»
5,2,76,

11,3.07,4,00"?

Brass Pipes
Water in Drawn Brass Pipes
Water in Drawn Brass Pipe
Water in Drawn Brass Pipes

Water in Drawn Brass and

€ J. R, Freeman
¢ H. F. Mills:
+ Jakob and Erk:
8@ R. Hermann:

176,1.576,2.041 "

( 16 Pipes )
D =0.190-0,389°"!
D = 0.866

D=0.79, 1,

Pipes

Glass Pipes
Brass Pipes
Brass Pipe

Water in Lead and

Blasius)

Air in Drawn
Air in Drawn

Ombeck
Fusselt

as quoted by
Blasius
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A new equation in the form of general Index Law
has been obtained by #pplying the method of averages
to the 26 pointsj&hoseh a3 to represent the densest
place 1n the band of points on Fig, 1 at these values
of the abscissae indicated in Table IIT, The equation

is
0.5009
4f = 0.00559 + —ce-ce-a ceeeees(13)
. 0,32
Re.
or
-0.32
f = 0.00140 + 0,125 Re. creeces(l3s)

The accuracy of the proposed equation and its
applicability to a very wide range of Reynolds number
~are shown in Figure 2 and Table III, It 1s important
to nofe that this equation covers a range of Reynolds
number from 3,000 to 3,000,000 and fits all available
data withint 54. The new equation checks excellently
with Lees Bquation within the range of Re. of Stanton

(see Fig.22) ,
and Pannell, It may be further pointed out that it
is justified to classify copper, brass, glass, and
lead together as smooth surfaces, that 1s to say they
are hydraulically of the same degree of roughness.
Although excépt for 20 runs by Clapp and FitzSimons (17)
on oil, only aiY and water hawe been used in determining
the equation, it is believed, however, from the
principle of dimensional similarity that the new
equation should be applicable to any kind of fluid.
It might be mentlioned here that Gib®oms (47) has made

a serles of tests on brine solutions in copper pipes



TABLE 3

NEW_EQUATION FOR ISOTHERMAL FRICTION FACTOR
TN SMOOTH PIPE

Re uf 4f 0.95(4f) 1l.0794f)
(read from (cale. from Eq)
(figure) i
, 000 0.0435 0.04423 0.0420 0. 0464
, 000 0.0409 0.04083 0.0388 0.04
5,000 0.0386 0.03845 0.03655  0.040
6,000 0.0368 0.03655 0.0347 0.0384
8,000 0.0341 0.03382 0.03215 0.0355
10,000 0.0322 0.03188 0.0303 0.0335
15,000 0.0289 0.02868 0.0272 0.0301
20,000 - 0.0268 0.02665 0.0253 0.0280
zg,ooo 0.0241 0.02409 0.022 0.0253%
,000 0.0223 0.02246 0.021 0.023%6
50,000 0.0212 0.02130 0.0202 0.0224
60,000 0.0203 0.02041 0.0194 0.0214
80,000 0. 0190 0.01910 0.01814 0.02005
100, 000 0.0181 0.0181 0.01727 0.01908
150,000 0.0166 0.0166 0.01~8 0.01750
200, 000 0.0157 0.01567 0.0149 0.01625
250,000 0.01 0.01437 0.01422 0.0157
00, 000 0.014 0.01444 0.01372 0.01518&
00,000 0.0137 0.01366 0.01298 0.01434
500,000 0.0132 0.01311 0.01247 0.01378
600,000 0.0127 0.01268 0.01205 0.01331
800, 000 0.0121 0.01206 0.01146 0.01267
1,000,000 0.0117 0.01161 0.01103 0.01220
1,500,000 0.01095 0.01088 0.01033 0.01142
2,000,000 0.010 0.01041 0.0098 0.01094
3,000,000 0.0995 0.00983 0.0093 0.01031

bt = 0,00559 + 222002

Proposed Equation?
Po q ReCs 32

or £ = 0.00140 + Q21252
o 0432
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and found that the resistance law holds for water as
well as for the brine solution &f the differerce of
density of these solutions are taken care of in the
calculation. His data on brine is not available in his
original paper, hence they are not incluiled in Figure
I. 8Six groups of calculated results of friction data
from previous workers are tabulated in Appendix A,
because they have not been calculated in terms of
f and Re. by previous workers themselves. The data of
other groups may be easily found from their original
references,

E. New Equation for Friction Factor of Fluids

in ‘ron and Steel Pipes (for fe. = 3,000

to 2,500,000, )

The friction factor problem of flulds in
1ron and steel pipe is very much complicated by the
corrosion effect. This effect is negligible when dry
air, oll, or similar non-corrosive fluid is used but
it 1s important ﬁhen water, steam or brine solution
is used as a fluid. The recent work of Fair, Whipple
and Hgiao (61) (also see Hsiao's thesis (10)) has
revealed the hydraulic service characteristics of small
metallic pipes hﬂ&inﬁ Cambridge water. It 1is found
that the effect of corrosion will cause an increase
of pipe wall roughness as well as reduction of diameter
for commercial wrought iron and steel pipes. For a
zZ/4" iron or steel pipe, there 1s a reduction of
diasmeter to one third of the'original after passing

3,000 cu.ft. of hot water., 'Of course, the effect of



corrosion will be more pronounced at higher temperature,

and also for smaller pipés due to the accompaqydaj

reduction of diameter. = Besides the corrosion effect,

temﬁerature effect, calming lengtn effect, and in

cases of gases, kinetic energy change effect should

be always considered. In hydraulics one often neglects

the temperature effect. This 1s not Jjustified,

since the water temperature may often change from

35° F, in winter to 75° F. in summer, corresponding to

a change of kinematic viscosity of 1.82x10°° to 0.99x10‘5.(f*,zeq}
With all these variables affecting the

friction factor, one might expect to find very divergent

data in literature. However, by limlting oneself to

new and clean ifon and steel pipes including plain

cast 1lron or wrought lron without any coating whatsoever,

to tests in which the experimental temperaﬁure is

definitely known, and to those conducted with a reasonable

calming length it has been possible to assemble 16

groups of rellable data from literature consisting of

967 tests, using either air, steam, water, or brine

as a fluid. A plot of friction factor versus Reynolds

number on a log-log plot reveals a relation like that

in the case of smooth pipes as shown in Figure 3.

This relation can be expressed in the General Index

Law form as
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Table 4 Summary of Previous Experiments on Friction Factor
in Iron and Steel Pipes
Referencr Pipe Range No. .
Authority and Symbei—in Fluid Ma— I.D. in of of Calming Length
e, Used terial Inches Re. Tests and Remarks
1. c H. Lander (59) Water Mild Steel 0.421, 1.30 4,560 5%,100 15 171D, 55.5
n Steam Mild Steel O. 421 0. 75 17, ﬁOO 523,000 61 171D, 96D 55 5D
2. H. Ombeck (z3) Air Drawn Wrought 0.785 13,510 106,000 16 Discarding 2% runs of
Iron much less friction.
3. Fritzsche (23) Air Wrought Iron 1.533 8,155 154,276 © L1 Discarding 42 runs in
corroded pipe.
polished
4, H. Darcy (16) Water NewaCast ITon 5.395 17,900 565,000 10 This is the smoothest
, of his four test pipes.
5. H. Smith, Jr.(33) Water New Wrought 0.628, 1.052 4,610 40,600 20
Iron
6. J.B. Francis [(I6) Water New Wrought 0.£01, 1.033%, 9,110 117,000 57 As quoted by H.F. Millsy
Iron 1.531, 2.03
7. J.R. Freeman (/6) Water New Wrought O. 622 0. Slg Discarding 13 runs.
1.0 1 1.387 in 0,36" pipe having
2.093, 2.503, 1,270 863,000 162 higher friction as
3.115, 4,12 quoted by H.F. NMills.
5 122, 6.14L4,
050 _
8. E.W. Schoder (51) Water Wpought Iron  6.075 76,300 U443 500 32 40 —76D -
9. C. Eberle (52) Steam Wrought Iron 2.73 150,000 687,000 13 164D w0
0. Stockalper (z3) Air  Taded and Cast 5.91,7.88 235,530 557,560 5 As quoted by H.Ombeok.

Iron



Keferen Pine Range No.
Authority and i Fluid Ma- I.D. in of of Calming Length
Eig. Used terial Inches Re. Tests and Remarks
1l. Gould and Levy (5¥3) Brine New Wrought 1.38 1,300 50,900 111 About 130D.
Sol. Iron
12. Kratz, Macintire Brine New Wrought 2.08 2,280 93,600 52 About &7D.
and Gould (%4) Sol. Iron
13. F.W. Greve, Jr.(s%) Water -Black water, 1.608 4,840 227,000 4o 151.5D
Pipe
14. Corp and Ruble (54) Water Wrought Iron 11.99 96,500 1,116,000 58 4L0OD; Discarding expts.
or Steel Gas : on 7 other pipes
and Water which temp. is not
Pipe. definitely known.
15. Corp and Hartwell(s7) Water Wrought Iron 0,981, 1.0Ll,
or Steel 1,062, 2,05, 15,180 861,000 251 4OD; Temp. ofmvater
Water Pipe 2.09, 2,10, definitely known.
4,025, 4,03,
4,02, 6.11
16. F. Carnegie (%) Steam Solid-drawn, 1.98, 6.0,
hot rolled 8.0 131,200 2,48%,000 21 Superheated Steam.
and ordinary
steel pipe.
Total 967 Tests

N
o
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4f = 0.01227 + 0.75L43 Re.~0+38 v (1h)

or
0.00307 + 0.1826 Re.” 0" 3% ver.. . (1ka)

Hh
il

All the test data available to the authnr at present

are found to fit the equation within a deviation of

+ 10% as shown in Figure 4. This equation is recommended
to be used for new commercial iron and steel pipes of
1/2 to 12 inches in diameter having Reynolds number vary-
ing from 3,000 to 2,500,000. This egquation checks very
well with that proposed by Wilson, McAdams and Seltzer
(58), in 1922 (See Figure 24). It is in disagreement
with that of McAdams and Sherwood published in 1926 (59).
A tabulation of test specifications, calculated values

of friction factor for different Reynolds numbers and a
comparison with other proposed empirical equations will
be found in Tables 4, 5, 6, respectively. (also see
Figure 2a). It must be pointed out here that the former
workers did not succeed in collecting such a wide range
of data which were available in literature but used
Fanning's Tables or Smith's Tables instead, especially
for the high Reynolds number range. Ten groups of cal~
culated results of friction data from previous workers
who have not given the results as friction factor and

Reynolds number are tabulated in Appendix B.
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Among the adopted 16 groups of data
on friction factor, Eberle's group was the only set
of experiments which was tested including 2 to 3
90° elbows in the test section, others all had straight
test sections. ZEberle!s experiment is purposely includ-
ed here, because of its high range of Reynolds number
using steam as a fluid medium. Stockalper!s experiment
| was found to have not sufficiently accurate pressure
measurement, however, it is included here because of
it classical interest. Carpenter and Sickles! experi-
ment on steam (66) has been exeluded, for their test
pipes are not new but have been in service for quite a
1dng time. Hussey and Wattles (67) experimental data
were taken at 3—1/2 pipe diameter after a 90° elbowy
the insufficient calming length of their experiments
is apparent.

The effect of pipe diameter on the fric-
tion factor is illustrated by several sets of experi-
mental data in Figure U4A. There are indications that
small size pipes, say below 1%, have high values of
friction factor while large size pipes have low values
at same Reynolds number. However, for large size pipes,
the effect of dismeter on friction factor is less pro-
nounced, for example, in Figure YA, there is practically

no difference in friction factor between Freeman's data



on 4" and &" wrought iron pipes, and Carnegie's ex—
Periment on steam shows that the friction factor for
his 6" steel pipe is higher than that for his 2" steel
pPipe. Usually, drawn steel or iron tubes have less
friction due to their polished surfaces. Further con-
clusion on this question cannot yet be drawn until
more experimental data on different sizes of same kind
of pipe are secured.

The decrease of the slope of the friction
factor curve to a considerable degree at high Reynolds
number for both smooth gnd iron and steel‘pipes may be
explained as follows. Below Re. = 100,000 the film at
the boundary of the pipe controls or counts for the
friction which of course decreases proportionally as
velocity increases since an increase of velocity will
decrease the film thickness, while above that number
the pipe wall roughness controls or counts for the fric-
tion mostly thus an increase of velocity'will not de-
crease the friction as much as before. It is also ob-
vious from the empirical equation that as Re. approaches
infinity there is still a definite value of friction
factor which wmight be said is due'purely to wall rough-
ness. In other words, one might visualize the mechan-
ism better if one considers the constant o in the Gen-
eral Index Law as friction due to pipe wall roughness

and the remainder or the entire second term as friction due

to that laminar film at the wall which is a function of

Revnolds number.
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Table 5§ Proposed Equation of Isothermal Friction Factor for New
IrondSteel Pipes.

(Range of Diameter 1/2" to 12n)

Equation: A= 4f = 0.01227 + 0.7543 R0 38

Lp Lf
(Calculated from Eg.) 0.9 (4f 1.1 (Lf {Calculated from Wilson,
Re Use Log Table. = -10% = +10% McAdams and Seltzer's Eq.)
000 0.04827 0.0435 0.0531 0.0498
> 000 sl 401 90
5,000 4192 377 461 .0l255
6,000 3992 35 k39
8,000 3707 33 408 .0376
10,000 3505 315 386 .03525
15,000 3180 286 350
20,000 2978 268 328 .02996
0,000 - 2728 246 300
0,000 2EZ3 231 283
50,000 263 222 271 .02479
60,000 2330 214 262
80,000 2261 203 2l9 .0228
100,000 2177 196 239 .02202
150,000 2041 184 225
200, 000 1957 176 215 .02002
250,000 1898 171 20
380’000 1853 167 20
0,000 1788 161 197
s 167 A o
| e i e
, 000,00 1623 1 179 .01702
é,BOO,OOO 1566 141 172 .01254 .
o el 2 4 o=
%42 0010003 Elu 13 21 o5§ 21603

* Parentheses indicate range of Reynolds number without enough experimental proof



Table 6 Summary of General Index Law Equations for Turbulent
Flow in Iron and Steel Pipes.

f=d+FRe.+c

Authority & Reference  Fluids

Pipe Material

Range of Test or
Source of Data

1. C.H. Lander (59)  Water and Steam

2. Wilson, McAdams 0il, Water, Steam
and Seltzer (s5%)

3. W.H. McAdams and Air and Steam
T.K. Sherwood (39)

4. M.D. Aisenstein(4o) Water

5. Author Air, Steam, Water,
and Brine Solu-
tions.

Mild Steel
Steam Pipe

Commercial Iron
and Steel

Iron and Steel

Commercial
Smooth Pipes

New clean Iron
and Steel Pives

Re.

Re.

Re.

Re.

]

560 to
%, 000

3,000 to
1,500,000

n
6

11,600 to
3,865,000

3,000 to

2,500,000

Coefficients
: -C
0.0040 0.282  0.l40
0.0035 0.264 0.42k4
0.0054 46,4 1.000
0 0.167 0.170
0.00307 0.1886 0.380
X
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F. -Application of von Karman's New Theory
Before stating von Karman's new theory of resistance
law, 1t is necesséry to conslder Prand(f)'s theory of
turbulence (Si')j’z?ased upon which von Karman's new theory (]93s)
is derived. In laminar flow, it 1is always assumed that
the shearing stress F may be expressed as follows: A

F =y (dv/dy) = pv (dv/dy) ceeee.o(14)
where v 1s the veloclty component relative to rectangular
axis X, In turbulent flow, a similar relation has been
assumed possible by Prandﬂ§4 thus giving

F = p L? (dv/ay)® eeeeea(15)

If we let 4' = L2 (dv/dy), then |

‘F = p A4 (dv/dy) ceeees(lBa)
Prandlt calls L', "Mischungsweg® or mixing length which
is fhe distance through which a particle of fluid 1is
displaced from one layer to another and 1s somewhat
analogous to the 1dea of mean free path 1in the kinetic
theory. Defining #' as the [{apparent kinematic
viscosityl or 'effective kinematic viscosity'! in turbulent
flow, we notlce the similarity between Equations (14)
and (15a)., But #', unlike the ordinary kinematic
viscosity ¥, which is a constant at a definite temperature,
will vary froézé;;2;333$ layers 1n the fluld and will

also be a function of velocity,
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I, 19309,

Kegently; ,von Karman (35) based upon his revised
equation for veloecity distribution between parallel walls
and his definition of Prandfly's mixing length, L',
he suceeded 1n deriving a new resistance law which 1is
quite different from the simple index law or the general
index law, For a detalled disc's slon, one must refer
to his original paper (35) or in English to J.W.Maccoll's
review (37), For symmetrical flow in circular pipes,
his revised veloclty distribution equation may be

written as follows:

1 ’ |
V= Viax, +1-: ,/F/p [Log (1 - Jr/R) +,/r7R] ees.(17)

where k 1s sald to be a universal constant, and his

definition qf mixing length L' is,

2xR Jr/R (1 - Jr/R) ee.s.(18)

Thus, the caleculation yields,

]

Lt

1 F/,
Voax, = }-; ./F/p (Log ---;-- + K) eee..(19)

where K 1s another constant independent of k.
By the definition of f and Re., a new resistance

law 1s derived

A/ Jf = log (Re.JT) + B e....(20)
or expreésing in term of 4f,

A'/ Jif = Log (Re.J4f) + B! ' ee...(2D)
It must be mentioned here that in von Karmen's original
equation for resistance law the maximum velocity is used

as a reference quantity instead of average velocity, thus

in applying his original equation some accurate method
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must be used to obtaln the maximum velocity from the
average veloclty - Unfortunately, the ratio Vav/vmax
is known to a less order of precision than is the
friction factor, hence it is impossible to apply his
theoretical equétion as‘it stands,

‘As a matter of interest, equation (20) or
(20a) may be interpreted in terms of the usual Reynolds
number and friction factor, though such interpresation
is without theoretical basis, The representative
values of friction factors read from Fig. I are again
used to determine the constants in von Karman's new
resistance law by the method of averages. The detalls
of determining the constants are shown in Table 7,
A plot of 1/ /4f against Re./ 4f on a semi~1ég paper 1is
shown 1in Figure 5 and gives a stralght line relation
which proves the spplicability of von Karman's formula
to actual experimental date 1f interpreted in terms of
the average velocity.iaaeiz %iigfﬁfgpting'to notice
that thils correlation isAmudL~be%ter—than—what'1s shown
in von Kermen's original article - & fact which indicates
a further merit to the new proposed equation based

upon all available data, Substituting the constants

found in Eq. (20a)

0.496
______ = Log Re. J4f - 0.446 .e...(20a)
Jir 10

or we may express thils equation in terms of f

0.2484n; Log 2 Re.J /T - 0.446 ...(20p)

10
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Table 7 Verification of von Karman's New Theory
(-fu Smooth Tipes)
Re Yt 1/ Yk Re V' If Lo . A
(Read from €10 Re
Fig.)

,000 0.0435 4.79 626 2.796
,000 402 4,98 803 2.58&
5,000 379 513 975 2.989
6,000 361 5.26 1,140 3.021

8,000 332 5.48 1,460 3.1
10,000 31 5465 1,772 3,249
15,000 28l 5.93 2,530 2.40%
20,000 263 6.17 ,2 3.512
0,000 237 6.49 ,620 3,665
0,000 222 6.71 5,960 3.756
50,000 211 6.83 7,270 7,862
60,000 202 7.0 8,530 3.93;
80,000 1%9 7.2g 11,000 .0l2
100,000 180 7.4 13,420 U,128
150,000 166 T.75 19,320 L.,o086
200,000 157 8,00 25,060 4.400
250,000 129 &.16 30,600 4,486
Zgo,ooo 145 8,30 6,200 4.559
0,000 137 8.55 6,800 4,670
500,000 132 8.70 57,450 4,759
600,000 127 8.86 67,700 4.820
800,000 121 9.09 88,000 I, ohy
1,000,000 116 9.27 107,700 5,032
1,500,000 10 9.56 156,700 5.195
2,000,000 10 9.80 20k, Loo 5.311
3,000,000 0992 10,04 298, 800 5,476

. Al
von Karman Eqg.: —_ 1
g Varile Llogy, Re./ Uf + B

Using method of Averages: A' = 0.496
i F 3 : .LI' 6 )
Proposed Friction Factor: Q 4? - 1Og10 fe nyE 0.k

Equation based on von Karman's New Theory.
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The biggest disadvantage of the above found equation. is
that for a given Re., friction factor has to be obtained
through trial and error method, However, 1t has the .
particular advantage of calculating velocity of flow

when pressure drop 1s known. (See Figure 5a). For iron
and steel pipes, von Karman relatlon falls to be a straight
line as shown in Figure 5a,

G. Effect of Entrahce Conditions on Friction Factor,

1. On Viscous Flow:

In viscous flow of flulds a parabolic velocity
distribution curve has been theoreticallt derived as glven
in Eq. (8). An excellent review on the effect of entrance
~conditions on friction factor has recently been given by
Prandlt and Tietjens (13). At the entrance of a round inlet,
the velocity distribution 1s in the form of a trapezoid
for laminar flow. As the fluid 1is flowing away from the
inlet, the length of the shorter base of the trapezoild is
diminished gradually, and finally the velocity distribution
1s in the form of a parsbola. This 1nlet length which is
required to build up the normal parabollc velocity
distributlon (better known as calming length) is found by
Béussinesq (68) and Schiller (38) to be a function of pipe
diameter and Reynolds number. As early as 1891,
Boussinesq (68) proposed the followlng equation,

X = 0.065 D Re (21)*

while Schiller's equation proposed in 1922 has a smaller

*Derived for rounded inlet, but on account of negligible
contraction at square edge inlet in viscous region the formula
should be a good approximation in most cases,
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constant
X = 0.0288 D Re : eeeee.(21a)

From Nikuradse experiments as quopjed by Prandlt and Tiet jens
(13), 1t 1s seen that Boussinesq's constant in Eq. (21)
holds good only at high X/D Re, while Schiller's constant
in Eq. (21s) holds good at only low X/D Re. However,
Schiller's equation checks very well with friction factor
measurements. Schiller has.experimentally shown that due to
ingufficient calming length, the friction factor will be
bigger than what is required by Hagen-Polseullle's law,
Therefore, the Ilmportance of sufficient calming length for
friction factor determination should not be overlooked,
2, On Critical Value:

The critical value or the value of the critical

Reynolds number which is the transition point from laminar
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to turbulent flow depends very much on entrance conditionsk<
but slightly on the roughness of the pipe wal{rias

been found by Schiller (6)(9). He illustrated this by
varying the distance of an adjustable plate placed

near the mouth of a pipe which has a round inlst; the
entrance disturbances will be the greatest as the distance
is nearést’to the mouth,. He found that an increase

in the inlet disturbance results in a lowering of the
critical value, approuaching 2,320 as a lower limit, while
the upper limit can be controlled to 12,000, With

a sharp-edged inlet, the critical value was found

to be 2,800. OUn an artificially 1.6 em. roughened pipe
having a spiral thread of 0.4 mm. pitch and 0.3 m.m,
depth, the critical value was found to be still the same.
Upon fixing a rourded inlet to this roughened =ipe,
critical value was found to be as high as 20,000. It

wa = emphatically pointed out by Schiller that some of

the previous investigators who did find still lower
critical value of Reynolds number than 2,320 wasdue to#i.v$eqf
too short an inlet length that led to erroneous results.
For the upper limit, Ekman(39) found by careful
elimination of disturbancesAgke critical value can reach
as high as 40,000, It is thus seen how the critical
value is dependent on the entrance comditions, and

for ordinary sharp-edged inlet of sufficient inlet

length (i.e., X/DRe>» 0.0288), the critical value may

be taken as 2,800, Substituting fte, = 2,800 in Eq. (21),
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inlet length ought to be greater than 80,7 D. Schiller
& Kirsten (63)(64)(65) found that for a given inlet
disturbance, the critical number continuely decreases
with increasing tube length. They found that in one
case where X/D = 1128, Re. = 3,500, Thus, the lower
critical number, 2,320 has not been reached in their
experiments. : It might be explained that as the calming
length is inecreased, inlet disturbances eliminate away
proportionally, but wall roughness might come into
plcture,
3. On Turbulent Flow:

The effect of inlet length or calming section
on the turbulent friction factor is well 1llustrated in
Hermann's recent experiments (30) on water, It seems
that the inlet length requirement is not so serlous as
compared with the viscous flow. About 25 D 1t was found
that the turbulent friction factor will deviate + 4% at
Re. = 830,000, whazh + ot 3% at Re. = 262,000, About
100 D, the friction factor will deviate + 2.5% at Re,
= 830,000 and + 1.7% at Re. = 262,000, About 250D,
it will deviate + 0.9% at Re. = 200,000, The inlet
length effect will be still less important at lower

in forbvlent flow.
fNeynolds numbers, Nikuradeh (32) has shown recently
that at Re. = 900,000, the velocity distribution curves
show no difference at inlet length 100D, 65D, or 40D,
However, it 1s recommended to use as long an 1nlet

length as possible to eliminate any entrance disturbances,

at least 40D,



The effect of form of inlet mouth of the pipe
on the frlction factor has also been worked out by
Hermann(30) in the seme paper. About 50D, for a
rounded inlet the friction factor will be 3.5% higher
than the ordinary sharp-edged inlet, and for a
ring-shaped inlet the factor will be 2% higher. Above

100 D, this effect is less than 1%,

34



H, Effect of Roughness of Pipe Wall on Friction Factor

Stanton (40) in his 1911 paper on The Mechanical
Viscosity of Fluids stated that by artificially roughening
the pipe wall, he was able to make the surfasce friction
or F of two pipes of different dlameter var;ya as the
square of the velocity; that means the friction factor f
in his case will not be a function of Reynolds number,
Recently, an exhaustiw study of the roughness problem
accompanied with their experimental work in rectangular
channels has been undertaken by Hopf (41)(42), Fromm
(43)(44), and Fritsch (45), Their study has covered a
wide field of surfaces varying from smooth-drawn brass,
wood, cement, sheet iron, and artificially roughened
surfaces bf wavySJgaw-like shaped; wirdse the slzes range
from the smallest pipe tested in the 1ab5ratory to
conduit of 18 feet in dlameter. They found that there
are two distinct families of curves on a log-log plot
of friction factor agsinst feynolds number. In
the first, all the curves approximate to horizontal
straight lines, i.e., friction factor varies very little
or does not vary at all with the Reynolds number;
while in the second all the curves are almost parallel
to the experimental curves of Blasius and other workers
on smooth pipes, 1le, the friction factor decreases
as neynolds number increases, The first family
includes very rough iron, rough cement, and saw-shaped

pipe walls. The second family includes wood, sheet-iron,



and wavy-shaped walls, It 1s obvious that the first
family of curves indicate that the friction factor
is independent of Reynolds number thus surface friction

varies with the square of velocity as 1t has been

found by Stanton before, while the second famlly of curves

indicate that the friction factor is still dependent
on fteynolds number, thus follows the general index
law but with different coefficients as compared with
in the case of'fechnically smoothﬁpipes. Attention
must be called here to distingulsh surface frictlon

F from friction factor f, the relation between them

is given in Lg. (2a). Engineers in interpreting
Fanning equation often state that pressure drop or
loss of head in a pipe 1s directly proportional to thé
square of velocity in turbulent flow. This is correct
only for the first family of very rough pipes, while
in other cases in making this statement they assume
that £ is a constant add ignore the effects of
diameter, velocity and kinematic viscosity which

constitute the Reynolds number,

In 211 cases, however,kfriction factor in
rough pipes 1s always greater, sometimes eight times

as blg @s shown by Fritsch (457, shes that ih smooth

ones, therefore, it might be said that the new
equation suggested by the writer serves as the lower
1imit of all the cases, Davies and White (46)
in reviewing the laws of flow of flulds in pipes and

channels have suggested that any ordinary surface
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can be defined completely by two factors, one 1s size
factor and the other 1is shépe factor. But the hard
problem 1is how defiﬁitely to measure these factors.

yoh Mises (27) in generalizing pipes of all kinds
of roughness to a single law by merely adding a
roughness factor to the above stated general index
law suggested the following equation:

C

& + Jeo/R + B Re. ee...(22)

]

f

substituting his recommended coefficients,

£ = 0,0024 +/ /R + 0.424 Re. ven..(228)

where e 1s a roughness coefficlent having a linear
dimension and 1s a constant for any particular pipe.
The values of the roughness coefficlent for different

von
materials are given in Table 8 after, Mises.

© Eq. (22a) suggested by lises isfchﬂxkh, il
dimensional homogenity, and 1s nrecommended by Schiller
(48) to be used for practical purposes.w.Mises!
equation may be called the "modified general index
law", since it 1s different frpm the General Index
Law only b;r;dditional factor, Of course, this modified
form can be only applied to the second femily of pipes,
while the friction factor in any class of plpes of first
family will be a constant. Granting that Eq. (22)
can Ee appligd generally to technically smooth pipes and
rough pipes of the second family, it is obviocus to

see the effect of diameter on the friction factor;
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TABLE 8

von
ROUGHNESS COEFFICIENT e (AFTER MISES)

Material 10° x e in cm. 10° x Y& in Yom.
Glass 0.2 to 0.8 0.45 to 0.9
Drawn brass,lead,copper 0.2 to 1.0 Oul5 to 1.0
Polished cement 7.5 to 15 2.7 to 3.9
Rough cement 20 to 40 4.5 to 6.3
Rubber tubing, smooth 6 to 12 2.4 to 3.5
Rubber tubing, rough 15 to 30 2.7 to h.5
Gas pipes 20 to 50 4,5 to 7
Asphalt lead or cast

iron 30 to 60 5«5 to 7.7
Cast iron - New 100 to 200 10 to 14
Gast iron - used 250 to 500 16 to p2
Riveted tin pipe 200 to 500 14  to 22
Wood « smooth 25 to KO 5 to 7
Wood « polished 50 to 100 7 to 10
Wood — rough 200 to 400 14  to 20
Masonry pipes « smooth 200 +to 400 14  to 20

Masonry pipes ~ rough 2,000 to 4,000 45  to 63
Earth wall 10,000 to 20,000 100 to 140



l.e., at the same Reynolds number the friction factor
of a small pipe will be bigger than that of a large
pipe; in other words, a very smooth tube will already
be hydrodynamically rough in regard to Reynolds number.
Thls effect has been well 1l1lustrated by Wildhagen (49)
in his experiments on compressed air using glass
capillaries. He found that only above.0.5665 m.m. in
diameter, the friction factor in glass capillaries
agrees with Blasius' experiments; while.below that
size the friction factor is greater, the smaller the
slze the greater is the friction factor. The
smallest capillary he used is 0,286 mm. in diameter.
The complicated roughness problem has been
gradually cleared up by the previous workers. It is
believed that the problem might be further cleared
by applylng the modified general index law to all
the avallable data on rough pipes at present and
determining the coefficlients for every class of
roughness, The most difficult problem is that there
is no sound ﬁay of measuring the roughness factor;
so it has to be calculated from actual data for

any individual class of pipe,
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III. REVIEW OF ISOTHERMAL VELOCITY DISTRIBUTION
OF FLUIDS IN CIRCULAR PIPES.

A, Velocity Distribution Formula for Laminar Flow™

In deriving Hagen-Poisseulle's Law, a parabolic
velocity distribution formula has been used. A theore-
tical derivation of this formula was first given bg
Hagenbach(g) in 1860. Hatschek(3) nas givegﬁg:gmg;;i—
vation as follows. Let us consider a vertical 1engfh,
L, of a circular pipe having its radius, R. A differ-
ence of pressure, p, is maintained between the two ends
of this vertical pive, which causes the fluid to flow
through the pipe. We assume fhe flow to bé such that
every varticle of fluid moves parallel to the axis of the
pipe with a constant velocity, v. For reasons of symme-
try, this velocity will be the same for all points lying
on the same circle, so that we may consider the fluid
composed of cylindrical laminae moving with velocities

which are functions of their radii. The force exerted

by pressure p on a cylinder of radius r will be,

Fp:'ﬁ'rzp .....(1)

while the resistance around the surface of the cylinder

caused by the viscosity of fluid, will, according to

(1)

% TFor a detailed discussion, refer to Lamb's book
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Newton's fundamental hypothesis on the motion of liquids,
be given by the product: area X viscosity coefficient

X velocity gradient, i.e.

Fy =272 I/Ldv/dr e....(2)

For steady flow, i.e., v is to remain constant, the
forces acting on the cylinder of fluid in consideration

must be equal and opposite, therefore

p = - 2 y/wdv/dr e .(3)
or
T
dv/dr=--é-—-1-£zz ee...(3a)
By integration we get,
rz
V= - + constant R
i ()

The usual assumption is that the velocity is zero at the
wall, i.e., v=0 for r = R, Then

ve I 4+ B _ D
b bpe "k Lo

This is the equation of a parabola. For the maximum

(8% - 2% ) .. (5)

velocity, Vy,y. i.e., r =0, Eq. (5) becomes

Vmax., = n&%;; R ee...(5a)

Thus,

B =22 e (z/R)° ... (6)

v/VTpnax, = R?

Eq. (6) is a dimensionless velocity distribution formula
’ that it may

for laminar flow which has the advantageAﬁe'be used in

comparing velocity distribution of fluids at different
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velocities as well as for different size of pipes.
In 1924, (4) ’
Regentty, Levy

distribution formula which may be written as follows:

proposed a general velocity

m
ez, = |1 - (z/R)? ] ()
For laminar flow, he stated that m = 1, thus Eq. (7)

reduces to Eq. (6).

Very 1ittle work has been done on the isother-

mal velocity distribution of fluids in laminar flow.

It seems Mprrow's data(B) on water in glass pipes is
the only one available at present. Unfortunately, his
velocity distribution measurements were made at an

inlet length of 30 diameters only, which will lead to

erroneous results (see p. ). £

B. Velocity Distribution Formulae for Turbulent Flow.

Many empirical formulae have been vnroposed
by hydraulic engineers, but each formula seems to be
only applicable to either one set of experiments or
to one kind of pive. An excellent review of these
forms mav be found in Glimbel's article(6) or Forch-
heimer's book on hydraulics(7). In 190k, ohristen®)
found a new formula which can be apvlied to Freeman's
experiment(g) on half inch bragzed brass pipe’as well

as to Bazin's experiment(10, 11) on 31-inch cement

pipe. His formula may be written as

_ﬂ.
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v ='G(R—3:)l/8 ....;(8)

where C is a constant.

In 1911, Stanton(le) @n actually measuring the velocity
distribution of air in both smooth and rough pipes pro-
posed the following equation which is in the form of a

varabola,
v = Vmax’ - A ra .'.‘.(9)

where A is a constant.
1
In 1917, Sasvari( 3) based upon Biel's friction
factor equations(lu) derived an approximate form for

velocity distribution in circular pines. It reads

1/4
V/Vax. = 1.25 [1 - (r/R)“] ....(10)

Prandtl(l5) in 1920 and von Karman(15) in 1921 based

upon Blasius' resistance equation and few assumptions

reached the following equation

V/Vypax., = (1 - :r/R)l/7 el (11)

e xponent
The one-seventh ial has been supported by the ear-

lier experiments of Nikuradse 10 but it is,\g-i-g-p-;e-ved
by Nikuradse himself in his recent experiments(17) that
theigﬁgg;ifai actually decreases as Reynolds number in-
creases. In 1929, Levy(u) oproposed a general formula

which has been given already as Eq. (7),

m
v/Vpax. = [1 - (r/R)z] oo ()
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which
where m is a function of Reynolds numberAaecreases as

Reynolds number increases, varying from 0.318 at

Re. = 2,320 to 0.179 at Re. = 1,000,000. The merit of
Levy's equation is that his equation may be applied
both to turbulent as well as to 1aminér flow. The la-
test equation is proposed by von Karman(lg) in 1930,
reviewed recently by Maccoll(19) in English, based
upon Prandtl's mixing length theory(eo) in turbulent
flow. For isothermal flow in pipes, his equation may

be written as

V= Vaax, + (1/k) JF/P [Log. (L-fE/R)+ [F/R] ...(12)
or, |

v/JF/P = a+ b Log. (r_/{/j_E)k eoeea(13)

This equation is derived originally for flow between

parallel walls.

From a brief review of all the important for-
milae for turbulent flow, it follows that Ejuations (8),
(11), and (7) may be generalized into the following

dimensionless equation

. |
/Ty, = 1 - (r/R)n] (Al

When n = 1, Eq. (1) reduces to Eq. (8) if x = 1/8, and

to Eq. (11) if x = 1/7. When n = 2, Eq. (14) reduces

directly to Eg. (7). Consequently,



Log. (v/vmax.) = x Log. [1 - (r/R)n] .....(1ll-a)‘

Thus, a log-log plot of (v/Vy,, ) against 14(r/R)n’
where n is assumed to be known, ought to give a straight
line having its slope x. This is the method adopted to
test the applicability of the above pronosed equations

to experimental data.

C. Proposed Velocity Distribution Formula for Turbulent
Flow.

In order to find the correct formula to use, all
available velocity distribution experimental data in 1i-
terature have been calculated and tabulated in Appendix
D. They are the work of Stanton(lg), Freeman(9),
Lawrence and Braunworth(eg), Nikuradse(16s 17), and
Mr sha11 (1) ¢raphienl Plots of these data have been
made by assuming n = 1 and n = 2, respectively, (see
Fig. 6-36). It is found that the exponent of Prandtl-
Karman's formula (i.e., n = 1) does not equal to 1/7,
but it varies, while Levy's formula (i.e., n = 2) fits
the experimental data only near the center of the pipe
not near the wall. By assuming that the exponent in
Prandtl-Karman's formula is a variable instead of 1/7,
it is found the modified formula will fit the data

very well except near the center of the pipe. It is



obvious then that Levy's formula has over-corrected the
defect in Prandtl—Karmanis modified form. It must be
recalled that Blasius' resistance law is in the form of
a simple index law (i.e., £ =D Re.c) which has been
oroved to be incorrect in the previous chapter for a
wide range of Reynolds number but might be used as an
approximation for a small range. Nevertheless, in-
stead of the General Index Law which has been advocated
by the writer, one may use the simple index law for a
certain range of Reynolds number but keep on changing
the exponent, which corresponds of changing the slope
of the friction factor in a logélog plot against Rey-
nolds number, as one changes the range of Reynolds
number. Since Prandtl-Karman's original formula of
one-seventh potential is based upon Blasius' simple
index law, it is already seen from a study of frictidn
factor problem that the velocity distribution exponent
should be a variable instead of a constant. Thus, the

modified form may be written as

v/V = (1-r/R)a' ee...(1bD)

max.

It is quite expected that if we let n = 1.25
or n = 1.50, Eq. (14) might be applicable to the ex-
perimental data still better than Eq. (14¥b). The re-

sult shows that if n = 1.25, 1i.e.,

V/vmax. = [1 - (r/R)1'25] * eo...(1lc)



the formula is found to fit the data even better than
Eq. (14b). However, for its simplicity and its further
theorétical application in the following treatments, the
modified form of Prandtl-Karman's formula, i.e., Eq.
(14b) is advocated for ordinary use. The velocity dis—
tribution exponents "a® corresponding to all the exper-
. : | r omorth biles :
imental data in literaturephave been graphically solved
and their values will be found in Table 9. (See Figs.
6-36).

D. Relation Between Velocity Distribution and Friction

Xactor - Dependence of Velocity Distribution on
Reynolds Number

stanton(12) stated in his 1911 paper that from
his experiments on air in smooth brass pipes the velo-
city distribution curves are only identical when the
values of Reynolds number are equal. He further
stated that for different Reynolds numbers the distri-
bution curves are identical up to 0.8 R(R = radius of
the pipe) but separated beyond this ratio, indicating
a region of laminar flow negr the wall. 4&n examination

of the available isothermal data by nrevious workers

reveals that the velocity distribution exponent actually
decreases as Reynolds number increases. Recently,
Nikuradse(17) has shown definitely the decrease of the

, (Fig.29)
exponent at high Reynolds numbers. How can one explain

this fact then?
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EiG. 29
DIMENSIONLESS VELOCITY
DISTRIBUTION FOR DIFFERENT
REYNOLDS NUMBER
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TABLE 9

EXPERIMENTAL VELOCITY DISTRIBUTION ON_EXPONENTS FOR SMOOTH PIPES FROM
LI TERATURE
Authority Fluid Pipe Material I.D. Re. a Remarks
used and set up Inches
T.E.Stanton Air Smooth. brass 2,92 40,750 0.145 Inlet lxngth = 67.6D
(Vertical Position) 1.94 41,200 0.140 =101 D
2.92 &9, 750 0.138 " " = 67.6D
J.R.Freeman Water Brazed brass 1.15 425,000 0.127 Inlet length = 104 D
(Inclined)
Lawrence and Water Seamless brass 5.02 136,100 0.137 Very big inlet
Braunworth (Vertical Position) 5.02 152,500 0.131 length possibly
5.02 202,000 0.129 greater than
5.02 300,500 0.119 250D
5.02 339,000 0.120
J. Nikuradse Water Drawn brass 1.10 = 162,800 0.139 Vertical profile
(Horizontal Position) 1.10 162 200 0.126 Horizontal profile
J. Nikuradse Water Drawn brass 53,700 0.138 Inlet length greate
(Horizontal Position) 152,000 0.130 er than 655D
300,000 0.121 '
928,000 0.106
3,070,000 0.0965
D. Marshall Air Brass 5.00 132,300 0113 Inlet length = 192D
(Horizontal)



It has been stated before that Prandtl-Karman's
equation is derived from the friction law, then a fheo_
retical relation is to be expected to exist between ve-
locity distribution and friction factor. From the
General Index Law which the writer has just proposed fr
technically smooth vpipes such as copver, lead, glass
and drawn brass as

"O. 32

f = 0,00140 + 0.125 Re. ee...(15)

it is seen that the friction factor decreases as Rey-

nolds number increases and its slope on a log-log plot

changeé with Reynolds number., Therefore, a decrease of
velocity distribution exponent nan is.corresponding to
a decrease of friction factor slope on a 1og—log plot
Reynolds number increases.

In 1929, Levy(*) derived a quasi-theoreticel
relation between "mn in his equation (Eq. (7)) and 4f
based upon Jakob and Frk's friction factor equation
which is very similar to Eq. (15). Unfortunately, in-
stead of using that relation he derived, he proceeded
to deduce some empirical equation in terms of W . It
seems, therefore, his relation has attracted very little
attention even among German writers. A similar attack
with experimental verification on this relation seems

to be necessary in order to explain the mechanim of

turvulent flow.



Starting from Yevy's equation also,

max

r m
V/V = [l— ("‘) ] 000000000(7)
R

the ratio of average to maximum velocity can be expressed

in terms of m after integration as

Vave - 1 (16)
Vmax R 1+m
2 'n:f Vr dr
Since’ Vave - "-"-g --------- o e 'ono.o(l")

It i1s noticed that when m = 1, Eq. (7) reduces to Eq. (6)
which has been theoretically derived for laminar flow,
Let us consider Hagen-Polsseullle's Law which may be written

in terms of frictlion factor as

£ =16 Re.’l ceee...(18)

On a log-log plot of f against Re., 1t is apparent that
a straight line of 45° inclined to the.right will be obtained,
ligthematically, the relation states that

d 1n f He. df

Tan. a = e e F emememcomme = - 1 ....o(lg)
laminar d 1n Re, f dRe.

Therefore,

Tan. a = - m 00000(26)
laminar

Assuming that this relation between Tangent a and m
can be extended to turbulent flow (note thils is the only

assumption made), then
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Tan. a = e M= eeeceea ceeeo(21)
turbulent f d Re
It has been shown already that Levy's equatioh is not
applicable to turbulent flow, however, it 1s possible that
Eq. (16) may still hold true for turbulent reglon.,
max v
Fig. 36a gives a graph of ------ versus m, where -=SZ..
v
1s the reciprocal of the obsérved value of N

Vave
----- found in literature as given in Table II, while

Zmig the negative slope read from Fig. 40a for correspondiﬁg
Reynolds number. It is seen that Eq. (16) may be
accepted as an approximate relation for turbulent flow
if not near the critical regilon,
Eg. (14b) has been accebted by the writer as the
velocity distribution equation for turbulent flow
\' r a

....... = (1 - ~) eeer..(14Dp)
R

Vmax

from Eq. (14b) and Eq. (17) eme obtainei

\ 2
--EY?---—: ---------- ._0000(22)
max (a+l1)(a+2)
It follows:
a® + 3a ‘
M= wewmeca- =O.5 a2+l.5a ......(,25)

M= = weccne- S emamna- ,......(253)






Re. d4f
Therefore, -3 +f9-8 (==mmmeeua )
f dRe

B = e e cee..(24)

| This 1s a relation theoretically found between velocity
distribution exponent "aM, friction factor "f" and
Reynolds number "Re",

For turbulent flow of fluids 1n smooth pilpes,
veloclty distribution exponent can then be calculated from
the following equation, based upon the friction factor

equation as given in Eq. (15)




Sinbe‘Eq. (15) 1s derived from experimental data from
Re. = 3,000 up to He. = 3,000,000, the values of "a"
calculated from Eq. (25) ought to be applicable to the
sald range of Reynolds number. The computed values of
"a" corresponding to different Reynolds numbers are
tabulated in Table 10 and shown as a smooth curve in
Figure 57; The available experimental data all on
brass pipes, consisting of 17 runs, have already been
plotted on log-log paper, and theif corresponding values.
of exponents are tabulated in Table 9, and plotted also
in Fig. 37. A very good correlation of experimental
exponents with calculated values 1s noticed, This
verification proves the found relation between velocity
distribution and friction factor or between velocity
distributioh and Reynolds number for smooth pipes.
Furthermore, this verification gives another evidence
of the applicability of General Index Law, not the
.Simple Inde® Law; for if the latter law holds, velocity
distribution will be independent of Reynolds number
in the same pipe. Figure 38 gilves a picture of
velocity distributions changing from laminar to turbulent
flow, and also illustrates the gradual increaée of
flow near the boundary as Reynolds number increases.
The mechanism of production of turbulence has

(20) (24)
been explained by Prandtl » Tollmien , and many

58



Table 10 Relation of Velocity Distribution to Reynolds
Number for Smooth Pives.

DV
Dvavef Velocity Distribution Exponent Vave Jvmax. Ramax..""
Re = — ngn (Calc. from Eq. (25) ) (Calc.from Eq.(2/9)

,000 0.1760 0.781 3,840
,000 173 783 5,110
5,000 172 785 6,370
6,000 1710 787 7,630
g, 000 1685 789 10,100
10, 000 1665 791 12,630
115,000 1628 795 - 18,880
20,000 1591 79 25,050
0,000 1554 g 7,350
,000 152k 2065 9,600
50,000 1497 g10 61,750
60,000 1475 8115 74,000
80,000 1439 g15 98,200
100,000 1409 819 122,100
150,000 1355 825 181,900
200,000 1295 830 241,000
250, 000 1281 832 300,000
00,000 1253 83 59,000
00, 000 1210 ghe 75,000
500,000 1157 gus 592,000
600,000 1148 gl 707,000
800,000 1103 &5 938, 000
1,000, 000 1066 858 1,166,000
1,500,000 1002 866 1,732,000
- 2,000,000 0958 &71 2,297,000
3,000, 000 0890 879 3,415,000
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others. Especially, Prandtl's boundary layer considera-
tion will be helpful in explaining the velocity distri-
bution phenomenon as Revnolds number increases. His
theory has been recently reviewed and further explained
by Glauert(ZS) in English, which may be briefly men-
tioned here. The narrow region along the surface of the
pipe wall, in which the frictional forces are important,
is defined as boundary layer or called &s Prandtl's
boundary layer. The conception of such a laver is
merely an avoroximation to the actual case, and it is
rather arbitrary to define its outer.limit. (Velocity
distribution for isothermal flow near the wall has been
recently réviewed also by Drew and Ryan(26), and it is
shown the laminar flow near the wall by Hegge Zijnen's
experimeﬁts.) From the drag experiments, it is be-
lieved that at s—law.sca+e—exr low Reynolds number, the
flow is laminar and the fluid moves smoothly parallel

to the axis, but at high Reynolds number the laminar
motioh becomes unstable and gradually changes to a tur-
bulent type. From this consideration, it might be due to
this gradual change of type of motion of this boundary

layer that causes the change of velocity distribution

as Reynolds number changes.
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E. Relation Between Velocity Distribution Exponent and
the Ratio of Average to Axial Veloclity - Dependence
of Velocity fatlio on Heynolds Number,

In deriving the relation between veldcity dis-
tribution and friction factor, a very useful relation

has been obtained as expressed by Eq. (22)

also Levy's hypothesis that

v = mme—— mmmmm—me= emmeeeo eeecse(lB)

aVe/vmax

was found to be a good approximation except near the critical
region,
For laminar flow, m = 1, therefore,

Vave/V max = 1/2 ceeess..(16a)

that 1s to say, the average velocity in laminar flow is just

one-half of the axilal velocity which(is what has been found
27)
in Stenton and Pannell's experiments as shown 1n Fig. 39.

For turbulent flow in smooth pipes, substituting the

friction factor equation, Eq. (15) into Eq. (16), we obtain
' 0.32
1 1l + 0.0112 Re
S e — e ——-——————— T hubediadesiabadboniesdindeniie A i dhadn el 00-.(16b)
0,32 0,32
l + mcmmeme e 1.324+0,0112 Re
1 + 0.0112 Re0.32

Vave /Vmax

The above equation expresses the relation between velocity rakio
and Reynolds number in smooth pipes. The useful application

of this equation is to calculate velocity
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ratio from a giﬁen Reynolds number, or to estimate the

mean velocity after knowing the axial velocity in a

pipe. It is believed that no previous worker haS'evei

expressed such a relatlon« ‘ . Many hydraul-
ic engineers believed that this velocity ratio is always

a constant for all pipes, thus we can find in literature

this constant varies from 0.753 to 0.950 as reviewed by

Eason(eg). Stanton and Panne11(27) first showed exper-

imentally the variation of velocity ratio with Reynolds

number from laminar to turbulent region, and the increase
of the ratio in the turbulent region as Reynolds number
increaées. However, no explanation of this change is
given by them.

The following important conclusions can be

drawn based upon Eq. (2la) with an understanding of the

friction resistance problem:

(1) Velocity ratio (i.e., vave./vmax.) will be a con-
stant only when friction factor obeys the simple
index law (i.e., £ = b Re.C), which is only an
épproximation for a small range of Reynolds number.

(2) Velocity ratio will increase gradually as Reynolds
number increases for almost any individual pipe,
since friction factor generally obeys the General
Index Law (i.e., £ = a + b Re.%).

(3) Velocity ratio will be only identical at identical

Reynolds number in the same pipe, or infwo pipes
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of same degree of roughness.

(4) Velocity ratio will be usually different even at
identical Reynolds number in two pipes of differ-
ent degree of roughness (say copper and cast iron),
since the resistance law coefficients will be

different.

Based upon the above generalizations, we are
able to explain some of the facts concerning velocity
distribution problem found in literature. It is ap-
parent that it is not reasonable to compare Darcy and
Threllfall's experiments on cast iron pipe with Stanton
and Pannell's experiments on drawn brass pipe as it
was attempted by the latter experimenters.

From Eq. (3€6) the velocity ratios corres-
ponding to a range of Reynolds number from 3,000 to
3,000,000 have been calculated and tabulated in Table
10 also, They are plottéd in Figure 39 as a smooth
curve, while velocity ratios of available data have
been tabulated in Table 11 and shown also in Fig. 39,l:¢?9A.

| Systematically
It is observed that experimental data deviateAfrom the

theoretical curve only at low or high Reynolds number,

while Stanton and Pannell's data fit the curve re-

markably good. It must be noticed that the velocity
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Table 11. Mean to Axial Velocity Ratio vs. Revnolds Number for Smooth Pipes.

(Calculated from Literature)

I.T.

Authority Fluid Used Pipe Material (inches) Re vave./vﬁax.
Stanton and Water Drawn Brass 1.124 37, 200 O.§03
Pannell 31,800 . 802
(t= 10.76°C.) 28’950 . 802
27,000 . 802
23,550 .798
21,100 «799
21,050 L798
19,100 .798
16 , 370 « 797
15000 .795
9,450 NES
&’ 250 . 786
34 200 « 802
32,500 '805
35, 800 .80
37 « 80
. 807
41 800 . 806
Stanton and Water Drawn Brass 0.281 10 gSO 0.789
™ (e 5.0, f
O?o . 0
ﬁ’uoo .; i
3,010 i
27650 120
2 y125 .619
1 890 572
1 783 .56
>l
I %0 B0
1 360 515

79



I.D.

Authority Fluid Used Pipe Material (inches) Re. ave’ max
' 1,306 0.k49og
1)198 51l
ﬂ ;650 .799
200 <799
20,200 .799
15,200 <793
35,000 .805
| 39,450 808
2,950 .805
47500 .&10
50,650 .807
55 , 400 .813
60,200 812
64 600 JE1U
Stanton and Pannell AiT Drawn Brass 0. 4ok 4,870 0.728
(Tave.=15°c’) g é%g .; g
E ,500 .761
000 JTHT7
3,085 . 705
3,130 735
, +80 735
,590 770
" n " 1.124 4,650 .758
E 470 .762
,005 JTU5
" " " 0.281 2,430 611
1lmo 499
1 608 J1og
1 752 511
1 873 «508
.505

«501

&9



I.D. v /v

Authority Fluid Used Pipe Material (inches) Re. ave.’ max.
Lawrence and Braun- Water Seamless-Brass 5.016 57,850 0.829
worth 34 g00 «833
136 100 . &40
150,300 862
152,500 «830
159, 000 . 865
202 000 .858
204 000 . 865
219 000 .858
263 000 .872
299 000 .&70
300,500 . 873
318 000 . 872
339,000 854
352,000 872
J. Morrow - Water Glass 2,005 709 0.590
1,082 .617
1, Y460 .619
2’ ,025 .638
2 655 .701
o 3 ;930 . 765
Schiller and Kirsten Air Brass 2.99 4o 0.824
#6 00 792
54 260 .815
37 600 . 835
T.E. Stanton Air ’ Dyawn Brass 2.92 0,750 . 802
1.94 41 200 .8105
2.92 89 750 .808
J.R. Freeman Water Brazed Brass 1.15 kes,000 0.835

D. Marshall Air Brass 5.00 132,300 0.856



ratlo as given by Eq. (16b), although it approaches the
limit 1 at high Reynolds number, increases more rapidly
than the usual Stanton and Pannell's plot indicates at

Re. about 109, ’

A much simpler way of obtaining the velocity
distribution exponent-"a" in Eq. (14Db)

a
v r
——————— = (1 - -) ooo-o(l4b)
v R
max

is to calculate from the ratio of average to maximum velocity
as glven by Eq. (22) .

'L S e (22)
Vm (a+1)(a+2)

which is integrated from Eq. (14019,

It must be pointed out that Eq. (22) 1s not limited
to any class of pipe, no matter whether smooth or rough.
Thus, a careful measurement of average and axial veloclty
alone will enable one to predict the veloclity distribution
in a pipe from Eq. (22). An extended application of this
relation will be particularly helpful in predicting the
velocity distribution during heat transfer, so long as
Bq. (14b) will still hold true for non-isothermal gases,

F. On the Hadius of Mean Velocity

For laminar flow, the radius of mean velocity is
easily obtained by equating Eq. (6) and Eq. (1l6a),
thus
2
Let (rave/R) = X, then

X=1/ 2 = 0,707 vese..(262)

For turbulent flow, & similar relation, but

67
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much more complicated, can be obtained from Eq. (14b)

and Eq. (22) as

Log.(1-X) = Log. (V ave/Vmax.),_ Log'[ka+1§(a+§;]
a N a

...(27)

This relation states thatvx, the radius of mean velocity
as per cent of radius of pipe, is a function of velocity
exponent "a", and is also depending on Reynolds number,
since "a" is a function of Re. for a certain pipe. Thus,
X can be calculated from given or known values of mnan

from Eq. (27). Fortunately, from actual calculation

the variation of X is veryv small with respect to man,
varying only from 0.753 at a = 0.175 to 0.761 at a = 0.0846.
Consequently, in smooth pipes, one may take it as a

constant by using its average,

Xave, = 0.757 ' e....(28)
for a wide range of Reynolds number from 3,000 to
3,000,000. This reveals a very simple method of meas-
uring the average velocity of turbulent flow in pipes.

G. Factors Affecting Velocity Distribution

There are three important factors which will
affect velocity distribution in pipes, i.e., inlet
length, inlet shape and roughness of pipe wall. Oon-
cerning the first two factors, which may be grouped to-
gether as entrance conditions, considerable work has

been carried out by Schiller and Kirsten(gg) experimentally'



They tested these effects by means of measuring veloc-;
ity distribution of air in a three inch brass pipe
which is attached to the suction side of a ventilatdnjfa»,
using a snecial steel pitot tube for measuring the
velocity. They used both a round mouth inlet, having
its biggest diametef 10" at the open end and gradually
beveled to connect with the 3" main pipe, and a sharp
edged inlet which is the main pipe alone. Their ve-
locity distributions were taken at different dis-
tances away from the inlet which is called inlet length.
Their results are tabulated in Table 12, and may be
briefly summarized as follows:
(1) For a round mouth inlet, velocity distribution

is almost a flat shape near the inlet, but gra-

dually approach the elliptical shape as the meas-

uring station is moved away from the inlet, and

a fully developed distribution is to be found at

an inlet length equivalent to 50 diameters.
(2) For a sharp edged inlet, similar effect as a

round inlet has been found, but, due to more dis-

turbance caused by the sharp inlet, the inlet

length effect is less significant at the start,

as shown by graphs in their original paper, but

it was found that in order to obtain a fully

developed distribution, an inlet length of 50 D

is also necessary.



TABLE IZ.

EFFECT OF ENTRANCE CONDITIONS ON VELOCITY DISTRIBUPION#

X = Inlet length

D = diameter of pipe
A. Round Inlet

Re = 19,060 Re. = 22,940 Re. = 57,600 Re. = 87,440
% va,ve % : Vave % : ave lD Vave
Vgg; Vmax vmax Vmgg
1.32 0.962 2.21 0.952 2.21 . 0.980 2.21 0.9
3.29 0.917 6.81 0.926 4,18 0.954 4,18 0.958
15.79 0.889 16.68 0.886 6.81 0.937 6.81 0.943
22.37 0.856 39.05 0.841 12.08 0.906 12.08 0.887
38,17 0.836 50489 0.824 16.68 0.865 16.68 0.865
- 19.31 0.832 25.49 0.820
23.26 0.811 39,05 0.809
52 s
50.89 0. 20k
B. Sharp Edged Inlet
Re. = 20,340 Re. = U46,600 Re. = 54,260 Re. = 57,600 Re. = 100,980
'% ;ézg ‘% Yave '% _ave ~% ave -% ave
Mgx Vnax Vmax ag!; Vmax
38,17 0.848 100 0.792 25.00 0.835 25.00 0. 820 25.00 0. 864
50.00 0.824 135 0.792 38,17 0. 839 38.17 0.835 38.17 0.865
50.00 0.815 50,00 0.835

*Experimental Results of Schilter and Kirsten



(3) For a round mouth inlet, the velocity ratio, i.e.,
Vave./Vpax., approaches 0.8 at their experimental
range, while for a sharp edged inlet, this value
is higher at the same inlet length.

The effect of roughness of pipe wall will in-
crease the surface friction, decrease the quantity of
flow, thus will naturally affect the velocity distri-
bution. The velocity distribution exponent and velo-
city ratio at different Reynolds numbers for iron and
steel pipes have been calculated from the proposed
friction factor equation, and those values will be
found in Table 13 and plotted on Figures 37 and 40 in
the form of smooth curves. Their equations are as

follows: (For iron and steel pipes)

Yave. - 14 0.01628435.0'38 (29)

T -
maXe 1 3¢ 4+ 0,01628 Re.0°3%

and

' | 3,04
a. - “1.5 + 005 9 + e O
v// 1 + 0.0162¢ Re,0-38 (30)

Based upon these equations, it is noticed that velocity

will be quite different in a rough pipe as compared
with a smooth pipe, at the same Reynolds number the
velocity distribution exponent is smaller and velocity
ratio is greatér. This indicates more turbulence in a
rough pipe than in a smooth pipe. Very little work

has been found on the velocity distribution indron and



Table 13. Relation of Velbcity Distribution
to Reynolds Number in Iron and
Steel Pipes (Calculated).

0.38
f = 0.003068 + 0.1886 Re~0+38 ;§ﬂ§-= 14001628 Re""’ (29)
max  1,38+0,01628 ReQ-38
v/[_ 1+0.01628 ReO+38 (50)
Velocity Distribution v /v
Re. Exponent nran ave’ 'max
,000 0.178 0.77
,000 0.175 .78
,000 .170 . 788
,000 .166 . 792
8,000 .161 <797
10,000 .136 . 803
15,000 148 .811
20,000 .1l2 .817
0,000 .133 .328
,000 .127 &30
50,000 .122 301
60,000 .118 .84l
80,000 .115 .851
100,000 .1068 . 858
150,000 .0978 .869
200,000 .0917 .876
250,000 .0870 .881
00,000 .0832 .88
0,000 0775 .89
500,000 .0731 .900
650,000 | .0680 . 906
850,000 .0633 913
1,000,000 .0606 91
1,500,000 .0239 .92
2,500,000 .0h625 <934
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steel pipes in literature exoépt those of Threlfall(Bo)
and Longridge(31>. Their experiments on air and gases
all prove a much higher velocity ratio than that calcu-
lated in an ordinary smooth pipe, the average ratio of
Longridge's experiments is as high as 0.921. This at
least indicates definitelyv that velocity distribution

in iron and steel pipes is different from that in smooth
pipes, thus Figures 37 and 40 may be suggested to be
used at the present time for iron and steel pipes.

(12)

The experiments of Stanton on artificially

roughened pipe, Bazin(10; 11) and Krey(23) on cement
QA shift inthevalve of "a g@
pives, however, indicate,tire oppositegdirection as

given #7 Eq. (29) and (30).
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IV. REVIEW OF NON-ISOTHERMAL VELOCITY AND
TEMPERATURE DISTRIBUTION OF FLUIDS IN
CIRCULAR PIPES.

(1) in 1916, measured the velocity and

Pannell
temperature distributions of air in a vertically heated
vipe. In 1930, Jakob, Erk, and Eck(z) made the similar
measurements on steam in a vertical voipe while conden-
sing. Recently,vKraussold(B) measured the temperature
distributions of oil in vertical pipes mostly in vis-
cous region. In this Institute, Woolfenden(u), in
1927, verformed an experiment on velocity and tempera-
ture distributions of water in a horizontal pipe.

Jakob, Erk and Eck's work is on a subject involving
change of state. Woolfenden's experimental arrangement
is rather unfortunate for comparison with the present
horigontal vertical
work for he used a  rertieat pipe,instead of a , hozizon—
%2+ one,which position caused the non-symmetry of his
velocity and temperature distributions. Hence, Pannell'ls
work on air still remains as the only experiments of
importance in turbulent region.

Therefore, it is believed to be very desirable
to review Pannell's work more or less in detail. The
calculated results of his four experiments are to be

found in Table 14 with the a,ccompan}/éﬂjFigures 41 to4e6 .

The temperature distribution equation used was due to



Schack(5), Its derivation is briefly outlined as
follows. According to Schack, Prandtl's theory of
gimilarity may be written as

dat _ kd4v
dr - dr

That is to say, the temperature at any point ought to

e (1)

be directly proportional to the velocity at that point,

The velocity distribution equation is

v =1 -5° ... (2)
vmax . R

Differentiate Eq. (2) and substitute in (&), and inte-

‘grate, .
tw . a-1
r .%g _a Zmax..f 1-% ar..... (3)
ta (o]
.. ty=tg = = k Vpar. onnn (B)
and tw R .
R i Q=
k[, 'd"‘k.'t'= a Xmax. (/’ (1 - "R") dr -....(5)
t I
. - - . a
. . to-t = =k Voo (1 -7R) eee..(6)

Dividing Eq. (6) by Eq. (4), the temperature distribution
equation is obtained, thus,

tw"‘t a ' .....(7).

- X
- 1 -




¥

This equation states that the temperature distribution
exponent is identical with the corresponding velocity
distribution exponent, if the similarity holds. 1In
order to differentiate the actual temperature exponent
from the velocity distribution exponent, "a" in Eg. (7)

is changed to "bn, thus

At _ ty-t oz, P
A-bmax. tw-‘ta = (1 - R) .....(7&)

In Table 14 , it is seen that the graphically
determined exponents "a" and "b" on Pannell's data are
almost identical. The graphical plot of his Experiment
IV is illustrated here. Thus, the similarity is found
to be avvnlicable to gases. However, its apvplication to

liquids is still unknown.



(Column)

Table 14 Summarized Calculated Results of Pannell's
Data on Heating of Air

e (2) 3 & (5 (6) (7) (g)  (9) (100  (11) (12)
Xper- .
iment ave. Save by-ta _ty tw-tave. tave.-ta Vave. pe. R. {w_» 1a)
No. T(Cm./Sec.) T°0.) (eC.) (°C.) ty—ta ty-ta Vmex. ~ave. a b (taye.-tg)
I slie k.82  13.3 35.5 0.803 0.197 0.788 17,120 0.169 0.170 100,000
II 1,200 23.7 16.7 37.4 0.821 0.1796 0.809 38,200 0.154% 0.150 245,000
III 1,482 23.7 17.4 38.0 0.822 0.1781 0.815 47,300 0.143 o0.11 305,000
Iv 2,180 27.3 1%.6 43,0 0.8l 0.1558 0.816 67,400 0.138 0.136 497,500
N



Calculated Results of Pannell's Data on Heating
of Air

(Tech. Reports, Adv. Comm. for Aero. (Great Britain)
Vol. I, p. 22 (1916-7)).

Experiment I. R = 2.44 Cm.
L 1 -Z% - (Ey® Syt v
0.00 1.00 1.000 1.000 1.000
15 .85 .978 1.000 .995
g .72 .913 .385 22%
.60 ‘13 84 - 880 .673
.70 .30 .510 .8l .828
80 .20 . 360 775 773
.85 .15 .278 137 742
.90 .10 .190 .690 01
.93 o7 .135 638 .662
.9 .0 .098 «593 613
'87 '8 .873 .5§g .gi%
X 02 080 165 2395
.99 .01 .020 <375 .190
1,00 .00 .000 000 .000
Voax., = 688 Cms. /sec. ty = 35.5°C.
Vaye, = HH2 Cms./sec. tope. = 2lh.820°0,

t "'t = 1303 q)o

80



Calculated Results of Pannell's Data

on Heating of Air = _

Experiment II R = 2,44 Cm.
& (1-§) 1-@ v
R . by—ta Vmax.
0.00 1.00 1.000 1.000 1.000
.15 &5 .978 .99k .988
g B @ T
€« % o =
.80 %0 .360 180 :722
.85 .15 278 . T5h 755
.90 .10 190 .700 .511
.93 .07 135 652 .
'95 OO '098 .610 .6 2
.96 .0 .078 .5£5 .623
'97 '03 ‘0 9 . 5 .600
.98 .02 .0 .515 545
.99 .01 .020 467 .310
1.00 .00 .000 .000 .000
Vpax, = 1,483 Oms./sec.  t = 37.4ec,
Vave, = 1,200 Cms. /sec. tave = 23%.7°C.

bty = 16.7°C.
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Calculated Results of Pannell's Data on
Heating of 4ir

82

Experiment III R = 2.4Y4 Cm.
ty—t
&  1-Z 1 - (§) X ¥
R R R ty-ta Vma.x.
0.00 1.00 1.000 1.000 1.000
.15 .35 .978 .99k .990
. g .72 .91% .gig '968
.60 .Eo .Zﬁo .896 .ggz
.70 .30 .510 -850 J8U2
.80 .20 «360 .793 794
.85 .15 .278 .752 .762
.90 .10 .190 .207 .220
.93 .07 .135 661 .08
«95 .0 .098 .632 .65
.96 .0 .078 615 .633
<97 .03 .059 .592 .598
.98 .02 .0 563 'E 9
<99 0L .020 .517 478
1.00 .00 .000 .000 .000

vmax. = 1820 CmS./SeC.

Vove. = 1482 Oms./sec.

tw = 38.0°Co

t
ave.

w'ta

= 23.7°C.
= 17.4oc,



Calculated Results of Pannellts Data on
Heating of Air

Experiment IV. R = 2.44 Om.
@ 1iE 1-@®° bt v
R R R tw—ta vmaxo
0.00 1.00 1.000 1.000 1.000
.15 .85 .978 1.000 .992
45 s 957 % 5
65 13 566 ok EEy
.70 «30 .510 .&70 .864
.80 .20 « 360 .811 .79
.85 .15 .278 .762 <763
.90 .10 .190 .719 . 727
.93 .07 .135 .676 .697
.95 'OZ .098 «650 .610
.96 .0 .078 627 647
.97 .03 .059 601 621
.98 .02 .0 STH 584
.99 .01 .020 515 475
1.00 .00 .000 .000 .000
Voax., = 2,670 Oms./sec. ty = 43.000.
Viove. = 2,180 Oms./sec. toye., = 27-3°C.

tw-ta = 18.6°C.

83




oo
e )

DN

2B R U ATeSE TRy |
. I

e ha R nd dul A

_ _||

|
|
|
1
|

4 ..q i i
i Il il
PR
S eanssatan s
]
14 et 44
T ™ ™ T
l‘vl |I+.:l

e ]
ata_on Heatng of A

»

RS .,,ﬁ R il iy .'.:_-_.'_..,_

Is

57 ST 0T VT Y B

I}_,A a
1

PR TN O M I

__--.‘,j;;_wj_ﬁ "‘:ir;:”f




k-.:.b\\r\q




9.8 1) [3a
FRBURASE. =GR

§

1/

’%Ifr‘_‘r' men




1

X
=
TR
..:Jm.w‘
FrE
s

E
.
.

,’wﬂ;{_ I

Fan

e

O S S Ty T ——i-—-—_..__.-t‘w
«

i

§ e opt

T

¥ LY

Vi X
-
o




DIETZGEN CO
New York

and

EUGENE

<Y

er

EFFic
LO GARITHMIC

ED GO

i
177

Chicago

ta on| Hew

Vi
o

eths

14 P




JERSETae

HHEHA
Ly

11eete
B8

m.:;.tnu
i1

IS S

o i
(18 EIGEE T o B 6 S

T NREN
)
I s
1§RBUR NN
igageaEEN
PR EANE|
183803408
H ]

EUGENE DIETZGEN CO
Chicago and New York

=t

! 4
ISRE S BRI

INRREANSEI

ENRARE RS

IS S .

IS U

e ot

NS EFSRREALLS

EDCO EFfficiency
LOGARITHMIC

Ne 340-L2|




LITERATURE REFERENCES

(1) J.R. Pannell: Tech. Rpts. Adv. Comm. for Aero.
(Great Britain) Vol. 1, p. 22
(1916-17).

(2) Jakob, Erk and Eck: Tech. Mech. Thermodynamik, Band
1, No. 1, p. 46 (1930).

(3) H. Kraussold: Forschungsheft No. 351 (1931).
(4) L.B. Woolfenden: M.S. Thesis, M.I.T. (1927).
(5) A. Schack: Z2.Vv.D.I., Vol. 67, p. 807 (1923).

84



V. DESCRIPTION OF APPARATUS

In the course of investigation, an apvaratus

85

was built in the summer of 1930. Additional parts were

added on from time to time. The general layout of the

apparatus in the final form is shown diagrammatically

in Figure 47 , where the arrows in the pipe line indi-

cate the regular direction of flow of water in the
system. The apparatus consists mainly of pump and

reservoir calming sections, vertical heat transfer

sections which are either heated by condensing steam or

cooled by cooling water in the outside jacket, and ve-
locity and temperature measuring instruments which are
specially designed. The two test sections are both
made of Wo. 10 stubs gage seamless hard drawn copper
and of 20 feet in length, having an inside diameter of
1.95 in. The details of the several important parts
will be given in the following.

Pump and Reservoir

The water reservoir is a 55 gallon drum, to
which are connected two feed lines of water of l-inch
pine. Water was pumped by means of a centrifugal pump
at a constant rate from the reservoir. The pump ca-
vacity is about 100 gallons per minute. The pump
intake is always submerged in water, thus there is no
chance of having air sucked into the system. The
guantity of water opumped is regulated by means of a

main by-pass valve, and another 1/U-inch needle valve



GENERAL LAYOUT OF APPARATUS

e AIR chT\rq‘

s L

COOLING Fivs | e

WATER, ] GALVANIZED —]
INLET 1’ IRON PIPE

OR
STEAM
INLET &'

I
AAAARARAAA

Gl

2'COPPER HEATING COIL
TEST SECTION e ane

p
! STEAM INLET

3 1/2" IRON PIPE

COUNTER CURRENT FLOW

=—STATIC HOLE
PITOT TUBE
THERMOCOUPLE

—— INDICATES DIRECTION
PARALLEL OF FLOW

COOLING CURRENT
WATE# EXIT A STATION DISTANCE FROM

OR UPSTREAM ELBOW
STEAM
OUTLET [
1 } 129.2 1.D.

;’%{;M i 1600 I.D.

OUTLET 108.1 1.D.

10’

169.6 1.D.

Fiqure 47




is also provided for minute adjustment. At the top of
each valve is a Bourdon gauge to indicate the pressure.
The direction of flow can be reversed in the whole sys-
tem by means of cross pipes and valves. The water,
after passing the test sections, may be either dis-
carded to the sewer or return to the reservoir and re-
circulated. Due to the immense quantity of water
needed in the system, it is impossible to get the maxi-
mum rate without recirculating through the system.

Even running the apparatus at moderate rate without
recirculating, it takes nearly all the water from the
two supply mains of the laboratory.

Calming Sections

Except the test sections, all pipes in the
apparatus are made of standard 2-inch galvanized iron
pipes. The length of calming section in this inves-

. tigation is defined as the length of straight pipe from
the upstream elbow or tee to the test section. There
are five available test cross-sections, but only test
cross-sections 2, 3, 4, and 5 have been used. (These
test cross-éections will be called "stations" from now
on.) The calming lengths expressed in terms of the

inside diameter of the test pipe for different stations

are: :
Station Calming Length in I.D.
No. of Test Pipe
2 129.2
E 160.0
108.1

5 169.6
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It is believed that the present apparatus with such a.
long calming length for each station will eliminate
any entrance disturbance (cf. Nikuradse (17 )Chap, III).

Teét Sections or Heat Transfer Sections

There are two test sections: 4 10 f%. length
primarily for parallel current flow and a 20 ft. length
primarily for countercurrent flow. They are set in a
vertical position, so that by reasons of symmetry, the
velocity and temperature distribution curves should be
symmetrical with respect to the axis of the pipe. They
are made of copver as mentioned before; copper being
chosen because of its high conductivity and purity, so
the standard value of its thermal conductivity can be
used in the heat transfer calculations. The short sec-
tion is jacketed with a 3.5-inch iron pipe 10 ft. long,
while the long section is jacketed with a 24 ft. length
of the same size. The jacket and the pipe are held to-
gether with two successively reducing steel bushings
which are specially made to fit the present size and a
3.5-inch coupling. The exact way of fitting is shown
in Fig. 48 . Between these bushings, steam valve
packing glands have been used to make the joint steam '
tight. These joints are flexible so that the jacket
may be s8lid to other parts of the test pipe, if ne-
cessary. Steam or water was fed into the long jacket at

the top and exhausted at the bottom, but only steam was

fed to the short jacket. One condensate trap was

8¢
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provided to remove the condensate, before the steam was
fed to the heating jacket. Air vents were provided at
the top of each vertical section of the apvaratus in
order to remove air in thé system.

The outside diameter of the copper vipe was
measured by means of a vernier caliper at different sta-
tions, its average value was found to be 2.25", By
means of a depth gage, the value of the inside diameter
plus one wall thickness was obtained, thus subtracting
this value from the measured outside diameter will give
the wall thickness of the pive, which was found to be
0.15n, Then the inside diameter of the pipe can be
readily calculated; its average is 1.95 inch. The di-
mensions of different stations are given in Apvpendix J,
and found to have very little difference from each other.

Orifices -

There are three orifices provided in the sys-
tem, one for the main water line, one for cooling water,
and one for steam. Only the main line orifice is mostly
used during the test to determine apvoroximately the
quantity of water going through the system. The main
line orifice chamber consists of a thin plate orifice
of 1-11/16 inch in diameter, the chamber being 3-inch
standard iron vipe. During the calibration of the
orifice, the water, after passing through it instead of

being discharged to the sewer, was discharged to the
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FIG. 49 FIG. S0
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weighing tank on a platform scale. The calibration data
are tabulated in Appendix J. The coefficient of this
orifice was found to be 0.60%.

Pitot Tube Set for Velocity Exploration ( see Figure 81 )

The pitot tube set consists of a static tube
made of 3/16" copper tubing and a specially made impact
tube made of 1/8" brass tubing. Considerable effort
has been devoted in choosing the metal for the impact
tube. Hypodermic-needle steel tubing cannot be used in
this‘case, since it will rust easily in hot water and
is liable to plug up the impact hole. Other tubings
of alloy, such as monel, are not available to such a
fine size. Copper tubing was once tried, but found to
be too soft, besides its disadvantage of high thermal
conductivity. The brass impact tube consists of a tip
part and the stem. The tip part is a converging cone
having its smaller end O.4 mm. in inside diameter, while
- the bigger end, threaded, can be fitted to the main
stem. (See Fig. 49 ). The tip part, together with
a short length of brass tubing, is bent from the main
stem to form an oblique angle of about 110°, thus the

tip part is leaning outward. This arrangement was

found to be necessary in order to get velocity explora-
tion near to the pipe wall with the least possible dis-
turbance. However, the plane of the tip was filed

down to be parallel to the main stem, thus the tip is



facing perpendicularly to the direction of flow of
water in the pipe. The main stem of the impact tube
was jacketed with a 5-inch length of 9/16m iron pipe
~which was threaded at one end to be fitted to the
copprer pipe; this end of the iron pipe was plugzed with
a bakelite stopper with a hole drilled at its center
just big enough for the impact tube to slide to and
fro. A hard rubber stopver, instead of bakelite, was
tried at the beginniﬁg, but found to be not satisfac-
tory because hard rubber shrinks when it is heated.
The other end of the 9/16" iron pipe was threaded with
an intermediate brass tubing which was used to tighten
the packing in the annular space between the impact
tube and its iron jacket. This packing was necessary
in order to prevent any leakage. The iron jacket ex-
tended from the copper pipe, passed the annular space
between the copver pipe and its 3-1/2r jacket and
fitted tightly to the latter by means of a rubber
stopper and litharge glycerine. A caliper which was
readable to 0.01 cm. was fitted to the 9/16n steel
pipe with its sliding indicator attached to the 1/&n
impact tubing, thus by sliding the indicator, the po-
gsition of the impact tube in the copper pipe was
changed. As the impact tube was moving away from the
fitting of its jacket on the copper pilpe wall,vit

would touch the other side of the pipe wall diagonally.,
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Since the impact tube was electrically insulated by
bakelite from its jacket and consequently from the
copper pipe, an electric device by combining electric
bell, dry cells and other connections was used to de-
termine the positions of the impact tube when it
touched the wall. The bell rang as soon as the impact
tube touched the wall. The bell rang as soon as the
impact tube touched the copper pipe, and readings on
the caliper were taken. This device was found to be
very desirable in order to determine the exact position
as well as to protect the tubing from breakage or
bending through "over pushing" against the wall, due
to ignoring the exsct position.

Thermocouple Set for Temperature Exploration

The other fittings of this set were exactly
the same as those used in the pitot tube set, but the
impact tube was replaced by a thermocouple tubing which
contained either No. 24 or No. 26 copver constantan
wires. The thermocouple tubing was just the main im-
pact tube, as mentioned before, less its tip part.
These wires weré cotton-covered and coated with sealo
wax, which was found to be a satisfactory insulator
for the present purpose. The hot junction was soldered
and filed down to a fine’tip having its diameter from

0.4 to 0.6 mm. Just below the junction these wires

were again insulated and protected by a spaghetti



g2

tubing (see Figure 50 ), which was obtained from‘one
electric supply store, before they were fitted into

the brass tubing. At the outlet of the brass tubing,

a short length of rubber tubing was connected, the ther-
mocouples were passed through the rubber tubing and
connected to the potentiometer. By tying together the
rubber tubing and the wires inside with a copper wire,
leakage was eliminated entirely.

Other Thermocouples and Thermometers

No. 24 copper constantan thermocouples were
used throughout to measure temperature before and after
heating or cooling, and the outside wall temperatures
of the copper pipe at the test cross-sections. These
mixing cup temperatures were taken at the gn_2n_1n
tees, where water was assumed to be very turbulent and
well mixed. These wires were enclosed in a 3/16" glass
tubing held firmly near the tip with the aid of duPont
cement, while the hot junction was left uncovered out—
side the glass tubing. The glasgprotecting tubing was
passed through a rubber stopper which was inserted into
the 1" side of the tee and held tight by means of & re-
ducing cdupling fitted on the 1m side led the way out
from the fluid and made the attachment leakage proof.

Those thermocouples used to take outside wall
temperatures were soldered into grooves on the wall

while the excess solder was removed by a file and the

surfacd was smoothed by sand paper. From the grooves,



these wires were attached to, but electrically insulated
from, the pipe wall for about three inches, by means of
putting a piece of mica underneath the wires and electric

tape above the wire and mica to hold them together at

the wall, before they were led to the outside of the
jacket.

All cold junctions of thermocouples were im-
mersed in ice-filled thermo bottles. The potentiometer
used was a Brown Precision Portable Type, readable to
0.01 of a millivolt (equivalent to 0.25°C.), and esti-
mable to 0.005 of a millivolt.

One thermometer was inserted immediately afterv
the steam orifice, and another in the water reservoir,

Manometers

The manometers were made from 3/16% pyrex
glass tubing of well selected uniform cross-section.
For taking main line orifice readings, a magnified
mercury manometer inclined with a slope of 0.228 was
used. For taking the static head of the test cross-
sections, vertical mercury manometers weie used, having
one column connected to the static tube while the
other open to the atmosphere. For taking velocity
head at the test cross-sections, vertical manometers
filled with carbon tetrachloride which was dyed red

with azobenzene, were used, having one column connected



to the impact tube, while the other connected to the
static tube. The carbon tetrachloride used was left
together with excess amount of water in a liter bottle
for several weeks, thus it ought to be saturated with
water. Its specific gravity at room temperature was
found to be 1.5762, so the manometer reading for
velocity head was magnified 1.74 times the velocity
head expressed in water itself. Bromobenzene and chloro-
benzene were found to be good, but their readings mag-
nified too much that the manometers built approximately -
2-1/2 ft. in height were not high eﬁough, especially
for readings near the center of the pipe. The leads
of manometers were a combination of rubber and glass
tubing, the reason of combining some glass tubings was
to detect the air bubbles in the leads. In the mano-
meter system, sufficient air vents were provided.
Lagging

The main part of the apparatus was lagged with
2-1/2n magnesia lagging from Ty to T, as shown in

Figure of the General Layout of Apparatus.

94



VI. EXPERIMENTAL PROCEDURE

Before ahy run, water was recirculated through‘
the system, keeping a maximum rate of flow by shutting
all the by-pass valves. During recirculating, air was
removed from the system through the numerous air vents
provided for this purpose and especially through the
static and impact pressure leads to the manometers. Com-
plete elimination of air in the system is regarded as a
primary necessity in this investigation; because its
presence in the system would effect the velocity and tem-
verature distributions in the test cross-section, while
its presence in the manometer leads would interfere with
the pressure, measurements by giving erroneous readings,
and sometimes even cause the manometer liquid to be
sucked to the system. For most of the isothermal runs,
water was recirculated, thus no air bubbles were detected
after they had been excluded. For the heating runs, water
was not recirculated but discharged to the sewer, the
problem of getting rid of the air bubbles became more
serious, because as the water was being heated in the
pipe, 1ts capacity eixaissolving air im=%t is gradually
diminished, thus giving.out air to the system. To over-
come this difficulty, occasional opening of the air vents
during the test worked out successfully excent at very

low velocity runs. At low velocity runs, when counter-

current heating runs were performed on the long section,
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there was considerable difficulty to stop the air
bubbles fromtoming through the impact tube to the mano-
meter leads, for the impact tube in these runs were
facing downward, giving a favorable condition for air
bubbles to go in. Apvarently, in the parallel cur-
rent runs, where the impact tube was facing-éegéward,
air bubbles were not liable to go into the tubing even
if they were evolved. This explains why, in the pres-
ent investigation, there are fewer simultaneous velo-
city and temperature distribution measurements in the

Covnter-corrent

ieameaAoase.

Because of the short distance to the bottom
tee, stations 2 and 3 can be only run parallel
currently. Stations 4 and 5 were used for counter-
current runs only, whether during or cooling or isother-
mally. Preliminary runs of testing symmetry of velo-
city and temperature distributions at different sta-
tions were carried out at the very beginning of the
experimentation., Table 15 and Figure 52 illustrate
the symmetry of velocity distribution at Station 5,
using bromobenzene as a manometer liquid which magni-

- fies the reading more than the latter used carbon
tetrachloride. The symmetry shown is what one expects;
that little deviation might be due to the effect of

fitting, while the velocity distribution on the other
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Table |5
Preliminary Run of Testing Syvmmetry of Velocity

g7

Distribution (Station Wo. 5) (Water Running

Upward)
T Ah ‘
R (cm. Bromobenzene) V/Vpox. Remarks
0.788 25.8 0. 771 Near fitting
.48 27. 4 L79L
.65 29.ﬁ ges
.H3 . .
kg %g.u .912
.3Ug 38.6 LoU2
LUl 0.8 .970
<1k Lok .98%
Ok bz 4 1.000
.003 L34 1.000
.042 i}.ﬁ 1.000 Away from
1 . 1.000 ;
.2ls 1320 953 Titting
0242 LI'O.“' : .96
. g 3%.4 .3&3
. .2 .91
.240 %3.4 .875
JTHL 29.6 .822
.8l6 254 .76
894 23.6 <137
«939 20.2 .682
.967 17.90 .625
.979 15.6 .599
.987 1h.2 572
Static Pressure = 32.5 cm. Hg. Gauge

.b = 25°c-

Vave, (Mlanometer)

= 6,02 ft./sec.
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half of the pipe away from the fitting indicates a re-
markably good exploration. With these facts in mind,
it was decided to explore that half of the radius
away from the fitting for both velocity and tempera-
ture measurements, believing that the symmetry holds
for all the time ad for all cases in a vertical pipe.
For runs on isothermal velocity distribution,
water was recirculated save in a few exceptional cases;
while for non-isothermal runs, the water was discharged
to the sewer. The discharging of water after i®s being
heated or cooled is regarded as the only practical way
of obtaining steady temperature distribution measure-
ment irespective of the time, since the inlet water
from main was at constant temperature and wall tempera-
ture at a definite station was always kept constant.
For isothermal runs, only velocity explorations have to
be made, besides taking main line orifice manometer read-
ing and water temperature reading. For each velocity
exploration, the position of the impact tube in the
pive was changed with the aid of the sliding indicator
and caliver attached to the pitot tube set. It took
about 3 minutes for the CCl, manometer to give a
steady reading of velocity head, this reading was taken
together with its corresponding static pressure which
was almost constant throughout a run. The exploration

schedule was set for 15 readings, but, in the later
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runs, it was reduced to 10 readings. It +took about 10
minutes to get the steady running céndition at the start,
and, combining together with the velocity explorations,
the whole run took about 1-1/2 hour.

For non-isothermal runs, it took more than 2-1/2
hours to complete a run. At the beginning, steam in
case of heating cooling water in case of cooling was
turned on, the rate of the water flow inside the test
pipes was also adjusted. The apvaratus was allowed to
run 20 minutes or more to obtain a constant and steady
fluid flow and heat flow in the system. This condition
was tested by measuring inlet and outlet water tempera-
ture and the pipe wall temperature at different stations..
Then the condition was steady, either velocity exploration
or temperature exploration was performed besides the
thermocouple readings of pipe wall, inlet and outlet
water temperature, the thermometer reading at the steam
orifice and main line orifice manometer readings. The
steam used was found to be always superheated about 10°C.

An attempt was made to take readings at the
four stations, two in the heating and two in the cooling
section (which is the long pipe), simultaneously, having
water in the system recirculated. It was found that even
the cooling water was run at maximum rate while the steam
at minimum, the temverature of water in the system was

constantly increasing instead of keeping constant.
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VII. ISOTHERMAL VELOCITY DISTRIBUTION RUNS

Fifty-six isothermal runs of water were made
during the investigation, but only 32 runs which are
considered to be more representative and reliable are
vresented here. Their data, with calculations and |
plots, are mostly included in Apvoendix D, while about
half of the number of plots not included will be avail-
able in the files of the Department of Chemical Engin-
eering. These runs cover a range of Reynolds numﬁer
from 15,000 to 234,000. The average velocity varied
from 1.43 to 7.66 feet per second. The temperature @fwakrrayn/
varied from 7 to 57°C. The lowest temperature runs
were performed on cold winter nights, while the highest
temperature runs were made possible by means of preheat-
ing the water first, then circulating through the systemn,
having a constant amount of steam passed through the
long jacket to keep the water at almbst constant tem-
perature.

It might be mentioned here that the writer,
during this investigation, observed through these ex-
periments that Reynolds number has a marked effect on
the velocity distribution, before the recent articles
of Nikuradse(l) were available.

The summarized results of these isothermal runs

are given in Table 16 . The velocity distribution ex-

ponent nan in the following equation,



Run

Vave. (ft./sec.)

Distribution Data

Table /6. Summarized Results of Isothermal Velocity

now Wavef

Calming Length

a Station (Distance from

No. (Graph.Integration) A (from Plot) Vave/Vmax No. upstream elbow)
vV 1-10% 5.52 93,100 0.111 0.85% 2 129.2D
vV I-11 5.54 93,500 <111 .855 3 160 D
vV I-15 1.77 26,500 .151 . 00 3 160 D
vV I-17 6.83 120,500 .109 841 2 129.2D
V I-18 6.70 118,200 .115 .825 3 160 D
Vv 1-20 3.50 61,120 .119 .846 2 129.2D
v 1-24 5430 103,400 .110 .84z 2 129.2D
vV 1-26 2.30 103,400 .118 838 4 108.1D
v 1-27 .36 80,900 .118 238 2 129.2D
vV I-28 7.26 125,000 .113% .830 z 160 D
v I-29 g. 5 123,000 .121 .8l0 108.1D
vV I-31 57 118,700 .125 .gao b 108.1D
vV 1-32 6.21 124,000 .109 .8h2 2 129.2D
V I-34 6.64 123,200 .125 .830 4 108.1D

I1-36 2.88 49,900 2133 .818 3 160 D
vV I-37 5.85 106,200 .122 .838 3 160 D
Vv I-38 5.81 105,600 .127 .830 108.1D
vV I-39 3,29 59,500 . 38 .820 z 160 D
v 1-40 3.26 9,000 145 . 808 108.1D
Vv oI-4h .01 9,000 <137 .821 4 108.1D
v I-U5 2.79 49,400 .133 .812 4 108.1D
Vv I-U6 4 U2 74,700 .139 .807 4 108.1D
{v I1-47 1.43 15,030 .160 .80 2 129.2D
vV I-4g 1.4% 15,070 <149 .80 3 160 D
v I-49 7.66 135,000 .111 .82# 3 160 D
vV 1-50 7.55 133,000 .119 .&l45 108.1D
vV 1-51 7.66 22 ,000 .101 875 3 160 D
vV 1-52 3,82 1,250 1 .830 3 160 D
vV I-5 1.4k 16,0 .148 .815 3 160 D
vV I-5 3.38 36,950 .130 .829 3 160 D
vV 1-55 1.52 17,000 .169 797 3 160 D
vV I-56 2.07 22,600 .160 .813 3 160 D

[*{ ‘means TII)'S +4£¢n' -/oje-f4er]

TO¥
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a
7 - (1- %) een.. (1)

max.
is determined graphically from a log-log plot for each
individual run. For most of the isothermal runs another

velocity distribution exponent "m!m in the equation

1.2
S - @™ (2)

v
vmax.
is also determined graphically. For examnle, for Run V

I-38 (see the accompanied vlots)(Figures 524 and 52B) .

Confidence in the accuracy of the data is insvired by

the smoothness of the curve plotted as velocity ratio

against fraction of radius on an ordinary graph paper. (Fig,55)
In Figure 53 , velocity distribution exponent

nam is plotted against Reynolds number. Obviously,

this exponent decreases as the Reynolds number increases,

but the oresent experimental points all lie below the

curve which is calculated from Eq. (25), Chapter III.

It must be recalled that in the first place, the fric-

tion data on smooth pipes are mostly on brass pipes,

and, secondly, the roughness of pipe wall has a remarkable

effect on the shape of the curve,as illustrated in

Chapter IIT by Eq. (30) and also Figure 40. Hard drawn

copper has been used in the present case, so Eq. (25)

might not be exact for copver pipe a8 the oresent oipe

7



P41t Lt bt

45 % 5 i o £ 35 . &
LI IT 0 I O O
0 S0 N 0 S o
e R
1 G| B PRI 31 o 1 A ST 5 i g
— JJ.41_1.,|‘J‘I.,‘|wiil+1.|.,|ﬁ\?klfl,\\
st B B TR

1 R (5 O W




Y

Efficienc

LOGARITHMIC

EDCO

EUGENE DIETZGEN C«

New York




s

35 4 45 5

35 4—A 45

3

3

SR

!
5
|

EUGENE DIETZGEN CO,
Chicago and New York

‘H—-}.H,

ﬁf etk
HHH

“+.
1I—
-

_.:r..

oA b

i

L5 3 i

e sag:

+

N
A R S R
1
+
|
bl

| %__
1

58 adf e AT S ) Sl

F.'su're 53

Reynolds Number = Re.

8 © 100,000

T

Isothermal Velo ci‘l"y. Pistribvtion

7

Y

T

EDCO EFfficienc
LOGARITHMIC

HESNENEL
!

Hit
L R B
[ { I

7 6 5 45 4 35
Yelocity Distribution Exponent a” iw Eq a\d...aum?m.e

N® 340-L2|




T T T S Lo
He b b R

B B e

)}

e

\

(Tab

+erature

)

A From L

HEH R e e

=

herma

e
9" 7.: 1
of

@

gEis2
.

¥




103

is rougher hydraulicly than the average smooth pipes.
Therefore, instead of following Eq. (25) in Chapter III,’
an average experimental line is drawn, as shown in
Figure 53 . This line gives approximately the follow-

ing values of nam for different Reynolds numbers:

a - Re.
0.17 10,000
0.132 50,000
0.119 100,000
0.100 300,000

The decreasing of values of ma" as Reynolds number is
increasing proves definitely the occurrence of more
turbulence and the swelling up of the velocity distri-
bution curve. This phenomenon might be caused by the
decrease of the thickness of the viscous film near the
wall, thus causing more flow near the boundary.

Values of distribution exponent m' in Eq. (2)
are tabulated in Table 17 and plotted against Rey-
nolds numbers in Figure 54 . The object of this plot-‘
ting is to illustrate that Eq. (2) actually fits the
data better than Eq. (1) for velocity distribution,
although it is more complicated in application. It
is noticed that the experimental points gather closer
together, Whiie the slope is also evident. This plot
also illustrates that practically the velocity distri-
bution at stations 2, 3, 4, of différent calming 1engths



Table IT Isothermal Velocity Distribution
Exponent in Eq.
L25]m'

\'A [ T
Ymax, = 1 (R)

Station m'
Run No. No. Re. (From Plot
(v 1-10 o 93,100 0.125
(v 1-11 3 93,500 .119
v I-15 3 26,500 166
iv I-17 2 120,500 124
vV I-18 3 118,200 .131
vV I-20 2 61,750 .136
gv I-24 2 103,400 .125
v I-26 4 103,400 .132
v 1-27 2 80,900 .133
(v 1-28 R 125,000 .120
(v 1-29 123,000 131
vV I1-31 L 118,700 .136
gv 1-32 2 12k, 000 .116
v I-34 4 123,200 .135
vV 1-36 3 49,900 <145
(Vv 1-37 3 106,200 .129
(Vv 1-38 L 105, 600 .133
gv 1-39 z 59,500 <147
v 1-Lo 59,000 .153
v I-L4 I 69,000 .151
v I-45 L 49, 400 4
vV I-46 L 74,700 .154
* Station Calming Length in
No. I.D. of Copver Pipe

2 129.2
z 160.0
108.1
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may be considered constant at a certain Reynolds number.
It is noticed that this long calming length has eliminated
entrance disturbance effect on the velocity distribution,
thus, during non-isothermal runs on Stations 2 and 3,
correspondihg isothermal runs may be taken on station 4
to compare the effect of heating on velocity distribu-
tion.

The velocity ratio, i.e., the ratio of average
velocity to the maximum velocity which is at the axis
of the pipe, for each run is calculated from the actually
measured veiocity at the axis and the graphically in-
tegrated values of Vgye, which can be excressed as,
am »roR Vradr

a.Ve. = t—
m R®

v

rRyroar ...(3)
(o]

'.IU“ lf\J

or

Vave., = a/;R V(ﬁj d(%) o.ee(32)

The value in the integral is obtained through graphical
integration - as illustrated in Figure5é for Run V I-38.
Thus, the velocity rctio for every run is similarly
obtained. They are given in Table 15 and plotted in
Figure 57 . The aprarent rise of this ratio with in-
crease of Reynolds number is similar to the calculated
line from Eq. (21c) in Chavter III, except these values

are higher than the calculated values which is what 1is

expected since the corresponding velocity distribution
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exponents "a" are lower than those calculated.

It must be pdinted out here that the average veloclty
obtained from graphical integration 1s satisfactory as
compared with orifice meter readlngs and actual weighing,

Its deviation from orifice meter reading is about + 30%, while
its deviation 1s still much less as compared with actual
weighing (See Fig. 57a). For S2TE. calculations, values of
graphically integrated V __. max are recommended to use,
since any error that may introduce 1n the pitot tube

coefficient will apparently be eliminated this way,
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VIII, Velocity and Temperature Distribution

Runs During Heating

(Counter-Current and Parallel Current)

A. General Discussion,

Parallel current runs were carried out at
Stations 2 and 3, having water flowing downward; while
counter current runs were carried out at Stations 4
and $, having water flowing upwardg. Twenty-one
simultaneous veloclty and temperature distribution runs
with one extra temperature distributlion run were
obtained, operating with parallel currentg and thelr
data with calculations and plots are lncluded in
Appendices E and G. Due to the difficulty in
obtalning accurate velocity distribution measurements
when the water is being heated and flowlng upward
as explained in Chapter VI, only ten simultaheous
velocity and temperature distribution runs with six
extra temperature distrlibution measurements were
obtained on counter current runs. These data with
calculations and plots are to be found 1n Appendices
P and H,. Graphical integration plots of average
velocity, average temperature and mixing cup
temperature are not included, but they are available
in the Heat Transmlssion file in the Chemical

Engineering Department.
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The veloclty distribition exponent "a" is
graphically determined for each run, just like the
isothermal runs, and the average veloclty over the
cross section 1s found by graphical integration,
Based upon equation (7A) derived in Chapter IV,
which 1is

_____ = ememmem——- = (l - ~) .....-...(l)

the value of "b", which is defined as temperature
distribution exponent, is similarly graphically
determined for each run. The average "space"
temperature over the cross-~section can readily be

seen to be equal to
R R
2ﬂ.é tr dr r r
tgy = ===-o-m=m=omee = t (=)d(=)  e.....(2)
R R :

However, thls average cross-sectional temperature
is different from the mean fluld temperature (better

known as mixing cup temperature) which 1s equal to

R R
. en/, te vr ar 2,(0 tpvl(r/R)d(r/R)
i 2n fR pv r dr (pV)av

o

These operations are 1illustrated for Run V

H-16, Run T H-26 in the parallel-current runs, and for
Run V H-31, Run T H-45 in the counter-current runs by
graphs hereln inserted. (See Figure 58-63). All
these graphically determined values are tabulated in

Tables 18 and 19,



Table I8 Velocity and Temperature Distribution During

Heating

(Parallel Current)

(Col
LR (3w 5y (6) (1) (& (9 (o) ) (2 13
Velocity Temp. tigg Vave Vave tave tm tw tw— ta
Run Run No. (ft./sec) Vmax (°C.) (°C.) TeC.) ~(°C.7 a b a/b . b
_ _T°¢.)
V H-3 T H-14 2 2.28 0.869 25.52 23,77 78.0 56.4 0,100 0.039 2.56 52.3
vV H-5 T H-16 2 4.13 0.857 22.92 22,69 70 48,85 0,103 .0223 k4,62 45,2
vV H-8 T H-18 2 1.27 0.768 28,56 2g.17 86.7 63.45 0.169 .0495 3.41 67.5
§v H-9 T H-19§ 3 1.2 0.778 37.60 36.11 80.3 47.55 0.153 .05 2.83 60.98
év H-10 T H-20 2 4.39 0.869 25.85 25.14 74,2 51.40 0.101 .030 3.37 35.35
VH-11 T H_213 3 4.02 0.778 28,80 - - 65.0 3.0 0.157 .0278 5.65 9.2
(Vv H-12 T H-22) 2 3,45 0.847 25.92 25.00 76.41 24.56 0.109 .0W17 2.62 58.8
(v H-13 T H-23) 3 3.22 0.791 30.80 30.33 69.0 1.0 0.155 .0397 3.90 52,05
Vv H-14 T H-24 2 .928 0.82 18.72 .21 .81 0.124  .0384 3.23 4,63
Ev H-15 T H-25§ 3 %.270 o.sog 24.;8 22.36 Eg.76 0.140 .oh15 %.37 28.13
{V H-16 T H-26 2 2.806 0.438 19.36 77.11 61.38 0.123 .0364 3,38 57.0
fv H-17 T H-27§ 3 2.806 0.826 25.52 71.51 49,36 0.131 .OH22 3,10 53.52
H-18 H-28 2 4, 43l 0.832 17.60 6.01 61.51 0.123 ,0288 L.27 .75
§¥ H~%9 g H-293' 3 u.uge 0.838 21.60 | %6.91 48.38 0.127 .0324 3,92 U, 81
Vv H-20 T H-30 2 1.557 0.814 10,48 78.41 73.01 0.141 .ou34 3,25 55.80
2v H-21 T H-313 3 1.560 0.767 18.40 76.01 61.51 0.177 .03 5.08 49.7
(v H—22 T H-32) 2 2.120 0.859 9.20 75.03 70.5%3 0.103 0414 2,49 53,24
(Vv E-23 T H=33) 3 2.05 0.83%0 17.12 73.91 60.75 0.123 .0348 3,53 47.84
T H-34A) 2 g8.40 79.01 75.01 - L0342 - 55432
Vv H-24 T H-34 3 2.350 0.877 15.28 771 63.01 0.0905 .0279 3.24 47.06
(VE-25 T H- 2 4,770 0.892 7.40 73.21  69.61 0.0806 .0%18 2.54 O.L
(v H—ZZ T H_§2§ 3 4,705 0.856 12.30 65.71 56.74% 0.1054 ,0275 3.83 30.6



Table (Cont.)

Col

v( y ’f’f) 2 a5 as) an  as) (19) (20) (21)
¢ w la wva ave~'a
V H-3 T H-14 38,900 64,200 3.U47 223,000 52.48 0.931 0.0695 3,210,000
V H-5 T E-16 66,800 103,500 3.97 U411,000 47.08 0.963 .0363 11,320,000
gv H-8 T H-18) 23,200 44,700 2.67 119,400 8.14 0.918 .0838 1,426,000
V H-9 T H-19) 26,900 39,500 2.56 101,200 2.7 0.899 .102 993,000
Ev H-10 T H-20) 74,700 131,800 3.21 423,000 48,35 0.941 . g9u 7,120,000
V H-11 T H-21) 73,800 108,000 3,68 398,000 36,2 0.953% Neliya 8,400,000
Ev H-12 T H-ezg 59,600 107,800 3.10 334,000 50.48 0.925 o747 4,470,000
V H-13 T H-23) 61,600 90,500 3.48 315,000 38,2 0.932 . 0684 4,605,000
Ev H-14 T H—24§ 57,200 - 114,800 3.32 348,000 24.49 0,943 .057 6,050,000
Vv H-15 T H-25) 64,100 102,000 3.74 381,000 2,08 0.920 .080 4,740,000
gv H-16 T H_26g 41,500 85,200 3,19 272,000 7.75 0.942 0592 L,600,000
Vv H-17 T H-27) Uu47,80 80,600 3.38 272,000 5.99 0.931 . 0683 3,980,000
gv H-18 T H—283 62,700 132,000 3.25 429,000 8.41 0.950 0504 8,520,000
vV HE-19 T H-29) 69,000 110,400 .00 442,000 5.31 0.935 «0655 6,750,000
(v H-20 T H-30) 18,200 U46,6400 3.24 150,200 67.93 0.931 . 0696 2,160,000
(v H-21 T H-31) 22,500 42,100 3.63 153,000 57.61 0.938 0634 2,415,000
gv H-22 T H?BE; 23,900 60,600 3.40 206,000 65.83 0.934 . 0666 3,090,000
vV H-23 T H-33) 28,600 53,800 . 3.76 202,000 56.79 0.935 ~$0652 3,100,000
- T H—BMA; - 69,500 3.28 228,000 70.61 0.942 . 0587 , 885,000
V H-24 T H-34 ) 31,300 60,850 3.82 232,000 59.43 0,943 «0568 ,085,000
(Vv H=2 T H-35) 51,000 130,400 .58 L467,000 65,81 0.945 0546 8,560,000
(v RS2 1 H_§e> 57,900 188:800 3.36 475,000  53.41 0.541 .0587 &.100,000
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Table 19. Velocity and Temperature Distribution During Heating
(Counter Current)

(Column) .
(1) (2) (4) (6) (&) (9) (11) (13)
Velocity Temp. Va tave t (tw=tg) te:
"~ Run th%sgci (Eg,) (Kc,; -T%éj%“* b 13%77
iT H-37 n 1.302 22.80 &7.24 69.42 0.0637 67.4
T H-38 5 (manometer) 38,56 86 .64 5544 .0895 62.9
T H- 4 .76 8.96 2.30 24,10 .02 23.6
éT H-ag 5 31 18.60 %3.30 57.15 .ozgg ug.sz
(Vv H-28 (T H-41 L 2,98 12.12 65.93 56493 .0330 46,80
(Vv H-29 ET H-L2 5 3,03 2L, ug 79.63 58.37 .0330 48,06
§T H-4 4 1.bh2 21,92 g83.27 66.82 .0563 62.8
T H-4 5 - 36.56 85.57 53.87 «0553 59.53
(v B-31 §T H-U45 4 3433 10.88 62.95 54.75 .0283 45.0
(Vv H-32 (T H-U46 5 3.30 22.08 78.95 59.75 .0322 49.67
(T H-4T 4 1.102 20.32 94,33 79.03 .0537 70.46
(T H-U8 5 (Weighing) 35. 93.18 59.33 .0378 63.2
2T H-U49 4 1.526 12.s4 79.41 64.11 .0517 59.9
T H-50 5 1.510 34 Ug 86,37 55.57 .0l38 57.93
(T H-51 L 2.02 17.64 T4.66 61.51 L0418 5540
(T H-FH2 5 2.02 29.92 83,56 56.36 0334 53.8
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(Column)

1 (2) (14) (15) (16)  (17) (18) (19) (20) (21)
Velocity Temp. ,

Run Run’ Ret, ...  Retg Pri,  Pety  Iwlave  iw-taye taveta tw-ta
°C. Sy-ta ty-ta Pete (tave‘ta)

T H- 20,800 U45,950 2.6 122,700 6 Ukt 0.929 0.0718 1,710,000

5? H—%g 2g,950 ugiogo 2.8; 123,500 48,08 .268 0.1%3 ’5291000

V H-2 T H-39 Lo 450 62,000 6.54 405,000 23,34 .96 .031 12,700,000
! éT H- 54,320 91,200 4.18  3#1,000 53.20 .352 .0342 s,guo:ooo»

Ev H-28 $T H-U41 36,800 77,300 3.84 296,500 53.81 U5 0548 5,410,000

V H-29 T H-42 50,000 78,900 3.75 296,000 55.15 <945 - L0551 5,380,000

(V H-30 ET H-4 22,600 U47,500 2.87 136,300 61.35 .918 . 0820 1,662,000

7 T H- 30,850 45,350 3.03 137,200 . 49.01 .910 .0902 1,522,000

év H-31 iT H-U45 39,400 83,200 4.00 333,000 52.07 .951 .Ol9 6,800,000

vV H-32 T H-U46 52,500 90,000 3.63 326,500 56.87 .952 .04g2 6,770,000

gw H-U7 16,650 40,000 2.52 100,800 74,01 .936 .0635 1,588,000

| T H-48 23,400 36,600 2.85 104,400 57.74 974 .0268 3,900,000

(V B-3 ET H-49 22,700 u4&,000 3.00 144,000 59.57 .930 .0708 2,035,000

(V H-3 T H-50 31,250 46,700 3.12 145,600 51.89 +933 . 0662 2,200,000
(Vv H-35 (T H-51 28,700 59,350 3.30 195,800 57.02 .927 .0730 2,685,000

(v H-36 (T H-RF2 38,100 58,300 3.35 195,200 53.64 «953 .0483 4,040,000

8Ir
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It is a very significant fact that these
temperature dilstributlon exponents "b" are found to be
always much smallér than the corresponding velocity
distribution exponents "a", The apparent difference
of these two exponents 1s to be expected as dlscussed
before and to be observed in Filgure 58 which 1llustrates
dimensionless plots of the sample runs V H-1l6 and .

T H-26, It is recalled that frOm‘Pannell's experiments
on air (1) (See Figures 41-44, Chapter IV), the
corresponding velocity and temperature distribution
exponents are élmost equal, However, in the presert
investigation, instead of being equal, their ratio

(a/p) varies from 2 to 5; a fact which reveals definitely
that the elementary form of Reynolds analogy as adopted
by Prandtl (See Chapter IV) between momentum and heat
transfer fails to apply to ligquids,

In the same run, there 1s a noticeable difference
in pipe wall temperatiire between two sections. In
the parallel current runs, the pipe wall temperature
of Station 3, 1i.,e., the station farther aWay from
the inlet water end, is always 2 to 10° C. lower than
that of Station 2; consequently the maximum temperature
gradient, (ty-t_ ), at Station 3 will be always
smaller than that at the other station. It must
be remembered that excess amount of steam was used
in each heating run so tﬂe decrease of pipe wall

temperature cannot be due to insufficient steam,

114
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However, in the counter-current runs, the plpe wall
temperaturé of Station 5, which 1is thekstation farther
away from the inlet water end but nearer to the steam
inlet end, 1s usually greater than that at Station 4;
thus, this equalizes the maximum temperature gradients
between these sections to some extent, although they
are seldom equal to each other. Of coursey the
difference of pipe wall temperatures will gradually
decrease as the rate of water flowing inside the

pipe being heated decreases or the velocity of the
steam 1n the jacket 1ncreases, Uniform wall
temperature seems to be almost impossible to mailntain,
if condenslng steam is employed as a heating medium
either in parallel-current or counter-current cases,
In view of these facts 1t should be realized that while
the results herein presanted show the phenomena
actually obtaining in real cases of heating water

by steam, they may differ from the phenomena associlated
wlth a truly uniform wall temperature. Such
differences as may exlst cannot be determlned by

the present apparatwus,

Be On Velocity Bistribution During Heating.

In analyzing the difference of flow conditions
between non-isothermal case and the isothermal one,
the following factors must be considered:
1. The effective temperature based upon which Reynolds.

number ought to be calculated.
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2. The denslty gradient duefto the temperature gradient
in the cross-section, thus producing natural convection.
3. The viscosity gradient aiso due to the temperature
gradlent in the cross-section,
The denslity effect will favor the flow near the boundary
of the pipe for upward flow, while the reverse is
true for the downward flow, The viscosity effect
- should apparently be to increase flow near the boundary,
whether the water is flowing upward or downward during
heating.
In plotting the velocity distribution exponehts
"a" in Flg. 64 against usual Reynolds number, the kinematic
viscosity in which is based on the "space average"
cross-sectional temperature, tg.q, it 1is observed
that they generally lie below the experimental isothermal
line, However, by substitutling in calculating the
Reynolds number, a mean film temperature, tf, or
effective film temperature taken at 0.9985R from the
corresponding temperature distribution for each velocity
distribution run, it i1s shown in Fig. 65 that these
exponents correlate better with the average lsothermal
line.
Keevil and McAdams (3) (4) have recently pointed
out the effeqt of both density and viscosity gradients
on the viscous flow during heat transfer; an under-
standing of thelr mental picture on the subject will be
very helpful in explaining the preseht investigation,
As the water 1s being heated, due to the high temperature
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near the pipe wall and the low temperature near the
center of the pipe, the water near the wall will have
a lower viscosity and lower density than that at the
center portion. In comparison with the isothermal
case, the liquid near the wall will flow at a greater
velocity relative to that in the central portion for
water flowing upward, and also for water flowing down-
ward, provided that in the latter case, the density
effect 1is neéligible compared with the viscoslty effect,
Let us consider a long vertical pipe being heated at
its middle position by a steam jacket (See Figure 65!')
the followlng phenomena are what are to be expected:
(1) Since the total flow at any plpe cross-section
will be a constant, some radial flowill be produced
as water 1s flowing from the isothermal to the heated
section.

(2) Assume curve a in Fig., 65' represents the velocity
distribution in the 1sothermal section Abefore
heating, curve b will be the velbcity disttibution

in the heating section B, since water will flow

from central portion to the boundary due to radial
flow as compared with the 1isothermal curve,

(3) After heating, the velocity distribution in

the isothermal section C ought to go back to the
isothermal case, curve a, thus some water has to

flow backward from boundary to central portion as
compared with the veloclty distribution curve b

during heating.
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HEAD WITH HEAT
TRANSFER
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The above statements are the possible phenomenon
which describe the effect of heatling on velocity
distribution. Experimental verification is still
lacking in literature, and 1s to be attempted as follows
from the present investigation.

In the present 1nvestigation, some sets of
non-isothermal runs were taken simultaneously with
isothermal velocity dlstribution runs which were
taken elther before or after the water was heated,
(Tabulated in Table 194), The apparent swelling
up of the velocity distribution near the wall and
its shrinkage at the central portion may be observed
in Figures 65A to 65D,

Flgures 65E to ©BH illustrate more clearly
the radial flow phenomenon by plotting the difference
of velocity between corresponding isothermal and
non-1isothermal runs against fraction of radius.

The arrows in these figures indicate the direction

of radial flow as one passes from one pipe cross-
section to another following the main stream., It

1s seen that in case the isothermal run is taken
before the heating runs, the direction of radial flow
is from central portion to the boundary, and in case
that the isothermal run 1s taken after the heating
runs, the direction of radial flow 1s reversed,

i.e., some portion of water near the boundary flows
backward toward the central portlons as the case 1s

changed from heating to isothermal. It must be
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remarked that the denslty variation over a cross sectlon
is only about 0.3%. Thus, these flgures may be

considered to show changes in the local mass velocity,

Table 194, ”ompdrison of Isothermal and Non-Isothermal
Velocity Distributions at Constant Mean Velocity.

Isothermal Velocity Distribution. Velocity Distribution
During Heatlng

Run No. a re Station No, Run No., a Re. Ret Stat,
{(after heating) av f TWo,
V I-44 0.137 69,000 4 V H-14 0,124 57,200 114,800 2
V H-15 0.140 64,100 102,000 3
V I-45 0.133 49,400 4 V H=-16 0.123 41,500 85,200 2
vV H-17 0.131 47,850 80,600 3
V Is46 0.139 74,700 4 V H-18 0.123 62,700 132,000 2
vV H-19 0.127 69,000 110,400 3
(Parallel-Current Runs above)
(Counter-Current Runs below)
(Before Htg.)
V I-52 Ogl4l 41,250 3 V H-27 0,131 42,450 62,000 4
V I-43 0.148 16,040 3 V H-30 0,129 22,600 47,500 4
V I-54 0.130 36,950 3 vV H-31 0.121 39,400 83,200 4
V H-32 0.123 52,500 90,000 5
V I-55 0.189 17,000 3 V H-33 0.151 22,700 48,000 4
V H-34 0.161 31,250 46,700 &
V I-56 0.166 22,600 3 V H-35 0.117 28,700 59,350 4
V H-36 0,125 38,100 58,300 5
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The data of the present 1lnvestigatiom are <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>