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VELOCITY AND TEMPERATURE PROFILES
FOR TURBULEST FLOW OF LIQUID—-
LIQUID DISPERSIONS IN PIPES

CHAPTER I
THRODUCTION

Problems associated with two phase flow systems have been
encountered for quite some time but it hes been only recently that
thorough studies on the processes of momentum transfer and heet
transfer to these systems heve been undertsken. Most of the work,
however, has been restricted to gas-solid, gas-liquid and solid-
licuid dispersions. Little work has been devoted to liguid-liquid
systens,

Moreover the research on two phzse systems has been restricted
to measuring friction factors, heat transfer coefficients, effective
viscosities and effective conductivities. One of the interesting
aspects of this field observed by recent workers has been that some
solid-liquid and liguid-liquid dispersions behsve a8 non-Newtonian
fluids, No work has been published on the measurement of temperature
and velocity profiles for the flow of liquid-liquid dispersions,

The object of this study wes to measure the velocity profiles,
tempersture profiles, friction factors and heat transfer coefficients
for the turbulent flow of liquid-liguid dispersions in smooth
circular tubes to determine the momentum and heat transfer

characteristics of the two phase fluid, The fluid system studied

T



was & dispersion of & commercial petroleum solvent in water.

The velocity profile was used to determine the viscosity of
the dispersion, This viscosity was then used to correlate the
pressure loss date on & conventionsl friction factor plot. The
temperature profile data allowed determination of the correct

Prandtl number to use in the heat transfer j fector,




CHAPTER II

THEORY AND PHEVIOUS WORK

Momentum equetion for twe phase flow.

When 2 fluld flows in & potentisl field a force bslance on &n
element of volume CS. V of the fluid gives rise to the momentum
equation. The force belance is actually an applicetion of Newton's
second law of motion and is made by equating the inertiel force to
the external forces. For & viscous fluid the externsl forces are
the various normel and shesr stresses and the potential forces. In

the x-direction the inertial force is
Lagy
g, dt
where fo density of the fluid
du/dt = acceleration of the fluid in the x-direction

gc = gravitational constant.

The stresses are

(=t Tt im g

normal stress (pressure) in x-direction

where 'Tn —

I P shear stress acting on & plene perpendicular to oL
and in the direction of @ .

The field force is
-P 8.Q Sy
wheraﬂ is the potentisl oi‘ the field per unit mass of the fluid,

Equating these three forces, the momentum equation for the x-direction




beconmes

<£§ g: <:____;;,+,E)’rz?'+_23'r,, ) éi ‘o
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Similar ecuations for the y and z directions can be written.

For a single phese fluid the size of the element SV can be
teken sufficiently small so that equetion (1) applies, However
if it is desired to express the bebzvior of a two-phase dispersed
fluid by 2 single momentum eguation there ars certain restrictions
to the size of the element é V. The element mist be taken such
that

Sv pe (2a)

where cS Voin must be large enough to contein a statistical sample
of the dispersed phase droplets,

The derivation of the stress terms in equation (1) is based on
the assumption that the stress is linear with distence. Baronm,
Sterling and Schueler (2) have shown that if the stress is not linear

equation (1) will still hold, provided
0T 92T
el it e - @

with similar inequalities for é ¥y and 5 %Z., This restriction puts
an upper limit on & V. 8o the condition that equation (1) may be
used for two-phase cdispersions can be written as

SVaax > SV > Sy, (3)

Baron, Sterling and Schueler have further shown that for turbulent
flow the region 5vm may be tzken &s the region of viscous flow
in the turbulent field., The szuthors hzve used the Kolmogoreff



charecteristic dimension to evaluate this region. The Kolmogoroff

dimension, as reported by Batchelor (3), is given by

3/ 4 -1/4
Sruen (£) (€)Y
where u = the viscoeity of the fluid
gnd € = the rute of energy dissipated per unit mass.
Baron, Sterling and Schueler have shown thet for dispersions of
carbon tetrachloride in water the Kolmogoroff dimension is of the
order of 0.5 mm, For liquid-liquid dispersions the dispersed phase
droplete are definitely smaller than this. So the authors concluded
that & cube of side 0.5 mm. will contzin & stetisticel number of
dispersed phase ‘roplets. This showed that liguid-liguid dissersions
can be treated as single phase liquids.

Baron, Sterling and Schueler have further noted that the
dispersion they studied behaved as a Newtonian liquia, However
Finnigen (10) and Cengel (4) who heve worked with the dispersion
studied in this work have noted that it behaved as & non-Newtonian
fluid. Other workers (e.g., Dodge and Metzner 9 and Shaver and
Merrill 24 ) hsave treated suspensions of solid perticles in liguids
as non-Newtonian fluids. fussell, Hodgson and Govier (23) and
Charles, Covier tnd Hodgson (5) have cone some work on the flow of
mixtures of oil and water. They have studied bubble, stretified and
mixed flow of the two liquids but have not considered the -roblem of
completely dispersed flow.

The shear-stress-rate of shear behavior of most liquids cen be




characterized by an equation of the type
Tag(du)\?
ge T =K ( dy) ’ (6)

where T = shear stress
du/dy = rate of shear (velocity gradient)

y = distance measured normal to the flow and away from
the wall.

end n &nd K are constents for the liquid,

If n =1, K =4 vhere 22 is called the viscosity of the liquid. In
this case the 1iquid is Newtonian. For n 3 1 the licuid is non=
Newtonisn. If n { 1 the fluid is termed pseudoplastic and if n o |

the liquid is termed dilatant,

Turbulent flow of Newtonian fluids.

For the steady laminar flow of incompressible Newtonian fluids

in circular ducts the momentum equation can be simplified to
OPr ml D du
=5 5 ("5) (7

vhere X = length alongz the tube
OP,

ax = pressure gredient due to friction

r = distance measured radically from center of tube.
and u = point velocity of the fluid.
This equation can be solved to give the velocity =s & function of
the radius (e.g. see Knudsen and Katz [12, p. 84-86]).
When the fluid is in turbulent motion, eddies zre formed and

dissipated in the fluid end the shear stress can no longer be




characterized by relstionships of the type given by equation (6).

For Newtonian fluids in turbulent motion Prandtl sroposed that
Ts @_ d“ fO (l (8)

wvhere 1, the Prandtl mixing length, is defined as the distsnce a
particle moves in the y-direction before loosing its identity. The
term Ee ( 1 %)2 is referred to ss the turbulent shear stress and
is much greater than the viscous shear in the turbulent region.

The term -"-';- is celled the molecular diffusivity of momentum
and the analogous term for turbulent motion, 12 % s 18 the eddy
diffusivity of momentum, E Me 1t can be shown that for steady
laminar or turbulent flow in & tube the shezr stress in the fluid
is a linear function of the radius (12, p.79), i.e.

T="T, (1-%) (9)

where T is the shear stress of the wall and r, the radius of the
pipe, Hence for the turbulent region equation (8) can be written

E8

'rv(l-;%) gi ;g.? (10)

By further sssuming that 1 is & linesr function only of y, this
equation can be solved for u to give
ut s w/u* 2 5075 log v + o (11)
where u* = the friction velocity, /%g./pP
y+= (y u*f’ )/ p, & dimensionless distance.

The constant Y hes been experimentelly determined to be 5.5, So the




velocity profile equation for the turbulent reglon cen be written as

ut = 5,75 log y+ 4+ 5.5 (12)
When & fluld is in turbulent motion in & tube it is &ssumed,
based upon experimental evidence (29), that there is & layer of the
fluid near the wall in laminer motion. In this region there are no
eddles and no turbulent sheer, hence €, = 0, The thickness of this
sublayer extends to y'* = 5. The velocity profile in this layer can
be shown to be
ut =yt y¥ s (13)
Between the laminsr sublayer and the turbulent core there is &
region where the eddy diffusivity incresses rapidly from szerc to
2 value many times greater than the moleculsr diffusivity, The
extent of this region is tzken to be from y‘r =5ty*t =30, The
velocity distribution in this region has been determined to be
wt =115 20g vt - 3.05 5yt ¢ @ (14)
For y* > 30 there is assumed to be complete turbulence &nd the
velocity profile is given by equation (12). The turbulent core
extends over most of the tube cross-section. In terms of veloclity

defects equation (12) can be written as

Uy - u

*
u

= 5,75 1ogiy“ (15)

where uy is the maximum point velocity et the center of the tube,
For flow past & solid boundary the shear stress st the wsll is

proportional to the averzge kinetic energy of the fluid
T, = £pU%/2g, (16)




V)

vhere the constant of proportionality, [, is called the friction
factor eand U is the average velocity of the fluid., For flow in

tubes the expression for the [riction factor becomes

f= - 17
2072 (17)
where D = diameter of the tube

Efﬁz = presaure gradlent cdue to friction losses.
ax

By dimensionsl aznelysis it cen be shown that both for turbulent and
lamina» flow of Newtonian fluide in smooth tubes the friction fzctor
is 2 function only of the Keynolds number, Re. This fiow parsneter
is defined by

Re = (DUP)/p = (D G)/p (18)
where G is the mess flow rete per unit cross-section zres, The
relationship between the friction factor and Heynolds number has
been determined by varlous workers, Among the equations sroposed

for turbulent flow &are

£ = 0,079 (ke)™0*<5 (19)
£ = 0,046 (Re)~0*%0 (20)
and 1/ Jf = 4.0 log [Re,/'f ] - 0,40 (a)

For Heynolds numbers up to 100,000 there 1s no aporeecicble difference
between these equations, Equation (21), referred to ss the Nikuradse
equation, is usually recommended for evslusting friction factors
since it applies over & wide range of Reynolds numbers,

It should be noted that with the use of equstion (15) the




o +
expreasions for u+ and y becomne

o¥ =8 and y+=ch-§ (22)

+

These expressions are used to evzluate u' s&nd y+ for velocity

profile calculsations,

Turbulen w of ~Newtonian ids.

Studies on the flow of non-Newtonian fluids have been initiated
only recently =nd little has been published in this field, Dodge
and Metzner (9) hsve used dimensional analysis to obtein the various
groups involved in the turbulent motion of non~Newtonizn fluids in

pipes, Starting with the assumption that

ue= f(r,P,Ty, K, n, ¥) (23)
they obtained the relationship
u+‘-'f(z.;!-,n) (24)
w
vhere z 2p rwz_sz ==

They further showed that the exact form of the velocity distribution
ecuation for the turbulent cors ghould be

ut= 4, logy* + B, (25)
+ n #.2 - n
where y =Z(—2¥;) = [yn{o (u) ]/K

end Ay &nd By &re functions of n. They also showed that in termes of

velocity defects the ecuation is of the form

-—T—u-umgnlnlog;'l- (26)
u W




For the evaluation 2f friction lsctors for turbulent non-

Newtonien flow they o-talned the ejuetion

\/.%. = 4y log [Re cHY = ”/2:1'\' G, (27)

for non-Newtonian flow the Heynolds number is defined by

D"y -npf =
Re = LU (ﬁ?) 2 (22)
DJP

For n = 1, this reduces to He =

‘ln and Cn ere functions of n.

By analyzing the experimental friction factor dats for non-Newtonian

liguids these zuthors .roposed that

_.5.__._ 0 = =040
e s )O .75’ ln (z)°° 5! % (n)l'2

_ 0,40 24458 T 1
and B, = (m1e2 -+ (2)0-T5 [1.9::0 + 1.255n - 1.628n log (3 n)J

(29)
For Newtonisn flow these constents become

Al = 5.b6 ’ An = 4.0, Cl = =0.4 ’ Bl = 5.1 (30)

With these vslues equations (25), (26) and (27) become
ut = 5.66 log y+ + 5.1 (31)
u - ‘ . A
> Um = 5.00 log ( Ty, (3‘)
and j-% = 4.0 log (Rcﬁ ) - 0.4 (33)

Equation (33) is identical to ecustion (20), while equetions (31) end
(32) differ slightly respectively from equations (12) and (15). It
should be kept in mind thet the constants in ecuation (1Z) have been
determined experimentslly. Hence these smsll differences cen be

expected,
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Shaver snd Merrill (24) have done some experimentsl work on
pseudoplastic liguids, They hsve meusured both friction factors and

velocity profiles. They have correlated their friction fsctor date

by

£ = (0.079) /n® Re 8

(34)
vhere ¥= (2.62)/(10.5)"
For n = 1 this reduces to equation (18), Both Dodge snd Metzner's
(9) and Shever and Merrill's results show the same trend in friction
fectorss for a particular Reynolds number the friction fector
decreeses with n., Maude and Whitmore (16) have studied the turtulent
flow of suspensions of fine emery powder in water, They treated the
suspensions as Newtonien fluids and found that the friction fsctors
obtained were less than those predicted by equation (21), This could
be due to pseudo-plestic behavior of the suspensions.

Shaver and Merrill (Z4) have presented their velocity orofile
deta as (uy - u)/a ve. log -r{-' for verious values of n, Exceot
for & small portion near the center of the tube, their date can be

correlated by an equation like

“mu;' - = Fy log(%) (35)

where F, is a2 function of n. From their dats it is seen that
increases as n decreases. This trend is opposite of that predicted
by Dodge end Metzner (9). According to equations (26) and (29)
derived by Dodge end Metzner, the slope of (uy - u)/u* vs. log

(r/y) should vary with n as (n)0+<5« It is evident thst




L5

for n = 0, the ultimete pseudo-plastic liguid, the sheer stress ywill
be constant ihroughout the tube, This means tle velocity profile
will be flst. This is predicted by Dodge and Metzner's equation,
Cleerly more experimentsal work is required in this field.,

No putlished work has been found on the velocity profilee in

liquid-liquid cispersions.

Heat sfer N nisn fluids.

Considerzble work has been done on the evaluation of the
temperature profiles for the turbulent flow of Newtonian fluids,
The energy equation for this type of flow of an incompressible

fluid is (assuming no heat gemeration snd neglecting viscous

dissipztion)
22,12 [r(e + Ey 21
ubx'rbr r( + u)ar (36)
where T = temperature of the fluid
A = moleculer thermal diffusivity, ﬁ; » where k is the thermal
B

conductivity of the fluid and cp the heat capacity.
end €p = eddy diffusivity of hest.
Equation (26) is analogous to the momentum equation for turtulent

flow which may be written as

e dPfr 19 [, 1.9
sHeAg[(grap] o

using the concept of the eddy diffusivity of momen tum, eu, intro-
duced previously. Since u 1s a function of r ecuation (36) has to be

solved in conjunction with equation (37), The term £ g is &lso a



function of r, but there is no penerslly &ccepted anslytical or
enpirical exyression for it.

One of the first solutions of the energy equetion obtained was
by assuming that heat was transferred by a mechanism znalogous to
the trensfer of momentum, It is assumed ihat, a2nalogous to equetion

(8), the ecuation for heat transfer in a fluid can be written as

q dT
T Pr‘r a=-(a+Ey o (38)

where g, ig the amount of heat being conducted and A, is the surface
ares across which it is being conducted., Mertinelli (15) solved
this equation for the following conditionss

(a) Velocity and temperature profiles are fully developed

i.e. there are no entrance effects

(b) The fluid properties are constant

(¢) There is uniform heat flux along the tube wall

(d) The ratio of EH to £y is constent.
As in obtzining equations for the velocity profiles, Martinelli
assumed the existence of three hest transfer regimess laminar
sub-layer, transitlon zone and the turbulent core. The results
obtained by Martinelli were:

(e) Laminer sub-layer, y*-<: 5

£y 3
T"Tw. ?M'Pry
'l;:-T TH

€H Te I_ (39)
v -E-ipr+1n(1+5e—ﬁpr)+o.5f‘11n60‘/2
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(b) Transition zone, 5 y+ {30

£ £
H H
—— Pr 4+ 1n [:l +—Pr( XL -1 ]
T-Ty - £ £y ( y' ) (40)
T «T,
c W _f_ﬂPr+ln(l +5£§.Pr)+0.5l“llnﬁzﬁ
€y Ex 60 ¥ 2

(c) Turbulent core, y+ > 30

&Pr+ln(l+5—£il’r) +0.5F mnke /£ ¥
T-TW EM £M . 1 60 2T,

T=-T
c w

o - e
where y' = value ofyaty+:5

Pr = Prandtl mumber, C, -k&

T, = Temperature at tube center
Ty = Wall temperature

£
and Fl is a function of ?ﬂ » Heynolcds number &nd Prandtl number.
M

These equations and subsequent ones by other workers show the
marked effect of the Prandtl number on the tempersture profile, It
is seen thut if the temperature profiles given by equations (39),
(40) and (41) sre plotted the profiles become flatter the higher
the Prandtl number, For a Prendtl number of unity the temperature
profile coincides with the velocity profile plotted as Eu; for the
seme Feynolds number, For High Prendtl number fluids (ordinary
liquids, Pr > 3) nearly 30% of the tempersture drop occurs in the
leminer sub-layer. For these liquids the Feymolds number has little
effect on the temperature profile in the turbulent core.

Delssler (8) has solved the energy equation assuming thet




EH - EM' He hes consicered the verletion of viscosity with

temperature snd has covered & wide rauge of Prancdtl nunbers.

Sleicher (25) has s1s0 solved the enerygy equetion for various
values of Prendtl numbere, He used the metind of separution of
variablee to solve the egustion., For the csse of cocstent well

tempersture he obtalned the solution

- To 2 :
Tl z Cg H, exp (- )\' x) (42)
Tpy - Ty B

where Ry is & function of -g; end sztisfies the ecuation
w

d T "(+£H d R 2 "
d(}-’;—;) [rx;,( o -)—d(}é)]—‘.}" 'ﬂu'rl'ﬂs 0 (43)

*
)\. are eigenvalues of this equation, x 1is » Cg's ere

e
RePr ry
constants ead Tt-l is the initial bulx tempersture of the fluid.
8leicher has given values of A g 2nd Cq as functions of Feynolds
numbers snd Prandtl numbers. The functions Ry have slso heen
tsbulated for verious values of Feynolds and Prancdtl numbers,

€
Sleicher hzs noted thet the ratio -E—g » in sdcition to teing
M

dependent on Reynolds and Prundtl numbers, is also & function of
the radius. He has given experimentsliy caslculated wslues of this
ratio for eir.

When hest is transferred between & solid toundsry and a

flowin: fluiad the rete of heat trensfer is given by

dg = hi d“'\l (TW — Tm) (M)




17

where dq = differentizl rate of heat transfer
dAy, = differentiel wall srea across which hett is traznsferred
Tm = bulk fluid tempersture
and hy is defined as the local hect trensfer coefficient. As stated
atove a laminar film exists at the fluid-solid boundary., Hesat

transfer across this layer is by molecular conduction slone. Thus

the rate of heat transfer cun slso be expressed zs follows:

=oka, (2L
dg kl.‘,(by ey (45)

where (-g—'r) is the temperature gradient &t the boundary.
Y -

Ecueting the left hend sides of equations (44) and (45) and resrrang-

ing the following result is obtained

hiz-u_h,;(gg.)yzo (46)

This shows thet if an expression for T =& & function of y (or r) is
avallable one can eveluazte the heat transfer coefficient, Likewise
the heat transfer coefficient cen be evalusted from the temperature
profiles of Martinelli (15) and Sleicher (24).

The average heat transfer coefficient, h, over 2 length L of the

pipe is given by
hy ox (47)

[~ 3
1
o [ ]

ot

For step changes In the wzll temperszture &t the beginning of the
heating section hy will bte very lerge for smell velues of L. It

will decrease 2s L increases becoming constant for L >/ 12 D for
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high Prandtl number fluids., Similerly the average hezt transfer
coefficient becomes constant and equel to hy for L :} 60 D,
Considered in the light of equation (46) this mesns that for L/D
;} 12 the temperature profile is fully developed &nd is independent
of the distance from the beginning of hesting,

From equation (42) Sleicher znd Tribus (26) beve shown that the
fully developed heat transfer coefficient is given by

2
%'i-%- (48)

The tern-%? is & dimensionless heet transfer coefficient paremeter
called the Nusselt number, Nu. The results obtsined from equation
(48) mgree very well with experimental results. Sleicher and
Tribus have &lso shown that for high Prandtl number fluids, the
fully developed Nusselt numbers calculated for either constent
wall temperature conditions or constant heat flux conditions are
the same, This meens that the temperature profiles for these
cases will also be similar,

A semi-empiriesl approach to obtain & relation between the
heat transfer coefficient and the flow variables of the fluid is
besed on dimensional snalysis. For L/D ) €0 it is sssumed that

h=f (D, U, F 2 Mo Cp, k) (49)
From this the dimensionless groups obteined are the Stanton number,
h/GpG, St, the Reynolds number and the Prandtl number. Experimentally
it is found that the exact form of the relationship is

8t = 0,023 (Re)=0+2 (pr)=4/3 (50)
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Since it is seen that St = Nu/Ke Pr, equation (50) can also be
written as

Na = 0,023 (Re)?*8 (Pr)l/3

(51)
These two equations are most frequently used for predicting heat
transfer coefficients. Equation (50) is called the Colburn egua-
tion and ecuation (51) the Dittus-Boelter ecuation, The conditions
on these eguations ere

(s) L/D >> 60

(b) Re > 10,000

(e) 0.7 L Pr & 100

When there is & wide difference between the fluid and the well
temperatures, it iz found that the best correlation is obtained if
the physical properties in the Reynolds and the Prandtl numbers
&re evaluated at the film temperature, T0.5. This temperature is
defined as the aversge of the well and the bulk fluid temperatures,

Colburn (7) has correlated the hest transfer coefficient to
the friction fector by combining equations (50) and (19). The
resulting equation is

St (Pr)2/3 = f/2 = g (52)

where j is celled the Colburn j factor for heat transfer.

Reichardt (22) has used = completely theoretical spproach to

show that

st = (£/2) ($/0) - 53
> 1+ (pr-1) B Jfi/z 2

where V) t.ét z 4b==$¥-ET§E




u
= SN
and ‘9 = 3%2 du (53)

9y Peing the heat transferred by moleeculsr conduction only, For
liquids with high Prandtl and Reymolds mumbers the function ¢ may
be taken to be &= 1, Also for high Reynolds numbers © may be
teken to be = 0,83, Friend end Metzner (11) have found empirically
that

= 11.8 (pr)~Y/3 (54)
Substituting thie value of B and using © = 0,82 snd P = 1.0
Friend and Metzner obtained the eguation

/2
St = (54)
1.2 + 11.8 J1/2 (Pry - 1) (Pz-‘,)‘l/3

In this equation the Prandtl number is evaluated at the well film
temperature., This is evident from the nature of the integral

which repidly epproaches zero as you move away from the tube well,

t transfer to two phese systems and non-Newtonisn ids.
Most of the reseerch on hest transfer to dispersions is
concerned with mixtures of weter and steam, Some work has been
done on heat trunsfer to slurries but little has been published on
heat transfer to liquid-ligquic dispersions,
Orr and Dallevalle (20) studied heat trsnsfer to solid-liquid
suspensions and correlated their data by eguestion (51), all the

groups being eveluated with the suspeneicn properties at the bulk




temperstures. Since all properties were evaluated at the bulk
temperstures they multiplied ths right henda side of the equation
Ly & viscosity correction term, [%]) lI'. innigan (10) snd
Wright (30) have previously cdone work on hest trensfer to the
liquid-liquid dispersions studied in this work. Finnigan used
equation (51) with the Prendtl number exponent of Ou4 to correlate
hie results. Wright used ecuation (50) to correlate his result,
Both workers used the dispersion properties to evaluate the
Feynolds number, but they used the thermel conductivity of the
continuous phzse in the Prandtl and Nusselt nunbers. There was
considerable scatter in their data.

Metzner snd Friend (18) studied the protlem of hest transfer
to non-Newtonien liquids in turbulent flow snd used equation (54)
to correlate their results. They relsted the Prendtl number for

non-Newtonisn fluids to the Prandtl number at the wall by

melRs]T 2] o

The Reynolds number for non-Newtonlsn flui:s is defined by ecuation

(23) ead the Pranatl number i defined by

SO TS

Equation (54) is restricted to

Pr Re
/ 5000
(0)0-25 ?
Among the substances they studied were some slurries that behaved

&8 pseudo-plestic liquids,
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No published work hes been found on the temperazture profiles of
dispersions or pseudo-plastic materisls., Substances beheving in a
pseudo-plastic manner are mostly liquids with high non-Newtonian
Prandtl numbers. So it cen be expected that the turbulent tempera=

ture profiles for them will be cuite flat,



CHAPTER III

EXPERIMENTAL APPARATUS

A schematic flow diagram of the apparztus used is shown in
Figure (1). The dispersion used wes contained in the supply tank
equipped with & variable speed stirrer, The turbine pump circulated
the liguid through the system, From the pump the dispersion flowed
through an orifice, the test section, & baffle mixer, & cooler and
was then returned to the tank. The liquid used was s dispersion of
& commercial solvent (Shell Solv 360) in water. This saue system
had been used by Finnigen (10), Cengel (4) end Wright (30). The
physical properties of the solvent have been studied by Finnigan,

A table showing these properties is given in the Appendix, The

two liguids are immiscible and on thorough mixing form an unstable
milk-white emulsion water being the continuous phase. The solvent
was kept uniformly dispersed in water by the combined action of the
pump end the stirrer,

The major portions of the spparatus are described below.

Supply Tank, Pump and Cooler
The supply tank and turbine pump were used by Finnigan (10)

and are described in deteil by him (10, p. 29-32). The cooler
w8 a Ross two-pess shell end tube heat exchanger with cooling

water supplied to the tube side.



Pipin stem

All the piping system, except for the test section, wes
constructed of standard 2-in. and 1 1/4-in. brass pipe. The test
section was & 1l-in. 0D, 0.330-in. ID copper tube 9 1/2 feet long.

It will be described in detail subsequently, A flexible rubber hose
was located 2t the efflux point of the system to facilitate in
diverting the flow to & weighing tank, The valve on the by-pass
line (no. 2, Figure 1) and the one before the hose were used to
adjust the flow rate through the system, A tee with = plug was
provided at the lower end of the test section so that the system
could be drained indepencently of the tank,

The orifice used was the seme one previously used by Finnigan
(10). 1In some trisl runs it was found that the flow rates obtained
by weighing the samples did not check with those obtained from
Finnigen's calibration. For this reason the orifice was recalibrated

and the new calibration curve obtained is given in the Appendix,

Test Section
A view of the test section is shown in Figure (z). To

emphesize the pert where the probes are introduced it has been shown
on an expanded scale., The test section was a straight copper tube

9 1/2 feet long, l-in. OD end 0,830-in. ID, Holes 1/16-in, in
diemeter were made &t points 2 1/2 feet &nd 8 1/Z feet from the
entrance to the test section. These served as pressure taps to

measure the friction loss across & feet of the test section. This




positioning save = calming section of zbont 36 dismeters before the
first static pressure tap., This length is far in excess of that
required for attaining the fully developed friction factor (12,

p. 236).

As shown in Figure (2), a 6 foot length of the test section
was heated by steam. The ateam jacket wes a 3-in, standard iren
pipe except at the pointi where the velocliy and temperature probes
were Introduced into the test section, At this point the jacket
was squere in cross-section for & length of 4 1/2-in. The heated
section of the tube extended from 3 feet to 9 faet from the entrance
to the test section. This provided & calming length of about 43
diameters before the begimning of hesting. It is usually consider=d
thet an entrance length of at least 50 diameters i# required before
& fully develoned welocity profile is obteined (12, p. 236). However
it waes sssumed that for purposes of hest transfer coefficlent measure-
ments the velocity profile waes fully developed after 43 diameters.

The point veloclty wes messured by & probe similer to that used
by Knudsen end Katz (13). The probe is shown in Figure (3). It was
made from stainless steel hypodermic tubing 0.049-in., OD and 0,033-
in., ID. The impact measuring hole was circular and about 0,040-in,
in diemeter. One end of the probe wes sesled by &n epoxy reein
while the other end wes sealed into & piece of lucite by the seme
resin. The probe was calibrated by comparing the everage velocity
calculated by integrating the measured point velocities over the

tube cross-section with the messured averzge velocity. A 1/4~in,
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copper tube led from the lucite to the differential manometers.

Marks were made on both ends of the probe so that after ingertion

it could be turned to point the opening directly upstream, The
impsct tube was located on the same diemeter as & pressure tap and
the velocity head of the flowing fluid was messured by & differential
manometer connected between the impsct tube snd the pressure tap,

The temperature probe used is shown in Figure (3). The thermo-
couple was made of 36 gage iron and constantin wires. The hypo=
dermic tubing used was the same as that for the velocity probe
described ztove. After the tubing was bent, the thermocouple wires
were threaded through it with the cloth covering on so that they
were insuleted from the tubing, The besd was then mede on the
thermocouple wires and the lower part of the bead and the exposed
part of the wires were coversd with Glyptol. The wires were then
pulled beck into the hypodermic tubing so that only the top of the
bead was slightly sbove the tubing, The thermocouple was checked
to make certain it wes insulated from the tubing, The calibration
wes #lso checked at & few points and was found to agree with the
published standard values (14). A mark was also made on the thermo-
couple probe so that once inserted into the test section 1t could
be turned facing upstream,

The velocity and the tempersture probes were inserted into the
tube =t 2 point 8 1/2 feet from the entrence to the test section.
This part of the test section is shown in detsil in Figure (4).

Two dismetrically opposed holes 1/16-in, in diameter were provided
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for the insertion of the velocity probe. Packing glands, as shown
in Figure (4) were silver soldered on these holes. Neoprene rubber
gaskets were used as packing meterisl. The threaded 1/4-in, diameter,
2 3/4~in, long rods were used to press the packing firmly in place
and to protect the probe from the steam. The packing gland for the
temperature probe wes similar to those mede for the velocity probe
and is zlso shown in Figure (4). The threaded rod was 3/8-in, in
diameter. The hole for the temperature probe wes 7/32-in, in
diameter and wes located so that the temperature probe was about
1/8 inch ebove tie velocity probe. It was opposite the statie
pressure tap and et right angles to the velocity probe., In this
wey the two probes would not interfere with each other., For
clarity in Figure (4), both probes are shown to be &t the same
level,

The steam jacket was a rectaungulsr box where the probes were
introduced. Square plates of 1/4-in. sheet iron, with 5 1/2-in,
sides and with & 3 1/2-in, diameter hole in the center were welded
on the steam jucket at points shown in Figure (2), Plates of 1/4-in.
sheet iron each 4 1/2-in. by 6-in. were bolted to the welded bese
pletes. The probe sleeves, the static pressure line and the thermo-
couple wire were brought out of the steam jacket through holes in
these plates. Each of these plates could be removed individuslly so

that adjustments on the probe sleeves and packings could be made,



Traversing Mechanism
The probes were moved by & traversing mechsnism shown in

Figure (5). Eech mechanism wes screwed to the appropriate plate

of the jacket. The probe passed through a hole in the moving block
which wss moved by the turning screw, The probe was held in place
in the moving block by two screws in the bloek. A Tumico dial gage
was used to give the position of the block and hence thst of the
probe. The gage had & travelling distance of one inch and &

amallest division of 0,0005 inch.

The Pressure Measuring System

All pressure differences were measured with differentizl
manometers. To cover the wide range of differences, msnometers
with various licuids were used. The manometer system is shown
schematically in Figure (6). Copper tubing, 1/4 inch in diameter,
wes used as the pressure transmitting line end water was used as
the pressure transmitting ligquid., About three feet of horizontal
tubing was provided at each pressure taep to eliminate the possibil-
ity of the dispersion getting into the vertical portion of the
tubing. As shown in Figure (0) provision wes mede for flushing
the tubing with water. Needle valves were provided &t appropriate
places so that the manometers could be isolated from the system and
flushed individually or simultsneously, This permitted the removal
of any dispersion that may have entered the lines,

For measuring the pressure drop across the orifice two me=ao-

meters, one with mercury and the other with an oil of a specifie
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gravity of 2,94, were used, The velocity hesd and the friction
loss scross the test section were mensured by a set of three mano-
meters, one with mercury enother with the 2,94 specific gravity oil
and an inclined one with an oil of & specific gravity of 1,75,
Appropriate valves were provided to obtsin the required differential
pressure readings, Since =1l these liguids were under wzter in the
manometers, the density used in calculating the pressure diffaren-
tiels was the denslty of the appropriste liguid ainus the density
of water, The equivalent density of the nsnometer liguids is given

in the Appendix,

The Temperature Messuring System

The bulk temperature rise due to hesting of the dispersion was
measured by two thermometers calibreted to 0,2° F, These were
placed in the thermometer wells shown in Figure (1). The wall
temperature of the heated test section was measured by thermo-
couples mzde of 30 gage iron and constantan wire, The wall thermo-
couples were placed in grooves 1 1/2-in. long and 1/1é-in. deep snd
1/8-in, wide machined on the outside of the test section wall &t
distences of 5, 24, 42 and 63 ins. from the beginning of the heated
section. The last of these grooves was just atove the point where
the temperature probe wes introduced. Two thermocouples were
placed in each groove and then soldered in place, As mentioned
above the temperzture probe also conteined a thermocouple.

A schematic diagram of the thermocouple system is shown in
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Figure (7). The numbering of the thermocouples used in presenting
the data is also given in this Figure. The distances beside the
thermocouples give the distance the thermocouple is from the start
of the test section. A Leeds and Northrup (No. 737621) potentio-
meter with e rated accuracy of 0.05% and & smsllest division of

0.001 millivolt was used to measure the L.M.F.s generated,
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CHAPTER IV

EXPRETMENTAL PHOGRAM

section, the heat transfer coefficient and to calibrate

equipment was functioning properly,

Table (1) gives & resume of the various dispersion
tione and flow rates studied. The Table z180 gives the
concentrations of the dispersions used. The run number
in further reference to a particular run is also given.

dispersion studied data were also tsken for calculsting

dispersion.

The main purpose of the experiments was to obtein data for
celculeting the velocity and temperature profiles for turbulent
flow of wsrious dispersions of & commercial solvent in water. It

wes also proposed to measure the pressure drop across the test

the orifice.

Velocity profile, temperature profile, heat transfer and pressure

drop data were also taken with weter as & means to determine if the

concentra-
actual

to be used
For each

the friction

losses over & flow rate range of 1 1lb./sec. to 3 1b,/sec, These
runs were labelled such that the first two digits referred to the
nominal concentration end the third to the run number in that

concentration, e.g. 20-4 referred to the fourth run with the 20%

For calculating the velocity profile the dsta taken were (&)

the msnometer deflection, /Ky, due to the difference between the

impact end the static pressures and (b) the distance sway from the

wall, y. These data were taken acroes the diameter of the tube for




TAELE 1.

Experimental Program

Run No. Solvent Concentrztion Flow Rate

(Volume %) (1bs./sec.) Data taken

WA 0 1.040 Velocity profile

W-B 1512 " "

W-C 2.069 L n

W-D 2.102 . »

W-E 3 .OOO n n

W-F 3.069 * "

W-G 1.026 Temperature profile snd heat transfer

W-H 1.066 n ] " " ]

w-I 2.174 L] L] n " n

W=J 3.077 " " " oow n

W-K 3.015 " " noom "
10-A 8.5 1.007 Velocity profile, temperature profile and heat transfer
lo__B [ ] 1.961 n n n n " n "
10-C " 2.941 " " n n t " n
20-A 19.6 0.997 " " " " n n "
20-B " 1.983 n n n n n ] "
20-C " 2.948 " " " " . om "
35-4A Shed 1.000 " " " n nooon "
’? 5_ B " 2 . 020 L n " L " n
35-C . 2e 956 2 » » " " n "
50-A 49.2 1.100 n " n n n " n
50-B " 2 .000 n u " n " " "

6¢

50=C » 2.956 " n " " n n n
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isotherm=) conditions, the temperature being kept et 67° 2D,
Similarly, for calculating the temperature profile the protbe
thermocouple reading, Tg, at verious distences from the wall was
noted, This traverse was tauken only across half the diameter of
the tube, Heat transfer coefficlent measurements were made by
noting the wsll temperatures, Tl through Ty, &nd the inlet and
outlet btulk temperatures, Ty; and Ty, of the digpersions. The
friction loss datsa were taken by noting the manometer deflection,
ASHT, due to pressure loss across the test section and then noting
the flow rate by welghing & sample of the dispersion flowing through
the test section. At the same time the deflection of the orifice

ugnometer, AH , was also noted for calibreting the orifice meter,




CHAPTER V

EXPERIMENTAL PROCEDURE

Before the dispersion was introduced into the system, the whole
system wae thoroughly flushed with water and dralned, Water and
solvent were added to the supply tenk 1n the ratic needed to make a
clspersion of the desired concentration. The pump and the stirrer

were used to mix the two liguids. It usually required about an
hour and & helf of mixing to form the uniform dispersion. The

manometers were flushed to remove any air or solvent that might
have entered the manometer lines.

When & uniform dispersion had been obtained data for calibrat-
ing the orifice and for cslculating the friction loss over the test
section were obtained. Flow was adjusted to the lowest value to be
studied (about 0.9 1lbs./sec,). The deflections on both the orifice
manometers, A Hy, and the friction loss nanometer, AH;, were
noted, To obtzin the exact flow rate, the flow from the test section
was diverted to & weighing tank and the time taken to collect a
known weizht of the liquid, usuelly 60 lbs., noted. The liguid
collected was rcturned to the supply tank and the flow rsate incressed
by about 0.2 to 0.3 lbs./sec, This procedure was repested up to a
flow rate of about 3 lbs./sec. During the runs the menometers were
periodically flushed., The temperature of the mixture was kept at
60 X 20 F, by controlling the cooling water rate, After the data

had been tzken two 500 ml., samples of the mixture were taken, one
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each from the supply tank and the hose where the liquid returns to
the tank, These were allowed to separate overnizht so that the
exact concentration of the dispersion could be obtained, In no
case was there any difference in the concentrstions of the samples
taken from the two points thus showing thst the Jdispersions were
uniform in coacentration,

Veloclty profile dats were collected for iscthermal conditions,
the temperature being kept st 67° £2° F, After tue 11quids had
been thoroughly mixed and the manometsrs flushed, the flow was
adjusted to the required value. Then the velocity probe was moved
til1l the manometer deflection, A H,, was zero. This gave the
position where the hole in the probe was Just outside the tube, In
this way the position of the tube wall was fixed, It was found that
this method of positioning the probe was cuite accurzate: zero read-
ings could be duplicated to about 0,003 in, The probe wes then
moved into the stream and the manometer deflection, A H , and the
distance y noted, This distance was given by the reading on the
dial gsge. It took from 3 to 10 minutes for the menometer to
become steady., The greater time was tasken for the low flow rates.
The 1.75 specific gravity oil inclined manometer was used for the
1 1b./sec. flow rates and the 2,94 specific gravity oil manometer
for the higher rates. The velocity treverse was taiken across the
diameter of the tube and in esch traverse =bout 25 point velocities
were measured. During the traverse the manometers were flushed

occasionally. The position of the other wall was slso found by
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noting the position of zero deflection. The difference between the
position of these two gzero readings gives the diameter of the tube
plus the dismeter of the probe hole. The dismeter of the tube
calculated this way varied from 0.829 in. to 0.832 in. compering
very well with the measured value of 0,830 in,

After completing the velocity profile run, steam was intro-
duced into the steam jacket., The cooling water rate &nd the steam
rate were adjusted such that the outlet temperature, Type Was about
105° F. It was assumed that steady state conditions had been
attained when the temperatures T; and Ty did not change by more
than 0,2° F. in 10 minutes. It took sbout an hour and & half from
the introduction of steam to resch steady state. The tempersture
profile data was texen sfter steady stete hed Leen attained, The
temperature probe wes moved such that ite tip was adjacent to the
tube well farthest sway from the point where the probe was intro-
duced into the tube. This was done by loosening the probe from the
block of the traversing mechanism and moving it till its tip hit the
wall, The probe was then tightened in place in the block, Since
the hypodermic tu.dng was 0.05-in, in diemeter it wes assumed thet
in this position the thermocouple was 0,025 in., from the wzll., The
probe thermocouple reading was teken in this position and then the
probe was moved away from the well and the thermocouple reading was
agaln tsken and the probe position noted. This was repeated until
the probe had passed the center of the tube. The orobe wes then

moved back to its originzl position near the wall, readings being
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teken 2t the same values of y. It was found that any two corres-
vonding readings (i.e., resdings at the szme velue of y teken

going eway from the wall and coming towarde it) did not vary by
more then 0.2° F., Sometimes it was found that the temperatures

Ty, end Typ hed changed curing the traverse. In this case the
corresponding readings of the probe differed considersbly so the
traverse was repected. After the traverse had been completed

the various well temperatures (T; to Tg) and the fluid temperatures
(Tyy and Tpp) were noted. The steam was then shut off and when the
dispersion had cooled down, the cooling water, the stirrer and the
pump were shut off. The tempersture probe was retracted so that it
would not interfere with the next velocity profile,

The observed and calculated data are tabulated in the Appendix,
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CHAPTER VI

SAMPLE CALCULATIONS

Pressure Drop snd Friction Fsctor
The pressure drop scross the test section, AOPyp, was calculated

from the munometer deflection, AHT, and the effective censity of
the manometer liquid, Pm' The expression used was

- App =K (OHy) L,

where X converts AHy to feet. Since the test section was verticsl
with liquids of different densities in the pressure tr:insmission
lines and the test section, pert of the pressure drop, APy, was
due to the static pressure difference, O Pge If the length of the
test section is L, the density of the liquid in the test section is
P. and the cdensity of the pressure transmission liquid (water) is
Pys then
a PB =L Io e ID w)

Since in this cese dispersions were flowing in the test section, Po
was simply the density of the solvent and water comprising the
dispersion, The friction loss, Pe, was then

~APp = -APp + APy = (AHp) Lok +L(Le- Py

The friction factor is calculated by

_ &b _ APy
f.z,OuZ B
e

Since the velocity, U, is related to the mass flow rzte, w, by




one can write

f'%‘gé(APf)Pf (57)

Since D = 0,830 in. andL"6ft.,
£ = (1072) (2.603) ( ) ,0.

A sample calculation for run number 20-3 showing the use of
these equations is given below. The temperzture of the diepersion
wes 67° F. and that of the manometer board 73° F, At these temper-
atures, for the 2,94 oll manometer, Pm = 120.55 1lbs, per cu. ft.,
Py = 62.29 1bs. per cu. ft. end g = 43.85 1bs. per cu, ft. From
these values P, was found to be 59,60 lbs. per cu. ft. Al
messured for the run was 19.5 cm. on the 2,9 oil manometer and w
was 1,183 lbs, per sec. Then

AP, = 6.0 (59.60 - 62.29) = -16.13 1bs./sq. ft.
end -APp = (0.03281) (19.5) (120.55) = 77.13 1lvs./sq. ft.

SO -APf = 77.13 - 16013 = 61’00 lbs:‘ 3&:: fh.

Hence £ = (10-3) (2.603) [%?EH%%]. 0,00680,

Velocity orofil

The terms to be calculated for presenting the velocity profile

data were u', y }‘m -2 gnd -7— The point velocity, u, is given
up Ty
by
u?
PO:cIDm EAH, or u-c/ch_ Aﬂv (58)

vhere c 1s the celibration constant end K converts AH, to feet, The
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calibrztion constant was found Ly dividing the observed average

velocity, U, with the calculated average velocity, Ug.
T,
W

I‘w rw
1 > o d
Uca-‘—c g 2Tl'rudr_.&2 § urdr = 11,61 S urdr
0

Tw
0 0

with r snd r,, expressed in inches.
The Heynolds number was calculated by

DG 4w _ A
Re = f1g = " Ipp = (104) (2.741) e

where the viscosity Pm 18 expressed in centipoises. The expressions

used for calculating u' end y+ Pn were

u'* =—u- (22)
JE
2
4 ,/
&nd y+ Jia = Ee_féﬂ ¥ = .&)..L@lé%)_‘!)_fa y (59)

The friction factors were resd off from Figure (11)., The evaluation

of X and -f- is straight forward,
W

The calculations for these terms were made with the 2id of the
ALWAC-III digital computer. The integration for evaluating U, wae
also performed by the computer. The trapesoidal rule was used to

evaluate the integral numerically. For each run the terms

2g K CI! M-(!L_& v { ’ _L and the whole set of
= Py * D

uJf£/2
OHy end y values were supplied to the computer. Using the expres-
sions given above the computer gave the quantities, _uu; ’ 'rl ’ -%— ’
W

y'*'p,, and Uge From the calculated U, velue the constant ¢ was
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evaluated and the values u*' obteined., All the observed data and

the calculated results are given in the Appendix,

Heat transfer eand temperature profile

The average hest transfer coefficient, h, was calculated from

the expression

ga=hd (AT),
where (AT)y is the mean temperature difference between the well
end the fluid, The hest trensferred, g, was found by the
expression

q=3600vcp. (Tpg = Th1)
where Cpe’ the heat capecity of the dispersion was evalusted from
the welghted aversge of the hest capacities of the solvent, Cpgs and
water, pr. Substituting the numericel value for A the expresaion

for h becomes

w(Tp2 - Tr)
(AT),

h = 2761 Coe

The Stanton number was celculated from

sta=b. o _BEDE _ 03 (2.882) [(TM'T )]
W, * Thpgw G 7 o hiamy | f i

The sbove shows that no physicel properties were involved in the

evaluation of the Stenton number.
The meen temperature difference was evaluated by teking the

weighted average temperature difference between the wall and the

fluid, For this calculation it was assumed, as an spproximation,

that the temperature rise in the fluid wes linear with distance.
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The thermocouples, T; and Ty geve the wall temperature st = distence
L; from the beginning of heatingj T3 end TA gave the temperature at
& distance Ly; T5 and Tg gave the temperature at & distance L3; and
Ty and Tg gave the temperzture at & distance L,. The average of

and T

each set of these temperature readings was called T A T ) T D

c
respectively. As an approximation it wes assumed that the wall
temperature at the stert of the hesting section was T, and thet at
the end was Tp. Knowing the temperature of the fluid at the begin-
ning and the end of the test section, the tempersture of the fluid
et the points L,, Loy L3 and L4 vas found by lineer interpoletion,
These temperatures were called, respectively, Tr1s Tyoe Tm3 &and TmA'

The meen temperature was then evaluated by
L
(B1; =2 [(a-m0) + (- 1]

L, - L -
+ (—2_:1.—1) [(Tl - Tml) + (TB - Tmz)d

+ EL;I.'L_Z). [(TB - Tpo) + (T¢ - 'rm3):

After substituting the numericel values for the various lenithe this

becane




B1), = 20695 (1, 1) + (1 - )

-

Ty) + (Tg - Tpp) |

0.26? .
+ 028 [y,

+ 220 [ 1) + (151, ]

+ B g -1 + (1 -1y

+ 1230 [(TD To) + (Tp = Typ) |
There was considerable difference between the wall temperatures
from the beginning to the end of the heated section. T, end T;
were of the order of 163° F. while T, and Ty were of the order of
125° F. The difference between temperatures reed by zny two thermo-
couples at the same wall position, except for T; and T,, was of the
order of 1° to 2° F. However the difference between T, and T, was
usually higher, being of the order of 3% to 4° F,

The Reynolds number was calculated, as shown above, by
W
ke = (2.71) (10%) ()

The viscosity used was that calculsted from the velocity profile
data. The procedure for this will be explained leter,

The Prandtl number used was that of wester at the film temperee
ture, It was sssumed that the film temperature wae 120° F, for all
Tuns, 7This was the approximate erithmetic mean of the aversge fluid
end the wall tempersture. At this temperature the Prandtl number
for water is 3,66,

For presenting the tempereture profile data
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the terus (T - T,)/(T, - T,) =nd y/r, were evalusted. The celcule-
tion of these terms wzs straizht forward, The well temperature
used was the average of T end Tae

An example showing the numerical caleulztion of the hest
trensfer coefficient, the Stanton number and the Eeynolds number
is given below. The run considered is number 20-A. The observed
dets were: w = 0,997 1bs./sec., Ty = 163.7° F., T, = 167,1° F.,
Ty = 154.5° ., T, = 152,0° F., Tg = 143.5° F., Tg = 145,1° F.,
Ty = 121.0° F., T3 = 123.4° F., Ty = 80.3° F, and T\, = 105,8° F,
From the inlet =and outlet fluid temperztures the fluld temperatures
at various oints in between were evsluated. These temperatures
weres

Tuy = 52.1° Fu, Typ = 88.8° Fo, Ty = 95.2° F. and T = 102,7°F.

T
md,
Then (A1), = 0.0695 (821822 ) 4 o,z659 (S22t 6 )

+0.250 (242 £ 401 ) 4 o.z917 (A2l +12.5)
025 (1233 164) =807,

for the 20% dispersion
Cpe = (0.161) (0.479) + (1 - 0.161) (1.00) = 0,916 BTU/1b. °F.

Then h = (2761) (0.997) (0.916) [.L;g}_.;g_l_-e_sq.z)_]

= 1240 BTU/hro 5Q» ft. OF.

- -3 - l\J 8 - 80 - -3
St = (1077) (z2.383) [L——itgitg—-&2¥] 1.418) 10

9(Pr) /3 = (1.418) (1073) (2.41) = (3.417) 1073
The calculeted viscosity was 1.69 cp.



S0 Re = (2.741) (10%) (%%2—'1 ) = (1.618) 104

£11 the observed tnd caleulated hest transfer date ere given in

the Appendix,

Estimation of Ixperimentel Errors

The experimental errors invelved in celculsting the verious
quantities given above can be estimated by teking the differentials
of the quantities involved., The error in the friction factor is
estimated by taking the differential of equation (57), assuming

there is negligible error involved in messuring £, and L.

cr:ing& g[(-%)w‘drjl + l:ns(i('_f;_{l)]

"‘Ds('“r%)?

df = 54D . d(-APg_ ,du
ol ey “'—TA—pf— -

The error in messuring D was of the order of ¥ 0,004 in. or about
Y 1/2% since D = 0.230 in. The scales used to weigh Lhe samples
were accurste to 11/2%, hence the error in w, loo(dw/w), was
spproximately £1/2%. The error in the menometer readings end

hence in Pg may be assumed to be about *1%. So

In other words the error in celculating f is of the order of X 4.5%.
From equation (58) it is seen that the error in u/uy can be
estimated by
. (éﬁ‘v.)l/ :
g~ \ Ol
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where AH“ is the maximum value of AH.V. The error in observing

AHy was of the order of ¥1%., So the error in the reduced velocity

is
di/uimgn) =%d1(3Aaf') _% a(gﬁ :4_-_;. £ i i) = B

The error in observing y was ebout ¥ 0.002 in. while the error
in messuring r, was, zs stated above, about t1/2%. So the error

in y/r, is given by

d(y/ry) . 0.002 _dry _ (292 + 0.005 )
¥/, rly/T,) Ty N ¥y

This shows that the error depends on y/r.,. For small vslues of
y/Ty the error is large while for large y/r" values the error ie
smell, e.g., for y/rw = 0,1 the error is about, £5 1/2% while for
¥/ry = 0.9 it is about t1g,

The error in calculating u is also given by equation (53),

The error in calculsting ¢ is of the order of 2%. So

The error in ut is then given by

dut _du _du_ 1df ~~ + (0.02 0 0 ~+
S -da-du_ 14l +(0.025 + 0,003 +0.020) P=0,05

The wvsristles involved in celculating the heat transfer
coefficient and the Stanton number are w, (Ty, - Ty;) and (AT),.
The error in measuring w was, as stasted before, of the order of

+1/24. The error in (Typ = Ty) wes of the order of £0.4° F,

Since (Tpz = Ty)) was usually 20° F., the percentage error in
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(sz - Tbl) wos tz%. The wall temperstures were in error by ebout
+2.5° F. Since usually (AT), vas about 50° F., the percentege
error in (AT), wae £5%. So the error in h is

dh=dw 4 d(Tpg = Tp) _ d(AT)p
h W Tz = Tma (AT)m

=% (0,005 + 0.02 + 0.05) =% 0,075

The error in the Stanton number is

a(st) o UThz - Twa) _HBTNn L + 502 4 0.05) = +0

St Ty Tm | (A (02 ¥ 005 =12.07

The error in calculating the reduced tempersture, (T - T)/(Tc - Ty),
is given by

af(r-1)/(Te-1)] o a1y _ aT, N
(T = BT =T) ~ 2=T T=Ty Mowly Ty=1T%

Since (T = Ty) is spproximately equal to ('1‘e - T.), the error can be

written &s

d_[il’ - T)/Te -T,)] _ ar _ 4T
(T - T)/(T, - T,) 5% il A R

The error in measuring the fluid temperature wes sbout * 0.3° F, snd

since (T - T,) wus of the order of 20° '8,

af(r-tI/t-10] 4 2+ |
— waj:7ﬁ:c- Tw;' =¥ (0.015 + 0.015) =+ 2,030.
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CHAPTER VII

ANALYSIS OF DATA

Velocity Profile and Friction Fsctor lata

To determine if the apparatus was operating properly velocity
vrofiles and friction factors for water were obteined, The results
are shown in Figures (9 and 10) &nd (8)s Friction fuctors were
slightly higher than those predicted by the Nikuredse equetion
(equation [21]). It should be noted that the friction fsctor is
proportional to the fifth power of the diameter (equation [57]).
Hence an error of about 0.4% in measuring the tube dismeter results
in a 2% error in the calculated friction fsctor. Curve B in Figure
(8) gives friction factors 2% higher than those predicted by equation
(21). The water date follows this curve very well. 4 0.4% error in
measuring the diameter of the tube corresponds to s2n absolute error
of ¥ 0,004 in. which is not excessive. The oipe wes & commercizl
pipe and there could easily have been a varlation of ¥ 0.004 in, in
its dismeter 2t various places slong its length,

The velocity profile dats are shown in Figure (9) &s u/u, ve.
y/Tye Only the date for runs W-A, W-B, W-C &nd W-E are shown since
the remainder of the data fell on the seme curve, It is seen that
there is no verietion with the flow rate., This is due to the fact
thet the flow rete was fairly high. Figure (9) shows the velocity

profile data plotted es ut vs, log y*’. Equstion (12) is alse
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plotted Iln the figure. Lete were teken only within the turbulent
core of the tube cross-section., A lezst square znalysis of all the
water deta gave the equation

ut = 5.60 1og y T + 6.10 (60)
This equation ie also plotted in Figure (9). The cifference
between equation (60) and equation (12) is very small over the
range of y ¥ values covered, This shows thet the veloeity rofile
aata for water followed the accepted equations very well.

From the analysis of the velocity orofile and friction factor
data for water it can be concluded thst the pressure measuring
system snd the velocity probe were operating satisfactorily,
Coefficients for the velocity probe ere given in the Appendix and
range between 0,95 and 0,98,

In Figures (lz, 13, 14 and 15) the velocity oprofile deta for the
various dispersions zre shown zs u/um V8. y/rw. The curve shown in
these figures is thet obtained from the water dets. 411 the dispersion
data follow this curve very well. There is no apperent effect of the
dispersion concentration or flow rate. It is possible that if dsata
had been (zken closer to the wall (of the order of 0,005 in.) some
effects of flow rate and concentration may heve beesn detected. In
Figures (16 and 17) the date for the dispersions zre plotted 28 ut vs,
log y* pp, where the viscosity is in centipoises. As shown in the

chapter on sample calculations

y* py = 204 (2:71) (3) [V .




60

In calculating this term no knowledge of the viscosity was needed,
The friction factors were obteined from Figure (11).

Figures (16 and 17) show the effect of the dispersion con-
centration on the velocity profile data. From these figures it
is seen thst for each concentration, except possibly the 50%, the
average flow rate hes no effect on the velocity profile, For the
50% concentrstion the 1 lb./sec. flow rate date (run 50-A) appears
to have a slightly lower slope than the 2 and 3 1b./sec. deta (runs
50-B end 50-C). For a particulsr value of y¥py the observed ut
decreases with the dispersion concentration,

If the dispersions behaved s Newtoniasn fluids 2t the flow
rates studied, the velocity profile could be correlated by eguation
(12). From Figures (16 and 17) it is evident that the data for
each concentration (except the 50%) can be correlzted by straight
lines, i.e., with equetions of the form

ut = 4 1og (v Pm) + B (61)
vhere B certeinly and A possibly may be functions of the concentra=
tion. For the 507 concentration it appears that runs 50-B and 50-C
can be correlated by one equation of the form of eguation (61). The
data for run 50-A can be correlated by a similer equetion with a
slightly lower slope than that for runs 50-B and 50-C. By a least
square analysis of the data for each concentration the values of
the constants were determined. The eguations thus become

For 10% dispersion u* = 4.44 + 5.86 log (y"'p.m) (62)
For 20% dispersion ut = 5,25 4+ 5,34 log (y*'pm) (63)
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= 3.80 + 5.53 log (y )  (64)
Z2.26 + 5.78 log (y¥my)  (65)

For 25% dispersion u

+
+

For 50-B and 50-C u

for 50-A ut = 4,40 + 4.82 log (y¥auy)  (66)

The equations for the 501 dispersicns are fairly close together
and the meximum difference in u™t predicted by the two equations
over the range of values covered is about 5%, This is the sezme as
the estimated error in calculating ut, Therefore it was concluded
that with the present data = cdistinction between the equations
obteined for run 50-A and runs 50-B and 50-C was not warranted and
& single ecuation was used to correlate ell the 50% data, A least
squere analysis of all the 50% data gave the eguation

ut = 2,79 + 5,56 log (y* py) (67)

Equetions (52, 63, G4 and 67) ere shown in Figures (16 and 17).

From equations (62, 63, €4 and €7) it is apperent that there
i8 no defirite trend in the velues of the slopes obtained, Equa~
tions (12) and (25 and 29) show that the value of the slope should
be 5.75 for Newtonien fluids and 5.66/(n)®*7° for non-Newtonian
fluids, Since the celculated velues of the slopes were very close
to 5.75 it wss decided to obtsin equetions using this value of the
slope. By the method of least square analysis the equations
obtained were
= 4.69 + 5,75 log (yT pg)  (62)
= 419 + 5.75 log (yFpg)  (69)

For 10% dispersion ut
at

For 354 dispersion ut = 3,22 + 5.75 log (y"'pm) (70)
at

For 20% dispersion

For 50-B sad 50~C « 29 + 575 log (y* ) (7))




For 50-A w¥ o= 207 + 575 1og TRy (72)
Again it 12 seen that the difference between the velues of ut pre=
dicted for the equations for runs 50-B and 50-C and run 50-4 is
within the estimeted error in calculating wt, s only one equation
was used to represent all the date for the 50% dispersion. The
eguation cobtained was

ut = 2,35 + 5,75 log (y* pyp) (73)
Equations (68, 69, 70 and 73) are &lso plotted in Figures (16 =nd 17.)

From the figures it is apperent that over the range of values
of u covered there is practicelly no difference between the equa-
tions (62, 63, 64 and 67) end the corresponding ome in the set (68,
69, 70 and 73). The maximun difference in the ut predicted by the
two equations was about 3% for the 20% dispersion., This was within
the error of calculating ut,

Hence it can be stated that the dispersions behaved as Newtonian
liquids over the range of flow rates covered. The slight differences
in the equations for the 50% dispersion noted above could have been
due to non-Newtonizn behavior of the dispersion &t low flow rates.
However considering the errors involved in measuring u’ this varia-
tion is not lerge enough to warrant making the conclusion that the
50% dispersion behaved as & non-Newtonian fluid at this flow rate.

The viscosity of the dispersion can be evaluated from the value
of the constant B, Comparing equation (12) with equation (61) it is
noted that

5.75 log py + B = 5,50 (74)




Using this expression the valuecs of viscosity culculated for iLhe

various dispersions are given Lelow,

TABLE 2.
t v v of Dispersio
Calculsated Viscosity obteined
Vol. % viscosity at by Cengel at
Solvent 67 * 2°F., ep. 70 % 19 F., cp.
8.5 1.38 1.12
19.6 1.69 1,43
34l 2.50 2.64
49.2 353 5.70

Using these calculated viscosities all the velocity profile data
for the various concentrations can be correlsted by equation (12).

The viscoeities calculated from Cengel'e correlation (4, p. 65=
69) are elso given in Tatle (2). Cengel calculeted the viscosities
from the friction fector data. Both the present and Cengel's
results show that the viscosity increases with the dispersion
concentration, The viscosities obtsined from the present results
compare quite well with those obtained by Cengel for dispersion
concentrations up to 35%. For the 50% dispersion there ie & marked
difference between the two values. There is considerable scatter
in the friction factor deta 2a plotted by Cengel and the curve

drawn by him through these points to calculate the viscositi=s is
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gulte esrbitrery. Another facter contributing 1o “he differences in
the viscosllies 1s thet in loth ceeges the tern celculated is log pp.
Slight differences in log py, for large py velues, show up 2s
comperetively large diff'erences in py. Cengel hss made & thorough
literature survey of the dependence of tue viscosity of Newtonian
suspensions and emulsions on the concentration of the dispersed
phase,.

The friction factor data for the dispersions are presented in
Figure (11) as & function of the flow rate. In Figure (8) the
friction factor is plotted sgainst log Re. The Reynolds number is
besed on the viscosities given zbove in Teble (2). Again it is
noted that the points lie slightly above the line representing
equation (21). However the data correspond better with curve B in
Figure (8). As steted befors this could be due to non-uniformity in
the diameter of the pipe. It should be noted that this slight dis-
crepency in measuring the diameter of the tube does not affect the
other results materially.

The results show that by the use of the viscosities given in
Teble (2), the friction factor deta for the dispersions can be
correlated by equation (21). At these flow rates the dispersions
nay be trested as single phase Newtonian fluids,

As stated before Finnigan (10) end later Cengel (4) and Wright
(30) observed some non-Newtonian charscteristics in the dispersion
used in this study. The most marked deviation from Newtoniam

behsvior was at flow rates less then 1 1b,/sec. The deviation was
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also most marked for the higher concentration dispersions. It is
possible for liquids to behave as non-Newtonian at low shesr rates
and &s Newtonian at high shear rates or vice versa. Alves, Boucher
and Pigford (1) end Merrill (17) have observed that the exponent n
in equation (&) is, in some cases, & function of the rate of shear,
It is slso possible that at the low flow rates studied by Finnigen,
Cengel and Wright there was some phase separation of the solvent

and the water.

emperat Profiles and Heat Transfer Coefficien

The operation of the tempersture measuring portion of the
equipment was slso tested by measuring temperature profiles and
heat transfer coefficients for weter. The tempersture nrofiles
obtained are shown in Figure (18)., The tempersture is plotted as
(T - 7,)/(Tq = T,) the wall temperature being that at the point
where the probe was inserted. Also in Figure (18) the temperature
profiles calculated by Martinelli's correlation (equetion [41)) for
Prandtl numbers of 3.66, 7.5 &nd 20 and & Reynolds number of 38,500
are plotted., Results calculated from Sleicher's equation (42) for
& Prandtl number of 7.5 and Reynolas number of 38,500 are also
given. As steted before at these high Keynolds numbers the
temperature profiles do not change appreciably with the flow rate.

It is seen that the datz follow quite closely the curve
predicted by Martinelli's eguation for a Prandtl number of 3,66,

This is the Prandtl number of water at the film temperatures
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encountered in the experiments, Since the tempersture profiles are
quite flat at these high Prandtl numbers & slight difference in the
measured fluid temperature, T, appears quite exagzerated when plotted
s (T - 7,)/(T, - T,). The greatest veriations between this cimen~
sionless tempersture for water are of the order of 3%.

The heat transfer date are plotted as log St(Pr)z/3 v8. log Re,
in Figure (21). Colburn's equation (50) is also plotted in this
figure. It is seen that the experimental data for weter follows
Colturn's equetion very well. These test runs showed that the
temperature measuring part of the eguipment was functioning
satisfactorily.

The temperature profiles for the verious dispersions are plotted
in Figures (19 end 20) as (T - Ty)/(T¢ - Ty) ve. y/ry. Fesults cal-
culated from Martinelli's equation (41) for Prandtl numbers of 3.66,
7.5 and 20 and & Reynolds number of 38,500 are also shown in these
figures. It can be seen from these figures that the dispersion
concentretion and the flow rates have no effect on the profiles,

All the profiles are similar to those obteined for water,

In the case of dispersions or suspensions flowing in pipes the
continuous phase will form a film adjecent to the pipe wall. For
the case of solid particles flowing in & turbulent gas stream, Soo
and Tien (28) heve stated that near the wall the solid oarticles
tend to move away from the wall owing to a spinning force on the
perticles. They have stated thet statistically & smell portion of

the particles may strike the wall btut a great majority of them will
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be turned away from it, This means that there would be = film of
the continuous phsse adjecent to the wall., This film would consti-
tute the laminar sub-leyer.

In turbulent flow heet trensfer to liquids (i.e., high Prandtl
number fluids) the greatest part of the temperature drop occurs in
the laminer sub-leyer. So the temperature profile and the heat
transfer coefficient should cdepend on the Prandtl number cslculated
at the film properties, The equation given by Friend and Metzner
(equation [54]) for high Prandtl number liquids uses the Prandtl
number based on properties determined at the wezll film temperature,
Based on the viscosity of the dispersion, the Prandtl number for
the 507 dispersion would be sbout 25. The temperature profileg
observed for the 50% dispersion definitely do not correspond to
those of such a high Prendtl number., It, therefore, appesrs that
& Prandtl number other than that besed on the dispersion properties
should be used to correlate the hest transfer datas of dispersions.
The Prandtl number to be used would appear to be that of the
continuous phase at the film temperature since temperature profiles
for the dispersion are very similar to those for water at the film
temperature.

The hezt transfer results are given in Figure (21) ss
log 8t(Pr) ¥ ve. log Re. The Prandtl number is based on the
properties of the continuous phsse (water) &t the film temperature.
The points follow the Colburn equation very well except the point

for run 50-A which is about 25% below Colburn's equstion, This
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could have been due to phsce separation or non-Newtonian behavior
of the dispersion at this low flow rate. The satisfactory conform-
ity of the data with Colburn's ecuation &zgain shows that the heat
transfer mechanism is governed by the Prandtl number of the contin-
uous phase,

The heat transfer results are also compared with the observed
friction factors at the seme flow rates. In Teble (3) the group
.’:"ut.(Pr)cZ/3 is compsred with Colburn's jy factor (eguetion [52]).
This is based on the friction factors obtained from Figure (11).
Agein except for the run 50-A, the predicted and the observed
groups compare quite well, Further, Friend eand Metzner's equation
(54) wes used to celculete the effective Prendtl numbers of the
dispersions. These are £130 given in Table (3). It is seen that
most of the celculzted Prandtl numbers fall close to 4.0. There
is no consistent veriztion in the celculated Prandtl nuwbers with
the concentiration.

Orr and Dzllavalle (20) in their correlation have used a
Prandtl number based on the properties of the suspensions. How=
ever the volumetric concenirations of their suspensions were not
very high sc there wes not a very greet variation in the apparent
viscosity of the suspension. Moreover although there is an
increzse in the apparent viscosity there 1s slso &n increase in
the &pparent tnermal conductivity and & decrezse in the heat
capacity of the suspension compsrea to that of the continuous

phase, so thut effectively the Prandtl number of the suspension




TAELE 2,

Calculated Prendtl Number and Compsrison of St.(Px')c"‘/3 with jg

Run No, st(pr) > x 107 jg x 10° Celeulsted Pr
10-4 3.376 3e45 3.85
10-B 2,706 2.83 hok
10-C 2,670 2.56 3.95
20-A 3.427 3.57 3.95
20-B 2.964 2.98 4400
20-C 2,712 2,80 4420
35-A 3,352 3.86 5.20
35-B 3.205 3.25 3.90
35-C 3.034 3,00 3.85
50-A 3.041 4415 6.00
50-B 3.140 3.59 465
50-C 3439 3.20 3.35

does not differ creatly from that of the continuous phase., For

instance for their run number 32, the Prandtl number celculated

from the suspension properties is (0.856)(1.05)/(0.411) = 2,13

while the Prandtl number of water at 180° F. (the film temperature)

is 2.15,

with & Prendtl number based on the continuous phase.

So most of their results could also have been correlsted

As stated before Finnigen's (10) and Wright's (30) results are
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based on 2 Prandtl number calculsted with the suepension heat
capacity and continuous phzse thermal conductivity. This gives
rise to Prandtl numbers as hi:h ss 40 for the 50% dispersion,
Hence their results do not zgree with those presented in this
work., It should be noted thet they were heating their test
section electrically and the driving temperature, (AT),, in their
experiments was quite smell, in some cases only 3 or 4° F, There-
fore & small error in meesuring the temperatures would result in

& large error in the heet transfer coefficient., If Wright's
resulte sre plotted using the Prandtl number of water the points
would fell &8 much as 60% below equetion (50). As stated above
this could be due to errors in measuring the wzll temperature,

In Figure (22) the heut transfer coefficlents calculeted are
plotted ageinst the flow rates. It is seen that the dispersions
glve higher heet transfer coefficlents than the single phase fluid
at the same mass flow rete, This has also been observed by Orr
and Dallavelle (20)., This could have been ceused by the dispersed
phage droplets causing more turbulence and effectively reducing
the thickness of the laminar sub-layer,

From the heat transfer results and temperzture orofiles
obtained in this work it cen be concluded that heat transfer to &
liquid-liquid dispersion in turbulent flow cen be treated by
relationships developed for heat transfer to & single phase fluid,
The dispersions studied beheved es & fluid with & Prendtl number

ecual to that of the continuous phese &t the film,
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CHAPTER VIII

CONCLUSIONS

The conclusions of this investigation mzy be summarized zs

follows:

(a)

(b)

(e)

(d)

In the raenge of flow rates investigated (1 1lb./sec., to

3 lb./sec.) the dispersions studied can be treated zs
Newtonisn liquids.

In this range the friction factor for dispersions cen be
predicted by equation (21) and the velocity profile in
the turbulent core by equation (12). The viscosity of
the dispersions is & function of the concentretion and
cen be evaluated by an anelysis of the velocity profile
dets,

The tempersture profiles obtained correspond to those of
a liquid with a Prandtl number equal to thst of the
continuous phzse at the wall film temperztures. This
shows that & film of the continuous phase forms adjacent
to the well. Hezat transfer to dispersions is governed by
the Prandtl number of this film,

The hezt transfer coefficient to the dispersions can be
predicted by equation (50) with the Prandtl number based
on the properties of the continuous phase =t the film

and the fieynolds number based on the dispersion viscosity.



CHAPTER IX

RE ATIONS FOER FURTHER WORK

The present investigatlon has shown some interesting aspects

of the flow of liquid-liquid dispersions. To pursue some of these

facets of the overall study the following recommendations for

further work are mades

(e)

(b)

(e)

(a)

(e)

Velocity and tempersture orofile studies should be made
for flow rates less than 1 1b./sec, to determine whether
the dispersions behave as non-Newtonian or Newtonien
liquids &t low flow rates.

It would be desirable to study dispersions of ligquids
having widely differing viscosities to determine whether
these could slso be treated as Newtonien liqguids,
Studies should be conducted in tubes of widely verying
diameters. As yet studies have been conducted only in
tubes of approximetely an inch in dismeter,

Photogrephic studies of the flow of dispersions should
be made to determine the size of the dispersed phuse
droplets &t various flow rates end concentrations. It
is possible that the abnormslly high friction factors
obtained by Cengel (4) =t low flow rates could be due

to chenges in the dispersed phase droplet size,

Visuel studies should be maede to determine whether a

film of the continuous phase existe zt the tube wall.
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CALIBRATION OF THE ORIFICE

Finnigan (10, p. 16-22) hes shown that the discharge through
& sharp edged orifice in & pipe is related to the pressure drop
across the orifice, AP'. If the pipe is of dlameter D, snd is
vertical and 1f the orifice is of diameter Dy, then
v A |:2 g (% (-4p' - PQEAZ./gc) ] Wk
1 - (1, / D4
where Co = the discharge coefficient of the orifice

A, = the eres of cross-section of the orifice
AZ' = the distance between the pressure teps across the
orifice.

Since AZ' is a constant and {Pe i& enother constant for each fluid
used so (~AP' - L,g42'/g,) can be written as -AP,. If logw is
plotted against log ,Oe(-APo) & straight line is obtained having a
slope of 0.5. Such & plot is & calibration curve of the orifice.
The calibretion curve obtained from the present investigetion is
shown in Figure (23). The celibration curve obtuined by Finnigan
is #lso given in Figure (23). It is seen that there is a difference
of approximately 2% in the two curves. The discharge coefficient
obtained by Finnigen was 0,61 while that obtained from the present

is about 0.62.
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PHYSICAL PHOPERTIES

Equivalent Density of the Manometer Fluids
The menometer oils used were supplied by King Engineering

Corporation., The density of the olle wae taken from & brochure
supplied by the manufacturer. Figure (24) shows the variation
of the difference between the density of the two oils used and
water with temperature. The density difference between mercury

and water 1s also given in the figure.

sicel Properties of the Solw
The solvent used was a commercizl clezning solvent manu-
factured by the Shell 0il Company &nd marketed under the name
"Shellsolv 360", Finnigen (10, p. 129-142) hes given a detailed
report on the physicsl properties of this solvent, Teble (4)

sumnsrizes these properties.

TAELE 4.

i Properti f the Sol

Heat Thermal

Temp. Density capacity conductivity Viscosity x 104
oF, 1b./cu. ft. BIU/1lb, °F, BTU/1b. OF. ft. 1b./sec, ft.
50 49.35 0.456 0,128 7.90

55 49.22 0.458 0.124 7.55

60 49.08 0.461 0.119 7.20

€5 43,96 0.464 0.115 6.90

70 48.82 0.467 0.111 6460

80 48,50 0.473 0.101

90 43.30 0.480
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TABULATED DATA
The tempersture of the fluid during the
runs taebulated in Table (5) were:
W-l to W-15 55° F.
10-1 to 10-11  ©68° F.
20-1 to 20-14  &7° F.
35-1 to 35-18  65° F.
50-1 to 50-17  65° F,
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TAELE 5.

Observed Friction Factor and Orifice Calibration Data

A by AHT A Hy AHy W
Run No. (Cm, 2.94 (Cm. Hg.) (Cm. 2.94 (Cm, Hg.) (1bs./sec.)
0i1) 0il)

W=l 4.6 9.1 0.638
W=z 6.6 13. 0.781
W3 8.7 18.6 04916
V=4 s o § 2hd 1,055
V=5 13.6 30.5 48 1.174
W-6 16.2 37.2 5.9 1.313
W7 19.0 45.2 7.0 1.439
V-8 21,6 51,6 8,2 1.546
w“g 2406 6003 904 10667
wW-10 28.1 70.3 10,9 1,786
W-11 23.8 542 13.4 2,020
W-lz 42.8 6.6 17.6 2o299
w-13 50.9 7.9 21.5 2.521
W=14 60.5 9.3 26,1 24804
W=15 69.1 10,6 3044 34000
10-1 10.7 17.0 0.874
16-2 15,7 29.0 1.141
10-3 18.1 35.0 1.242
10-4 20,6 41,3 1.353
10-5 2443 51,5 8.0 1.523
10-6 28.3 62.6 9.7 1.671
10-7 36.8 13.3 1.974
10-8 45.9 17.3 2.222
10-9 55.3 8.6 21.6 2.479
10-10 674 10.3 27.0 2.843
10-11 11,8 31.4 3.061
20-1 14.9 20.7 0.956
20-2 16.8 25.2 1.052
20-3 19.5 31.9 1.183
20-4 2241 38,8 1.298
20-5 25.4 46.1 7.2 1,428
20-6 29.2 5447 8.5 1.558
20-8 35.0 €9.9 10.9 1,760
20-9 42,7 142 2,013
20-10 51,6 1957 24222
20-11 57.2 9.3 20,0 24400
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TAELE 5., (Continued)

Observed Friction Factor and Orifice Celibretion Date

AHp AHyp AH, AH, W
mm NO. (Cmo 2094 (Cm. Hgo) (Cm. 2094 (Cm. Hgo) (lbso/seco)
011) 0i1)

20-12 6600 10‘1 2305 2.&9
20-13 11.9 <77 Z.830
20-14 53.1 17.9 2o 247
35-1 15.2 13.1 0.754
35-2 17.1 17,0 0.859
35-3 19.9 21,2 0,992
35«4 22.1 28,0 1.103
35=5 2449 34l 1.212
3 28.0 39.9 1.219
35=7 31.5 474 1.422
35-8 3442 54el 8.3 1.538
35-9 37.3 6l.6 9.6 1.635
35-10 4.1 71.2 1.1 1,765
35-11 4745 13.2 1.899
35-12 5447 85 1547 <.083
35-13 63.1 9.7 18.8 24273
35-14 10,7 2l.2 2o 449
35-15 12.3 25.2 2.620
3516 13.8 28.9 2,857
35-17 15.8 33.8 3.093
35-18 14.7 31.6 2.941
50-1 20.3 15.6 0.842
50-2 24.6 2243 0.996
50-3 26,8 26.3 1,087
50-4 30.2 31.5 1.188
50=5 32.8 36.9 1.271
50-6 35.5 42.6 1,361
507 38.3 43.9 1.453
50-8 4044 54.0 8.3 1.523
50=9 4l 0.0 9.3 1.613
50-10 48.3 67.7 10.6 1.709
50-11 5kedy 12.8 1.863

50-12 62.1 9.6 15.7 2.069
50-13 11.0 18.7 24273
50-14 12.6 22,6 <500
50‘15 13.6 24-9 2.632
50-16 15.4 28.8 2.830
50-17 17.2 32.8 3.030
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TABLE 6.

Calculated Friction Factor and Orifice Calibration Date

~APy -AP,R x 1073

Run No. (lbsg/ £ x10° Re x10™%  1lbsy lbss e (py)

8q. ft.) ft5 x 10~4
V-1 18.2 7.7 1.454 24246
V-Z 26 . 1 6094 1 . 781 3 . 313
W-3 Shedy 6.66 2,083 4539
Wer 44,00 0.42 2.405 6.028
"5 5309 6-35 20677 7-538
W-6 64.2 6.05 24993 9.192
w“7 75.2 5.90 30280 11017
U—8 85.5 5081 3.526 12075
H‘9 97010 50& 3.&)0 14.%
V—lo 111.2 5066 4.071 17.36
W-1l 133.8 5.32 44606 <L 47
V-12 16905 5.21 50241 28.20
W-13 201.5 5.15 5.748 34e45
V-L’. 23906 4095 6.392 10-1-82
w=15 273.6 4e % 6.840 43.72
10-1 3443 7.11 1.755 44118 2,420
10-2 54.0 6459 24292 7.010 3.162
10-3 63.5 6455 2495 Ba457 bl
10-4 734 6425 2.992 9.975 44127
10-5 88.0 6,05 3.0860 12.43 Le22l
10-7 137.5 5.62 3.966 20.83 5¢4T1
10-8 173.5 5.58 4 o465 R7.09 6.158
10-10 258,5 5.08 5.72 Le 2T 7.879
10-11 294.9 5.00 6.150 49.15 8.483
20’1 1#2.8 7027 10568 1&0919 2.&9
20=-2 50,3 7.08 1.726 54980 2.416
20~3 61,0 6480 1.941 7.560 3.279
<0=4 1.3 6.54 24129 9.186 3.597
20-5 8443 640 24343 10,91 2.958
20-6 99.4 6.33 2.556 12,34 44318
20-7 111.6 6.23 <.718 14,73 44592
20-8 122.3 6.13 <.388 16.52 44878
20-9 152.8 5.87 3.303 21.77 5.579
20-10 188.0 5.92 34646 <7.12 0,158
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TAELE 6. (Continued)

Celculated Friction Factor and Orifice Celibreticon Data

~APg -OPofe x 10-3
Fun No. (lbeg/ £ 2107 Re x 1074  1lbs, 1lbsp  Re (py)

8q.ft.) £t5 x 1074
20-11 210.1 5,66 3.937 30.64 €.651
20-12 2444e9 5.58 4,281 36,00 7.231
20-13 258.9 5459 44643 42,44 7843
20-14 193.9 5,94 3.686 27.43 64227
35-1 32.4 8.56 0.836 3.053 2,090
352 39.9 8.13 0.952 3.943 2,381
35-3 50.9 7.77 1,100 44900 2,749
354, 59.6 7440 1.223 64451 3.057
35=5 70.7 7.28 1e34d 74842 3.359
35-6 83.0 7.15 1.462 9.164 3.656
35-7 96.8 7.4 1.576 10,88 3.941
35-8 107.5 6481 1.705 12,40 4e262
35-9 119.7 6.73 1.812 el 44531
35-10 134.7 6453 1.957 16,30 4892
35-11 160.0 6.66 2,105 19.62 5,263
35-12 188,5 6.54 2.309 23.32 5,773
35-13 221.7 646 2.520 27.92 64299
25-14 247.0 6.18 2.715 31.47 6.787
35-15 228.1 6430 2,904 37.40 7.261
35-16 326,6 6.00 3.167 42,88 7.918
35-17 378.0 5494 3.429 50,14 8.572
35-18 349.7 6.07 3.260 46,88 8.151
50-1 40.7 8.32 0.663 3.530 2.333
50-2 57.7 Badd 0.784 5.007 2.760
50-3 66.4 8.11 0.856 5.889 2.013
50=4, 79.9 8.18 0.935 7.035 24292
50-5 90.2 8.11 1,000 84225 34523
506 100.8 7.90 1.071 9.482 3.772
50-7 111.9 7.72 1,144 10.87 44027
50-8 119.9 7.53 1.199 11.99 he221
50-9 1324.9 754 1.269 13.32 4o 470
50~10 151.5 7.51 1.345 15.01 44736
50-11 175.6 7.36 1.466 13.40 5,163
50-12 215.1 7.28 1.628 22,54 54734
50-13 242.8 6.83 1,789 20.84 6.299

50-15 309.6 6449 <.071 35.70 7294
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TABLE 6. (Continued)
Celculated Friction Factor end Ori~ice Calilrevion Deta

-APs -AP R x 1073
Run No. (lbsy/ £ x 10®  Re x 1074 lbs, 1lbsp Re (py)

s0.ft.) 15 x 10~4
50-16 355.8 6.44 2.227 41.28 7843
50=17 402,0 6.35 2.385 47.00 8.397




In Teble (7) tne following new symbols

are used:

G= (28, K fPn/Ps) V2
Hsﬁ%z—;_z (for water)

=2%/m
D

(for dispersions)

I=—21

u/t/2




Constants Used for Evslustine the Veloecity Profile

TABLE 7.

* T
Run Ko, m " W U
(9F.)  (°F.)  (1be./sec.)  (ft./sec.) H . . .
W-A 64, Th 1.040 bakd 1.208 1766 44095 0.969
V-B 60 69 1.512 6,462 2,022 2348 2.926 0.972
W-C 66 75 2.069 8.840 2,018 3347 2.235 0.948
¥=D 65 74 2,102 8.980 2,022 3358 2.205 0,962
V-E 60 73 3.000 12.85 2,020 4334 1.589 0,958
W-F 67 73 3,069 12.13 2.020 4613 1.564 0.960
10-4 68 71 1.007 44407 1.254 1952 3.865
10-3 67 72 1.961 8.582 2,044 3445 24190 0.946
10-C 69 71 2.941 12,87 2,044 5002 1,509 0.955
20-4 67 73 0.997 4elbl 1.268 1966 3.755
20-B 67 72 1.983 8,874, 2,066 3575 2,064, 0.956
20-C 69 75 2.948 13.19 2,066 5149 1.433 0.962
35-4 65 73 1.000 4e622 1.288 2052 3,484
35-B 65 75 2.020 9.237 2,100 3802 1.879 0,967
35-C 67 76 2.956 13,66 2,100 5349 1.236 3971
50~4 65 75 1.049 5.079 1.311 2231 3,057
50-C 67 77 2.956 14.31 2.138 5535 1,232 0.980

D
O




In Table (8) AHy is given in ins, of the
inclined msnometer readings for the 1-1b. runs

cm, of the 2,94 specific gravity oil meanometer

for the remsining runs,

100




TABLE 8,
Velocity Profile Dets

Fun No, W-A

y A u y/T u/u ut y*
(in.) By (ft./sec.) - -
0.017 9.3 3.570 0,041 0.658 14.61 30,2
0.035  11.3 3.935 0.084 0.725 16,10 62.2
0,060 12,7 4,172 0.145 0.769 17.08  106,6
0,085  13.9 4364 0.205 0.804 17.86  151,0
0.135  15.5 4.609 0.325 0.849 18.86  239,8
0.185  17.1 44840 0,446 0.892 19.81  328,6
0.235 18.5 5,035 0.566 0.928 20,61  417.4
0.285 19.8 5,208 0,637 0.960 21,32 50642
0.335  20.5 5,299 0.807 0.976 21.69  595,0
0,385 21,0 54364 0,928 0.988 21.95 683.7
0.044  11.7 44004 0.106 0,738 16,40 78.1
0,060 12.6 44155 0,166 0.766 17.02  122.5
0.08,  14.0 44380 0,202 0,807 17,94  149.2
0,13, 16.1 44697 0.323 0.865 19.23  238,0
0,184 17,7 4a924 0e4d3 0.907 20,16  326.8
0.234  19.3 5.142 0.564 0.947 21,06  415.6
0.284  20.2 5,261 0.684 0.969 21.54  504e4
0.33, 20,8 5.338 0.805 0.984 21.86  593.2
0.38,  21.3 5.402 0.925 0.995 22,12  682.0




TABLE 8,

(Continued)

Velocity Profile Deta

102

Fun No, W=B

y A u y/x w/ ut y¥
(in.) v (ft./sec.) ¥ "
0.016 6.9 5.167 0.039 0.632 14.15 37.5
0.036 9.2 5.967 0.087 0.729 16.35 84.6
0,059  10.4 64344, 0.142 0.775 17.38  138.5
0,08, 11.3 6.613 0,202 0.808 18,11 197.2
0.13, 12.8 7.0328 0.323 0.861 19.44  314.6
0.184  14.2 7413 0.443 0.906 20,31 432,0
0.234 15.2 7.670 0.564 0.937 <1.01 54644
0.284  15.9 7.844 0.684 0.959 21.49 666,.8
04334 16.7 8.039 0.805 0,982 <2402 T84.2
0,384 17.1 8.135 0.925
0,025 8.9 5.869 0.060
0.046  10.1 64252 0.111
0.071 11.1 64554 0,171
0.096 11.9 6.786 0.231
0,146 13,2 7,147 0,352
0.196  14.3 7440 0.472
0,246 15,3 7.695 04593
0,296  16.1 7.894 0.713
0.346  16.7 8.040 0.834
0.396  17.0 8.135 0.954
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TAELE 8. (Continued)

Velocity Profile Deta

Fun No, W-(

y A u y/r w/uy, ut v
(in.) B (ft./sec.) ¥
0.016 13.6 7.055 0.039 0.658 15.85 53.5
0.036 16.4 7747 0.087 0.723 17.41 120.1
0.058 18.8 2.295 0.040 0.774 18.64 194.1
0.093 21.5 8.870 Oe.cid 0.827 19,93 311.3
0.143 24.0 9.372 0.345 0.875 21.06 478.6
0.193 26,2 9.793 0.465 0.913 22,01 646.0
0.243 28.0 10,12 0.586 0,944 22.75 813.3
0.293 29.6 10.44 0.706 0.974 23.47 980,8
0.343 30.8 10.62 0.827 0.990 23.85 1148
0.393 31.3 10,70 0.947 0.998 24.05 1315
0.017 1.8 7359 0.041 0.637 16,36 5742
0,027 17.8 8.071 0,089 0.753 17.95 123.8
0.062 20,0 8.556 0.149 0.798 19,02 207.5
0.087 21.6 8.891 0,210 0.829 19.77 291,.2
0,137 4.1 9.392 0.330 0,876 20,88 4L58.5
0,187 26,2 9.792 0.451 0.913 21.77 625.9
0.237 27.9 10.10 0.571 0,943 2240 793.2
0.237 30.6 10.58 0.812 0.987 23,53 1128
0.387 31.2 10.68 0.933 0.997 23.75 1295
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TABLE 8, (Continued)

Velocity Profile Data

Fun No. ¥-D
A u y/r u/! ut yT
B (ft./sec.) b -

VR | 7.381 0.041 0.675 16.32 57.2

17.2 £.090 0.089 0.740 17.88  123.9

19.6 8.611 0.149 0.788 19.04  207.6
0.087 21.2 8.956 0.210 0.819 19.79  291.3
0.137 23.8 9.489 0.330 0.868 20.98  458.7
0.187  25.8 9.880 0.45 0.904 21.83  626.1
0.237 27.8 10.25 0.571 0.938 22.66  793.5
0.287  29.4 10.54 0.692 0.965 23.31  960.9
0.337  30.6 10.76 0.812 0.984 23.78 1128
0.387 31.4 10.90 0.933 0.997 24.09 1296
0.042  18.3 8.3 0,101 0.761 18,30  140.6
0,067  20.3 8.764 0.161 0.802 19.27  224.3
0.092 21,9 9.102 0.222 0.832 20.01  308.0
0,142  24.5 9.628 0.342 0.881 21.17  475.4
0.192 26,7 10.05 0.463 0.919 22,10  642.8
0.242 28,5 10.38 0.583 0.950 22.84  8l0.2
0.292 29.9 10.64 0.7C4 0.973 23.39 977.6
0.242  30.9 10.81 0.824 0.989 23.78 1145
0.392  31.5 10.91 0.945 0.998 24.01 1312




TABLE 3,

(Continued)

Velocity Profile Data

Fun Mn, W-<E

¥ A u y/x u/u ut vyt
(in.) i (ft./sec.) = “
0,016 275 10,11 0.039 Da654 16,07 69.4
0.034 33.9 11.23 0,082 04727 17.84 148 .4
0,057 39.1 12,06 0,137 0,730 19.16 2470
0.107 4546 13.03 04258 0.843 20,69 45347
0.457 50,7 13.74 0.378 0,889 21,82 63044
0,207 Sk 14429 04499 0,925 22471 897,1
04257 5844 14,75 0.619 04954 23.41 1113
0,307 bl.4 15,12 04740 0,978 <4,01 1330
0.357 63.1 15432 0.860 0.991 2he34 L5477
0.407 04el 15.44 0,981 0.999 24453 1764
0.051 39.7 12.15 D.1158 0,786 19.31 22140
0.074 43.1 l2.bb 00178 0Q819 40.12 3&’.7
0.099 46,0 13.08 0.239 0.846 20,79 429.1
0124 486 13.45 0.299 0,870 21.36 5374
0,174 53.1 14.06 0.419 0909 22433 75441
Q4224 56.5 14.50 04540 0.938 23.03 970.8
04274 59.5 14,38 04660 0.963 <3.64 1188
06324 64,0 15,19 0.781 0.982 24413 1404
0.374 63.0 15,38 0.901 0.995 24,44 1621




TAELE 8.

(Continued)

Velocity Profile Data

Fun No, W-F

y A u /T u/) ut ¥yt
(in.) i (£t./sec.) o ‘n
0,018  27.9 10,23 0,043 0.651 16,00 83.0
0.028  35.8 11.59 0.067 0.737 18.13  129.2
04053 41,0 12,40 0.128 04789 19.39  244.5
0.099  47.3 13.32 0.239 0,847 20.83  456.7
0.153 52,7 14.06 0,369 0.894 21.98  705.8
0,203 56,7 14459 0489 0.928 22,80  936.4
0.253  60.2 15.03 0,610 0,956 23.50 1167
0.303  63.1 15.39 0.730 04979 24,06 1398
0.353  65.0 15.62 0.851 0.993 24e43
0.403  65.8 15,70 0,971 0.999 2ye 1859
0.013 26,7 10,01 0.031 0.637 15,65 60,0
0.028  36.3 11,67 0,007  0.742 18,25  129.1
0,053  41.3 12.45 0.128 0.792 19.46  244.5
0.078 446 12,94 0.188 0,823 20,23  359.8
0.128  50.0 13.70 0.308  0.871 21,42 59044
0.178 54,2 14,26 0.429 0,907 22,31 g21.1
0.228 58,0 14,75 04549 0.938 23,07 1052
0,278  6l.1 15.14 0,670 0.963 23.67 1282
0.328  63.7 15.46 0.790 0.983 24,17 1513
0.378  65.3 15.65 0.911 0.995 2ol L4k
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TAZLE 8, (Continued)
¥eloe rrof L&
fun ¥o. 10-4
-l <+ o+

y AL, u /’r, u/u, u Y Pa
(in.) (£t./86c.) (ep.)
0.014 8.3 34240 Ue034 J.609 14,82 <13
J.04%9 10.6 3.75z 0.070 Jo OBA 14,50 56.6
Q.050 1.9 Lel39 0.1<0 2.759 16,00 97.6
0.100 15.1 Le4T8 Deddd D821 17.70 198.2
0.150 17.1 4766 J.361 0.874 18.82 <Fie8
0,200 12,6 4970 D482 Je911 19.<1 390.4
Uesl50 0.1 5.167 0,002 Q947 19.97 488,0
2.300 2l.1 5.493 0e7&2 0,971 L0.46 585,6
0.350 <1.9 56393 U843 J«989 «0e24 683,
U.LOO ;‘.3 5.“‘ J."]GL 3.9\/8 Al.‘.lo 78008
D.Olﬁ 906 3057’) Uok)é:‘ D-D‘” 13079 3501
'30031' l#.O 3-99( -)0077 \).7;“ 1500'-.? bans
G055 3.2 44187 0,133 0,763 16,18 107.3
00080 11-03 100,:58 )0193 0.799 17. 38 156.2
0.130 14 4.067 0.313 0.856 18,04 <53.8
0,180 18,0 44889 Jedlh 0.896 19.39 51.4
04430 19.7 5.115 D.554 0,738 19.77 449.0
0330 <1.7 5.209 0.79% Je 784 Q75 Ohdiec
04280 <<ed 5418 J.916 U992 0,92 41,8




TASLE 8,

(Continued)

Velocity Profile Data

108

Run No. 10-B

y Al u y/r u/ug u¥ oy
(in.) b (ft./sec.) v (eps)
0,014 11.5 €.578 0.034 0.617 14.42 LB.2
0.027 13.7 7.180 0.065 0.674 15.72 93.0
0.050 17.0 7.998 0.120 0.750 17.52 172.2
0,100 20.5 8.783 0.241 0.824 19.23 34445
0.150 22.9 9.282 0.361 0.871 <033 516.8
0,200 <5,1 9.718 0,482 0.912 21.29 639,0
0.250 26.7 10,02 0,602 0.940 21.95 861.3
0.300 28.3 10.32 0,723 0.968 22.30 1034
04350 29.3 10,50 0.843 0.985 22.99 1206
0,400 30.1 10.64 0.964 0.998 23.11 1378
0,018 13.4 7.041 0.043 0.666 15.42 6z.0
0.080 20,1 8.623 0.193 0.816 18, 275.6
0.130 22,4 9.103 0.313 0.861 19.94 4L4T7.8
0.180 2443 9.482 0.434 0.897 <0.77 620.1
0,230 26,1 9.826 0.554 0.930 21,52 T92.3
0.280 27.5 10,09 0.675 0.954 22.09 964.6
00330 '903 10.41 0.795 00985 22-80 1137
0,380 29.8 10.50 0.916 0.993 23.00 1309
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TLBLE 8. (Corntinued)

Velocity Profile Data

Run No. 10-C

AR, w v/ u/uy LA

(,.t./sec.; (cp.)

29.8 10.66 0.043 0.679 16,1z 90,0

36.4 11,78 0,072 0.751 17.71 150.1

40.8 12447 0133 0.795 18,85 275.1

44..C 12,95 0.193 0.825 19.58 40042

0.130 49.4 13.72 G.313 0,874 2C.75 650.3

0.180 53.7 14.30 Cud34 0.912 .63 S00.4
0.280 0.2 15.15 0.675 U905 22,90 1401
C.28C 643 15,65 0.916 0.958 23,67 1901

0.027 32.9 1l.2u 0.065 0.714 10,89 135.1

0.050 38.1 12,05 0,120 0,768 18.18 25G.1

0,075 42,1 12,67 0.181 0.807 15,11 3751

0,100 £5.3 13.14 0.241 0.837 19.83 500.2

0.150 5044 13.87 0.361 0,884 20.92 750.3
0,200 54e 6 1hedz 0.482 0.919 21,76 1000
0250 58 14.89 C.c02 0,949 <2.47 1250
04350 63.1 15.51 0.843 0.988 23,40 1751
0.400 6445 15.68 0.964 04999 23,66 2001
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TABLE 8, (Continued)
Velocity Profile lats

Run No. 20-A

u y/Ty w/up ut oyt
(ft./sec.) (eps)
3.832 0,043 0.713 13,38 354
4,110 0.077 0,765 ) VAPV 62.9
4,326 0.133 0,805 16.24  108.1
4,502 0,193 0.838 16,91 157.3
4728 0.313 0,880 17.76  255,6
4.917 Ued34 0.915 18.46 35349
5.085 0.554 0.947 19,09 L52.2
5.212 0,675 0.970 19,57 550.5

54298 0.795 0.986 19,99 64248
54346 0.915 04995 <0.47 7471

3.883 0,070 0,723  14.57 57,0
4,173 0,120 0.777 15,67 98,3
4370 0,181 0,814 16441 147.5
4o 574 0.241 0.852 17.17 196.6
4783 0,361 0.890 17,95  294.9
44943 0.482 04920 18,56  393.2
5.123 0,602 04954  19.24  491.5
5,212 0.723 0,970  19.57  569.8
54322 0.843 0,991  19.98  ¢88.1

54359 0.964 0.998 20,22 78644




TABLE 8, (Continued)

Velocity Profile Dats

Run No. 20=B

y a u ¥/ Ty u/ u® Y+
(in.) b (ft./sec.) ‘u (cp??
0.018 13.8 T.322 04043 0.673 15,11 0443
0.030 16.8 8,078 0,072 0742 16,08 107.2
0.055 18.7 8.523 0.133 0.783 17.59 196,6
0.080 20.1 8.837 0.193 0.812 18.24 286,0
0.30 22,8 9.411 0.313 0.865 19.42 4649
0.180 24,.8 9.816 0434 0.902 20.36 643.5
04230 26.6 10,17 0e554 0.934 20,98 822.3
0.280 28.1 10445 0.675 0.960 21.56 1001
0.330 9.3 10,67 0.795 0.9280 <2.02 1179
0.380 20.1 10.81 0.916 0.993 22,32 1358
0.014 1l.2 6.617 0,034 0.606 13,66 50,0
0.027 15.7 T.834 0.065 0.717 16,17 96.5
0,050 17.8 8.341 0.120 0.764 17.22 178,7
0.075 19.6 B.754 0.181 0.802 18,07 208,0
0.100 20.9 9.039 0.241 0.828 18.65 357.4
0,150 3.2 94423 0.361 0,872 19.66 536.1
0.200 25.4 9.964 0.482 0.913 20,57 T8
0.250 27.1 10.29 0,602 0943 2l.25 893.5
0.300 28.4 10.54 0,723 0.965 21.74 1072
0.350 30.1 10.85 0.843 0.993 22439 1251
0.400 30.4 10.90 0.964 0.998 22.50 1430
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TAELE 8. (Continued)

Velocity Profile Data

Ran No. 20-C

y Al u y/Ty ufuy ut oyt
(in.) (ft./sec.) (ep.)
0.027  33.1 11.45 0,065  0.708 16,40  139.0
0,050  39.0 12.43 0,120  0.768  17.81  257.4
0.075  43.l 13,06 0,181  0.807  18.71  386.2
0.100  46.0 13.49 0.241  0.834  19.38 5149
0.150  51.6 14.29 0.361  0.834  20u4B  772.3
0,200 55,9 14,38 0.482 0,920  21.32 1030
0.250  59.7 15.24 0.602  0.942  21.84 1287
0.300  62.8 15.77 0,723 0.975 22,59 1545
0.350 6441 15.93 04843 0,985 22,82 1802
0.400  66.0 16.16 0,964 0,999  23.16 2060
0,018  29.5 10,76 0,043 0,668 15,42  92.7
0,030  36.3 11,94 0.072 0,741  17.10  154.5
0.055  40.7 12,64 0,133  0.785 18,12  283.2
0.080  44.0 13,24 0,153 0,816 18,83  411.9
0.130  49.6 13,95 0,313  0.866 20,00  669.4
0,180  54.2 14,61 00434 0,907 20,93  926.8
0.230  58.2 15.32 0.554  0.951  21.95 118,
0.280  65.8 15.47 0.675 0,961 22,17 1442
0.330  64.5 15,91 0.795 0,988  22.81 1700
0.380  65.8 16.07 0.916  0.998  23.04 1957




TAELE 3,

(Continued)

Velocity Profile Data

Fun No. 25-A

113

y AR u /vy wlug A
(4n.) (ft./sec.) (ep.)
0.014 8.0 3.424 0.0%4 0.610 11.93 28,7
0.029  11.0 4,016 0.070 0.715 13.99 59.5
0.050  13.1 4382 0.120 0.731 15.27  102.6
0.075  14.4 4595 0.181 0.818 16,00  153.9
0,100  15.1 4705 0.241 0.838 16,39  205,2
0.150  17.2 5,021 0.361 0,894 17.49  307.8
0,200 18,2 5,165 0.482 0,920 12,00  410.4
04250  19.2 5,305 0.602 0.945 18,48  513.0
0.300  20.0 5,414 0.723 0.964 18,87  £15.6
0.350  20.7 5,508 0.843 0.981 19.19  718.2
0.400  21.4 5,600 0.964 0.998 19.51  820.8
0,032 12.3 4e2dH 0.077 0.756 14.08 65.7
0,055 13,8 el 0.133 0,801 15,67  112.9
0.080  14.7 4642 0.193 0.827 16,17  164.2
0.120 16.8 4962 0.313 0.884 17.29  266,8
0,150  17.8 5,108 0.434 0.910 17.79  369.4
0.230 18.8 54250 0554 0.9%5 18,29 47240
0.280  19.8 5,387 0.675 0.960 18.77  574e6
0.330 20,5 5482 0.795 0.976 19.10  677.2
0.380  21.3 54587 0.916 0.995 19.47  T79.8




TAELE
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8. (Contimued)
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TABLE 8, (Continued)

Velocity Profile Data

Run No., 35-C

y Ay u y/r,, u/uy ut y*
(in.) (ft./sec,) (cpf?
0.014  24.6 10.15 0.034 0.607 13.56 T4e9
0.027 33.6 11.86 0.065 0.709 15.84  lhded
0,050 39.5 12.86 0.120 0.769 17.17 2674
0,075 43.5 13.49 0.131 0.807 18,02 401.2
0.100  46.4 13.93 0.241 0.8323 18,61 52449
0.150 51.9 b VA, 0.361 0.881 19,68 802.3
0.200 56,5 15,38 0.482 0.920 20,54 1070
0.250 60.2 15.87 0.602 0.949 21,20 1337
0,300 63.6 16,31 0.723 0.976 21.79 1605
0.350 65,8 16.59 0.843 0,992 22.17 1872
0.400 66.7 16.71 0.964 0.999 22.31 2140
0,018 29.9 11,12 0,043 0.669 14.85 96.3
0,030 37.4 12.43 0,072 0.748 16.61 160.5
0.055 41.7 13.13 0.132 0.790 17,53 294.2
0.080  45.0 13,64 0.193 0.321 18.22 427.9
0,120 50,7 14.48 0.313 0.871 19.34 €95.4
0.180 55.4 15.13 04434 0,911 20,21 962,8
0,230 59.5 15.68 04554 0.944 20,95 1230
0.280 62.7 16.10 0.675 0.969 21.51 1498
0.330 65.2 16.41 0.795 0.988 21.93 1765
0.380 6645 16,58 0.916 0.998 22,15 2033




TAELE 8,

(Continued)

Veloecity Profile Data

!

fun No. 50-A
y Al u y/x w/uy ut oyt
(ino) (ftu/SQCQ) o (C'n‘.’?
0,014 7.8 3.661 0,033  0.600  11.19  32.0
0.029  10.9 42328 0,070 0,709 13,23 647
0,050  13.3 4eT81 0,120  0.783 1461  111,5
0,075  14.5 4+992 0.18L 0,817  15.26  167.3
0.100 15,0 5,077 0e24l  0.831  15.52  223.1
0.150  17.3 5.453 0.36L  0.893 16,67  33L.6
0,200  18.3 5,608 0.482  0.918 1704 4462
0,250  19.4 5,774 0.602 0,946  17.65  557.8
0,300  20.2 5,892 0,723 0,965  18.01  669.3
0.350  20.9 5.993 0.843 0,981  13.32  780.8
0,400  2L.6 6.093 0,964  0.998  18.63  892.4
0.018 8.4 3.800 0.043  0.622  11.62  40.2
0,055  14.0 44905 0,133  0.803 15,00 122,7
0,080  14.% 5,044 0.193  0.826  15.42 1785
0,130  17.0 5,405 0.313 0,885 16,52  290.0
0.180 12,0 54562 0.434 0,911  17.00  40l.6
0,230  19.1 5,730 0.554 0,938  17.52  513.1
0,280  20.0 5,863 0.675  0.960  17.92  624.7
0.330  20.7 5,965 0.795  0.977  18.23  736.2
0.380  21.4 6.065 0.916  0.993  13.54  B.7.8




TAELE 8,

(Continued)

Velocity Profile Date
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Run No, 50-B

y Al u ¥/Ty u/ug ut y*
(in.) (ft./sec.) (cpl‘lx)n
0,014 10.0 6,619 0.034 0.557 11l.42 554,
0,029 15,1 8.134 0.070 0.685 14.02 114.7
C.050 19.3 9.195 0.120 0774 15.55 197.8
Q.75 21,3 9.660 0.181 0.313 16.55 96,6
0.100 22.8 9.995 0.241 0.841 17.23 3955
0.150 25.3 10,51 0.361 0.8%6 18.15 593.3
0+200 27.2 10.92 04482 0.918 18,82 791.0
0.250 28,9 11.25 0.602 0,947 19.39 988 .8
0.300 30.5 11.56 0,723 0.973 19.93 1187
0.350 31.5 11,75 0.843 0.989 20.26 1384
0.400 32.1 11,86 0,964 0.998 20444 1582
0,018 13.2 7.605% 0.043 0.640 13,11 T1.2
0,055 20.3 9.431 0.133 0.79 16,26 2175
0.080 LRui 9,862 0.193 0.830 17.01 316.4
0.130 24.8 10.42 0.313 0.878 17,97 514.1
0.180 27.0 10.87 0.434 0,916 18,75 711.9
0.230 28.8 11.23 04554 0.946 19.36 909.6
0,280 30.3 11,52 0.675 0.970 19.86 1107
04330 31.2 11,69 0.795 0.984 20.16 1305
0.380 31.9 11.8z2 0.916 04995 20.38 1503
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TLELE 2, (Continued)
Veloeity Profile Dats
Run No. 40-C

¥ QE u y/ry u/ug ut y’\' P
(in.) (ft./s2c.) (eu)
0,014 2.6 10,23 C.034 Ce525 1z.61 T7e5
0.029 LM 12.41 C.070 C.709 15429 1€0,.5
Q.050 .4 12.55 C.120 C.T4 16,70 27642
C.075 45,7 1L.24 0,181 C.814 1754 415,
0.100 3.2 14.64 Ce24l 0.837 18,04 553245
0.150 53.8 15:45 C.261 0.8832 19.03 2203
0,200 58.4 1€.09 Ca482 0.92C 19.82 1107
0.250 62.4 16.€4 C.602 C.251 <0.50 1383
0.2C0 €5.6 17.06 C.723 0.975 21.01 1leed

« 250 €7.8 17.34 0.843 0.991 1,36 1937
(¢ P 6'1'-.9 1'7048 00964 00999 210 53 221A
0.018 30.3 11.49 0.043 0.663 1kel5 99.6
0.032 %8.2 12,91 0.077 0a745 15,91 177.1
00055 ‘U..Z 13-87 00133 0.800 17.09 30“.15
0.080 47.3 14.35 0.192 0.828 17.6% 4428
0,120 53.1 15.2 0.3132 0.877 18,7 T19.5
0.180 577 15.85 0.434 C.914 19.53 996.3
0.230 6l.7 16.39 Qe 554 C.94€ 20,19 1273
Q4280 0544 16.88 0.674 Ce974 2072 1550
0,330 07.6 17.1¢ 0.795 Ce990C 21l.14 1827
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In Table (9) columns () and (5) give,
respectively, the temperature snd the reduced
temperature obtained while moving the probe
away from the wall., Colums (3) and (&) give
the temperature obtained while moving towards

the wall,




TAHLE 9,
T era e Profile Data

v T T T-Ty T-Ty

(in.) (°F.) (°F.) y/ry PR T, - Ty
mm NO. !-g
0.025 108.8 108.9 0,060 0.845 0.842
0.050 107.8 107.7 0.121 0.876 0.280
0,075 107.3 107.3 0.181 0.892 0.892
0.100 106.9 106.9 0.241 04905 0.905
0.125 10644 106.4 0.301 0.920 0.920
0.175 105.7 105.9 04422 0.946 0.946
0.225 105.3 105.1 04542 0.955 0.961
0.275 10447 104.7 0.663 0.975 0.975
0.325 104.3 10443 0.733 0,986 0.986
0.375 10441 104.1 0.904 0.994 0.99
0.410 103.9 103.9 0.988 1.000 1,000
Rnn No. U-H

0.025 105.1 105.1 0,060 0.845 0.845
0.050 104.3 10443 0,121 0.867 0.867
0.075 103.6 103.7 0.181 0.835 0.887
0.100 103.3 103.4 0.241 0.895 0,895
0.125 102.9 103.0 0.301 0,907 0.905
0.175 102.2 102.1 0.422 0.926 04930
0.225 101.3 101,3 0.542 0.952 0.952
0.275 100.8 100.9 0.663 0.966 0.964
0.325 100.3 100.4 0,783 0.980 0.977
0.375 100.0 99.9 0.904 0.990 0.992
0.410 99,6 99.6 0,988 1.000 1,000




TABLE 9,

(Continued)

Temperature Profile Lats

. - v T - T, T T,

(in.) (°F.) (°F.) ¥/ 7w Te = Ty Te-Ty
Run No, W-=I
0.025 105.8 105.9 0,060 CeBL4 0.840
0.040 105.1 105.1 0.096 04555 0.865
0.075 104.3 104.4 0.181 0.589 0.839
0.100 103.6 103.6 0.241 0.907 0.907
0.125 103.0 103.1 0.301 0.926 0.926
0.175 10202 102-2 0.422 00950 00950
0.225 102.0 101.8 0.542 0.955 0.961
0.275 101.6 101.5 0.663 0.967 0.970
0.325 101.2 101.1 0.783 0.980 0.981
0.375 100.8 100.8 0.904 0.991 0.991
0.410 100.5 100.5 0.938 1.000 1.000
Run No. W-J

0,025 102.6 102.7 0.060 0.855 0.852
0.040 102.0 101.8 0.096 0.870 0.376
0.075 101.32 101.4 0.181 0.890 0.887
0.100 100.8 100.8 0.241 0.904 0.904
0.125 100.3 100.2 0,301 0.917 0.920
0.175 79.6 99.6 0.422 0.9326 0.936
0.225 99.0 99.< 04542 0.954 04948
0,275 98.6 98,6 0.663 0.964 0.964
0.325 97.9 98.0 0.783 0.984 0.920
0.375 97.4 97.5 0.904 0.997 0.995
0.410 97.3 97.3 0.938 1.000 1.000




TABLE 9. (Continued)

Temperaturs Profile Dsts
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y T T T - Ty 3= T
Fun No, W=t
0.025 103.0 103.0 0.060 0.350 0.856
0.050 10z2.1 102.3 0.1<1 0,897 0,887
0.075 101.8 101.9 0.181 0.910 04905
D.125 101.4 101.3 0,301 0.929 0.933
0.175 1011 101.0 Q.422 0.940 0.946
0.225 100,7 100.7 04542 0,960 0.9€0
04275 100.3 100.4 0.063 0.976 0.974
D325 100.1 100.2 0.783 0,986 0.981
0.375 99.3 10040 0.904 1.000 0.991
04410 99.8 99.58 0,985 1.000 1.000
Run No, 10-A

0.025 105.3 105.3 0.060 0.841 0.841
0.050 104.6 104.5 0.121 0.374 0.879
0,075 104.1 103.9 0.181 0.896 0,906
0.125 1032.7 103.6 0,301 0.916 0.920
0.175 102,3 103.1 04422 0.935 0944
0,225 102.9 102.9 0e542 0.954 0.954
0.275 10z2.6 10244 0.663 0.967 0.976
04325 102.3 102.3 0.783 0.93%1 0,941
06375 102.1 102.1 04904 0.991 0.991
0.410 101.9 101.9 0.988 1.000 1.000




T&ABLE 9,

(Continued)

Temperzture Profils Dsta
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Yy 1 T
(in,) (°F.) (°F.) v/ %y Te = Ty Te = Ty
kun Ko. 10«8
0.025 135.0 105.2 0.0860 0.885 C.E75
0.050 104.6 104.8 0.121 0.903 0.895
0,075 104.3 1045 0.131 0.916 0.%08
0.125 104.0 104.1 04301 0.930 0.945
0.175 103.6 103.8 Q.22 0.347 0.939
D.225 103.2 103.4 0.542 0.965 0.956
0.275 102.9 105.0 0.663 0900 0.975
0.325 102.6 102,77 0.783 0.992 0.987
0.375 10z.5 102.5 0.904 0.99¢ 0,996
0,410 102.4 102.4 0,985 1,000 1.000
Fun No. 10-C
0.025 102.0 101.9 0.060 0.844 0.849
0.050 101.5 101.5 0,121 0.866 0,372
0.075 101.4 101.3 0.131 0.878 0,384
0.125 101.C 101.0 0.301 0.901 0.301
0,175 100.56 100.5 Qeb2e U.924 04330
D.225 100.2 100.1 04542 Q947 0.954
0,275 100.1 99.9 0.663 0.954 0.3€0
04325 99.9 99.8 0.783 0,960 C.271
0.375 99.5 29.5 0.904 0,983 0.989
Oofalo 99!3 99.3 00988 loOC’O 10')03
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TABLE 9, (Continued)
Temperature Profile Data

R T-17

y T T iy 88 W

(ta)  (°F)  (9F) /™ T, - T, T, - T,

Run No. 20-4
0.025 104.9 104.8 0.060 0.874 0.879
0.050 104.3 104.2 0.121 0.904 0.910
0.075 104.0 104.0 0.181 0.920 0.920
0.125 103.6 103.6 0.301 0.940 04940
0.175 103.5 103.3 0.422 04945 0.955
0.225 103.2 103,2 0.542 0.960 0.960
0.275 103.0 103.0 0.663 0.970 0,970
0.325 102.7 102.6 0.783 0,985 0.985
0.375 102.6 102,.5 0.904 0.990 0.995
0,410 102.4 102.5 0.988 1.000 0.995
Run No, 20-B

0,025 105.5 105.6 0.060 0.867 0,862
0,050 105,0 105.0 0.121 0.893 0.393
0.075 104.6 104.8 0.181 0.914 0.904
0.125 104,2 10444 0.301 0,934 0.924
0.175 104.1 104.0 0.422 0.939 0.944
0.225 103.8 103.8 0.542 0.954 0.954
0.275 103.4 103.5 0.663 0.975 0.970
0.325 102.3 103.2 0.783 0.920 0.985
0,375 103.1 103.0 0.904 0.990 0.995
0.410 102.9 102.9 0.988 1,000 1,000
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TAELE 9, (Continued)
Tempersture Profile Data

¥ T T T Ty T - Ty

(1n.) (°F.) (oF.) y/Ty Te=Ty To-Ty
Run No. 20-C
0.025 10%.0 102.0 0.060 0.890 0,890
0.050 101.6 101.7 0.121 0.910 0.905
0.075 101.4 101.3 0.181 0.920 0.925
0.125 101.1 101.0 0.301 0.936 0.941
0.175 100.8 100.8 0.422 0.952 0.952
0.225 100.6 100.5 04542 0,962 0.968
0.275 100.4 100.2 0.663 0.974 0,984
0+325 100.2 100.1 0.783 0.984 0.990
0.375 100.0 100.0 0.904 0.995 0.995
0.410 99.9 100.0 0.988 1.000 0.995
Run No. 35-A

0.025 106.2 100,22 0.060 0.865 0.865
0.050 105.8 105.8 0.121 0,885 0,885
0.075 105.5 105.4 0.181 0,900 0,906
0.125 105.2 105.1 0.201 0,916 0,921
0.175 104.8 104.9 0.422 0,937 0,932
0.225 104.6 104.7 0.542 0.948 04943
0.275 104.2 104.3 0.663 0.969 0,964
0.325 103.9 104.0 0.783 0.985 0.980
0.375 103,.6 103.8 0.904 1,000 0.990
0,410 103.6 103.6 0.988 1,000 1,000
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TAHLY 9, (Continued)

Tempersture Profile Dete

v : r . It 1o

(in.) (°F.) (°F.) W Te - Ty Te =Ty
Run No. 35-B

0,025 102.1 102.C 0,060 0,869 0.876
0,050 101.8 101.9 0.121 0,894 0.825
0.075 101.7 101.7 0.181 0,902 0.902
0.125 101.4 101.5 0.301 0.926 0.918
C.175 101.z2 101.3 Q4422 0.942 0.935
0.225 101.0 101.z2 0.542 0.959 0.942
0.275 100.9 100,9 0,663 0.967 0.967
0.325 100.7 100.8 0.783 0.984 0.975

275 100.6 100.6 0.904 0.992 0.992
0,410 100.4 100.4 0.988 1.000 1.000

Run No. 35-C

0.025 100,5 100.6 0.060 0.875 0,869
0.050 100.1 100.2 0,121 0.902 0.895
0.075 100.0 100.0 0.181 0.909 0.909
0.125 99.8 9%.8 0.301 0.921 0.921
0.175 99.6 9.5 0.422 0.935 0.941
0.225 99.3 99.2 C.542 0.955 0.955
0.275 99.0 99.1 0,663 0.974 04967
0,325 98.9 98.9 0.784 Q04980 0.920
0.275 98.7 98.7 0.904 0.994 0.994
0.410 98.6 98.6 0.998 1.000 1.000



TAELE 9. (Continued)

Tempexrature Profile Data
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y T T T-“V T—Tw

(4n.) (oF.) (9F.) ¥/Ty T, =T, T,-1,
Run No, 50-&
0.025 102.6 1083,.6 0.060 0.871 0.371
0.050 108.1 108.0 0.121 0.894 0.902
0.075 107.7 107.8 0,181 0.911 0.9C7
0.125 107.0 107.1 0.301 0.942 0.938
0,175 106.7 106,.8 Oed22 0.956 C.951
0.225 106.5 106.5 0,542 0.965 0.965
0,275 106.2 106,73 0.663 0.979 0.974
0.325 106.0 106.1 0.783 0.986 0.982
0.275 105.8 105.8 0.904 0.996 0.996
0.410 105.7 105,7 0,988 1.000 1.000
Fun No., 50-B

0.025 102.4 102,32 0.060 0.874 0.879
0.050 102.0 101.9 0.121 0.896 0.901
0.075 101.8 101.7 0.181 0.907 0.914
0,125 101.2 101,2 0.301 0.936 0.936
0,175 101,90 101.1 0422 04954 0,949
0.225 100.8 100.7 04542 0.965 0.972
0.275 100,6 100.6 0,663 0.977 0.977
0.325 100.4 100,5 0,784 0,983 0.983
0.375 100.2 100.3 0.904 0.995 0.995
0,410 100.2 100.2 0.938 1.000 1.000




TAELE 9, (Continued)

Tempersture Profile Data
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¥ T T y T~ T=1Ty
() (o) (R Y T oo, To-1,
Run No. 50-C
0.025 102.7 102.8 0.060 0.875 0,869
0.050 102.3 102.3 0.121 0.899 0.899
0.075 102.0 101.9 0.181 0.916 0,922
0.125 101.7 101.6 0.301 04934 0,940
0.175 101.5 101.4 04422 0,946 0.952
0,225 101,2 101,2 04542 0.959 0.964
0.275 101.1 101.0 0.663 0.970 0.976
0.325 100.9 100,8 0.733 0.981 0.988
0.375 100.8 100.6 0904 0.988 1,000
0.410 100.7 100.6 0.928 0.994 1.000




TABLE 10.

Observed Hest Transfer Data

g Ty To Ty T, T, Tg T Tg Tyo
(°F.) (°f.)  (°F.) (°F.) (°r.) « (PF.) (°r.) (°r.)  (°F.) (°F.)

3
22

W=G 169.0 172.3 165.7 163.6 157.0 158.0 131.0 132.9 83.0 105.2
W-H 170.4 173.0 166.5 165.5 159.6 159.3 3.5.5 134.5 8l.4 104.1
W-I 165.0 168.2 159.3 159.7 154.2 152.0 124.7 133.5 88.6 105.4
WedJ 169.2 172.3 160.1 158.2 154.3 156.0 134.7 133.0 86.1 102.4
W-K 149.0 153.5 143.5 145.1 138.5 137.9 126.5 119.4 88.1 100.8
10-4 162.0 166.5 153.5 152.0 145.8 145.2 124.C 122.7 797 105.3
10-C 144.0 148.5 124.6 132.8 128.4 126.6 117.3 115.6 88.3 101.5
20-4 163.7 167.1 154.5 152.C 143.5 145.1 123.4 121.0 80.3 105.8
20-B 151.0 155.1 143.5 141.8 134.5 134.0 123.4 121.6 87.2 104.7
20-C 145.2 148.1 135.5 131.0 128.6 119.2 118,0 87.2 102.0
35-£ 163.7 165.7 1/9.5 150.2 147.2 146.1 123.5 122.0 8l.1 106.0
35-E 148.5 151.9 133.5 131.7 125.7 125.0 113.3 112.2 85.6 101.8
35-C 149.9 152.2 132.0 129.0 127.4 124.7 114.5 113.0 86.4 102.0
50-4 155.2 159.5 140.0 138.4 13444 131.4 118.5 116.5 84.0 102.9
50-B 173.0 175.6 162.7 160.5 153.0 152.0 128.7 1275 8446 108.9
50-C 148.5 152.0 135.0 132.0 131.7 129.8 118,.2 116.5 86,0 104.2

6z1



130

TAELE 11,

Celculzted Hest Transfer Datas

v ik g 2/3

Run No. (1bs./sec.) Re x 10 (BTU/br. St x 103 st (Pr)%
OF. sq. fto) b'q 103

WG 1.026 5,083 1030 1.046 2.521
W-H 1.066 5,281 1095 1,075 2,591
W-I 2.174 10,77 1855 0,891 2.147
W= 3,077 15,24 2380 0.511 1,958
10-4 1.007 2.000 1312 1.401 3,376
10-B 1.961 3,897 2036 1,123 2,706
10-C 2,941 5.844 3016 1.108 2.670
20-A 0.997 1.618 1240 1.418 3,417
20-B 1.933 3,218 2140 1.230 2.964
20-C 2.948 4,783 2975 1.150 2.772
354 1.000 1.096 1130 1.391 3.352
35-B 2.020 2,215 2182 1.330 3.205
35-C 2.956 3.241 3024 1.259 2,034
50<4 1.049 0.814 983 1.262 3.041
50-B 2,000 1.553 1932 1,303 3.140
50-C 2.956 2.293 3127 1,427 3.439
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NOMENCLATUFE

The fundamentzl dimensions sre represented by the following

letters:
F = force, L = lencth, m = mess
t = time eand T = temperzture.
Symbol Mezning Dimensions
A Area L%
Aq Aree of tube cross-section L*
Ly Arez of orifice L?
- Area across which heat transfer in a L%
tube tekes place
A, Arec of tube wall LA

bns By Constants

B Constant

C, Cp Constants

Co Hett capacity FL/mt
¢ Pitot tube calibrztion constant

Co Orifice calibrstion constent

D Diameter of tube L

D° Diemeter of orifice L

f Friction factor

g Acceleration of gravity L/t2
Be Gravitations=1 constant wl/F 2

G Mass flow rate m/L%t
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Symbol Meening Dimensions
A Hy Deflection on orifice manometer L
A ligp Deflection on friction pressure loss L
messuring manoumeter
LNy, Deflection on velocity manometer L
h Aversge heat transfer coefficient F/LtT
by Locel hezt transfer coefficient F/LtT
Ju Colburn's j factor for heat transfer
K Parameter defining shear stress—
rate of shear Lehavior of liquids
K Conversion factor for obtaining feet
K Thermal conductivity F/Lt
L Length of test section L
1 Prandtl mixing length L
m Mess m
n Exponent defining shear stress--
rate of sheer behavior of liguids
P Pressure F/L%
Pg Friction pressure F/L?
AP, Pressure difference across orifice F/L%
APg Static pressure difference F/L%
A Py Pressure drop across test section F/L%
AP, Pressure difference due to friction losses F/L%
q Amount of heat transferred FL/t
lieet transferred by molecular conduction FL/%
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Symbol Meaning Dimensions
r Redial distence from tube center L
Ty Tuvte wall radius L
i Summation index
T Temperature of fluid T
1g Tempereture of fluid at center of tube T
Tw Tube weall temperzture T
t Time t
u Aversge velocity L/t
u Foint velocity L/t
Uy Meximum point velocity L/t
n* Friction velocity L/t
nt Dimensionless velocity
v Volume L’
W Mass flow rate n/t
x Distance co-ordinate, along tube length L
y Distance co-ordinate measured normsl L
to tube wall
vyt Dizensionless dietance
A Height L
3 Thermal diffusivity, k/Cg L%/t
E Energy dissipsted per unit mass FL/m
€y Fddy diffusivity of heat L%/t
€x Eddy diffusivity of momentum L2/t
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Symbol Mesning Dimenzions
Ae Eigenvalues

B Viscosity m/L+
Pe Viscosity of continuous phese m/Lt
B Viscosity of dispersed phuse m/Lt
IT Constant, 3.142

P Density m/L3
Pe Density of dispersion w/L>
Pm Equivalent density of manometer fluids n/L3
T Shear stress in & flowing fluid F/l.‘2
T Shear stress at the wall F/L®

Dimensionless Groups

Symbol Definition

Nu Kusselt number, hD/k

Pr Frandtl number, Cpp/k

Pra Frandtl number of the continuous phase

Prw Prenatl number at the wall temperature

Fe Reynolds number, LUP/p

St

Stanton number h/GCp



