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Nonisothermal Velocity Profiles

Analytical extensions of the Graetz
problem to include the effect of vary-
ing viscosity have been made by Cherry
(1), Yamagata (4), and Yang (5).
The corresponding problem which in-
cludes the variation of density for the
case of the horizontal tube has so far
not been solved analytically.

At present there is no experimental
information available on measured vel-
ocity profiles for flow through horizon-
tal tubes in which the variation of both
density and viscosity is important.

The purpose of the present work
was to obtain experimental data on
velocity profiles for the flow of mineral
oil through a horizontal steam heated
tube for Reynolds numbers in the
laminar range.

EXPERIMENTAL APPARATUS

The apparatus consisted of a cen-
trifugal pump, venturi meter, air cool-
ing coil, calming chamber, inlet sec-
tion, test section with steam jacket,
probe, cooling coil, and discharge tank.
A flow diagram of the apparatus is
given in Figure 1.

From the venturi exit the oil entered
a finned air-cooled coil which was
used to lower the temperature of the
oil.

The calming chamber was cylindri-
cal and approximately 6 in. in diam-
eter and 6 ft. long. Several screens
were placed in the calming section to
help damp out any irregular motions
in the oil before it entered the inlet
section. The temperature of the oil in
the calming section was measured with
a copper-constantan thermocouple.

The inlet section and test section
were smooth, hard-drawn copper tub-
ing 1.055 in. ID. and had a wall
thickness of approximately 0.010 in.
The inlet section was joined to the
calming section by means of an 0
ring seal and protruded inside the
calming section for a short distance.
The inlet section was approximately 10
ft. long and was covered with mag-
nesia insulation. The inlet section and
test section were joined with a bakelite
connector and 0 ring seals in order to
keep the metal inlet and test section
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tubes from touching each other and
thus to simulate a step change in wall
temperature at the test section inlet.
The test section itself was 10.05 ft.
long.

The steam jacket was a 8-in. stand-
ard pipe which enclosed the test sec-
tion and was supplied with low pres-
sure wet steam. The steam tempera-
ture was measured with a copper-
constantan thermocouple.

A depth gauge micrometer with
*+ 0.001-in. divisions was used to posi-
tion the probe. The probe was a total
pressure probe and was made of 0.072
in. O0.D. hypodermic tubing with a
tube wall thickness of 0.0090 in. The
static pressure was obtained from a
small hole in the test section wall. The
difference between the total and the
static pressure was read by means of
an inverted U-tube manometer with air
in the top portion of the manometer.
In this way mineral oil at room tem-
perature was used to indicate the dif-
ference between the total and static
pressure.

Following the probe was a short
section of copper tubing connecting
the exit of the probe housing with the
discharge tank. A coil of copper tubing
with water flowing through it was
used to cool the oil as it passed through
the discharge tank.

From the discharge tank the oil re-
turned to the pump. The discharge
tank was located above the pump so
that there was always a positive head
on the pump.

RESULTS AND DISCUSSION

Tests were run under. isothermal
conditions to determine the velocity
profiles at inlet to the test section.
These tests indicated that the inlet
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profiles were within = 5% of the cor-
responding parabolic ones. Runs were
made at Reynolds numbers of 650,
950, and 1,325. A maximum value of
r/r. of 0.57 was used in these tests.

Five heated runs were made, and
five vertical and three horizontal vel-
ocity profiles were taken at the test
section exit. The Reynolds number in
the test section, based on the inside
tube diameter, varied from 850 to
1,400. The corresponding Graetz,
Prandtl, and Grashof numbers as well
as p/pe were essentially the same for
all runs. As a consequence the vertical
and horizontal velocity profiles were
essentially the same for all runs made.

The tube Reynolds number, Prandtl
number, Grashof number, and Graetz
number were calculated with proper-
ties evaluated at the average bulk
temperature. The Grashof number was
based on tube inside diameter and
arithmetic mean temperature differ-
ence. The outlet bulk temperature was
not measured but was estimated by
an energy balance. The specific gravity
of the oil used in these experiments
and hence the density and the value of
B were obtained with a hydrometer.
The kinematic viscosity was obtained
with a viscometer, and the thermal
conductivity was measured in a par-
allel plate apparatus. The specific heat
was not measured but was estimated
from data on similar oils. A summary
of the property values used is given
in Table 1.

As is well known (2, 5) at low
probe Reynolds number the pressure
coefficient for a square-edged total
pressure probe of the type used in
these experiments is unity for values of
the probe Reynolds number greater
than 20, where the probe Reynolds
number is based on the outside probe
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Fig. 1. Schematic of apparatus
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deviations. The permeation data are correlated by a semiempirical interfacial re-
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Abstract: Mixed phase flow in a packed bed of porous particles consists of channel
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matical treatment of this physical model is valid for the case of laminar flow and
relates the mean liquid residence time and a reciprocal Peclet number dispersion
parameter to measurable flow and bed parameters. The model predicts that the
dispersion parameter should increase linearly with liquid velocity which is verified
with experimental data from operations at low space velocity.
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Abstract: Single drops supported on hypodermic tubing were studied in a wind
tunnel to determine the effect of drop oscillation on mass transfer. The systems
studied were sulfur dioxide gas and drops of glycerine, propylene glycol, and
ethylene glycol. The results are expressed in terms of effective diffusivity. Fre-
quencies, amplitudes, and internal circulation velocities were studied by cinema-
tography. The effect of oscillation on external mass transfer coefficients was
studied by sublimation of naphthalene spheres in air. A technique has been de-
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Fig. 2. Horizontal profile.

radius and the local velocity. This re-
sult was confirmed with data taken at
the center line of the tube. Prelimi-
nary calculations indicated that all of
the probe Reynolds numbers would
probably be greater than 30 for all of
the data intended to be taken. Thus in
calculating the velocity profiles it was
initially assumed at each point that the
probe pressure coefficient was unity.
Then the probe Reynolds number was
calculated in order to confirm this
assumption. In all of the data pre-
sented here this condition was satis-
fied.

Figure 2 is a typical horizontal vel-
ocity profile, and Figure 3 is a typical
vertical velocity profile. Both figures
include a parabolic profile and a pro-
file calculated by the method of Yama-
gata (4) for comparison. In both cases
the wall temperature was 212°F. and
the inlet oil temperature was 118°F.

As indicated by Figure 2 the hori-
zontal velocity profiles, as anticipated,
are essentially symmetric. Also as an-
ticipated none of the vertical profiles
were symmetrical. They all exhibited
a maximum velocity below the center
line of the tube due to the free con-
vection effects.

An estimate of the experimental er-
ror introduced by errors in the venturi
and probe manometers indicated a

maximum error of = 5% in u/2u.
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TaBLE 1, PrRoPERTIES OF OIL

Temper~
ature, Specific
°F gravity Bx10t px 104 k Cp

100 0842 386 2.36 0.093 046
140 0.829 3.92 1.18 0.092 048
180 0816 3.98 070 0.092 0.50

220 0.803* 4.05 0.45 0.091 0.51

# Extrapolated from 200°F.

January, 1963
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Fig. 3. Vertical profile.

NOTATION

¢, = specific heat at constant pres-
sure, B.tu./(lb.) (°F.)

D = inside diameter of test section,
ft.

g = acceleration of gravity, (ft./
sec.) /sec.

k = thermal conductivity, B.t.u./
(hr.) (sq. ft.) (°F./ft.)

L = length of test section, ft.

No» = Grashof number, D°8g(t. —
tb)/ P

Ng. = Graetz number, ¢,Lou/k

Np. = Prandtl number, y.(),,/_k

Nz, = Reynolds number, Du/v

r = radial coordinate, ft.

7o = inside radius of test section,
ft.

t» = average bulk temperature, °F.

to = tube wall temperature, °F.

u = local velocity parallel to tube

_ axis, ft./sec.

u = mass average velocity in tube,
ft./sec.

Greek Letters

B = volumetric coefficient of ex-

pansion, (cu. ft./cu. ft.)/°F.

P = density, Ib./cu. ft.

" = absolute viscosity, 1b./(sec.)
(ft.)

m = absolute viscosity evaluated at
bulk temperature, Ib./(sec.)
(ft.)

po = absolute viscosity evaluated at
wall temperature, Ib./(sec.)
(ft.)

v = kinematic viscosity, sq. ft./sec.
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Drying and Calcining of Raffinate from
Uranyl Nitrate Extraction, D. S. Ar-
nold, J. S. Cavendish, H. C. Heareth,
and W. C. Manser. This paper presents
the results of process development
work on raffinates with drying and cal-
cining procedures. Included are discus-
sions of the problems encountered,
process studies completed, and chemi-
cal engineering data obtained both in
the pilot plant and in plant start-up
tests on the dryer and calciner instal-
lations. Continuous Extraction of Ura-
nium in a Multistage Agitated Column,
R. A. Gustison, R. E. Treybal, and
R. H. Capps. It was the twofold pur-
pose of this study to demonstrate on a
pilot plant scale the feasibility of an
extraction process for the purification
and concentration of uranium and at
the same time to develop the necessary
data for possible scale-up of equip-
ment. Production of Heavy Water by
the Low Temperature Distillation of
Hydrogen, G. C. Banikiotes, Emil Cim-
ler, and M. C. Sze. From a considera-
tion of availability of data in respect
to materials processed and materials of
construction, methods of processing,
design of equipment, plant safety, and
overall engineering aspects, it may be
concluded that a plant employing frac-
tional distillation of hydrogen as the
first step in the production of heavy
water can be designed and constructed
with assurance of successful operation.
Control of the Dual Temperature Ex-
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change Process for the Manufacture of
Heavy Water, J. W. Morris and W. C.
Scotten. This paper discusses the prin-
ciples underlying the control problem
and its solution and the details, tech-
niques, and results of the very import-
ant application of process control in
the production plants. 1500°F. Liquid
Metal Heat Exchanger Design Devel-
opment Program: A Study of Heat
Transfer and Thermal Shock Perform-
ance for Various Heat Exchanger De-
signs, Charles C. Eckles. An independ-
ent liquid metal heat exchanger devel-
opment program is being conducted
for the purpose of developing compact
heat exchangers having high heat
transfer capacity per unit volume. A
review of the program to date, includ-
ing descriptions of various designs,
fabrication techniques, and test results,
is presented. Dispersion of Industrial
Waste in the Wakes of Ships, Richard
H. Snow and Jan Rosinski. The objec-
tive of this work was to estimate the
extent and speed of dispersion attaina-
ble in the wakes of ships, in a form
applicable to any waste. Velocity Com-
putations for Hydraulic Tests of Engi-
neering Test Reactor Fuel Elements,
Arthur W. Brown, John M. Wage, and
James R. McGeachin. Previous com-
putational methods gave only rough
estimates of the velocity through the
fuel elements, and better methods
were needed. The new mehods out-
lined in this paper are based upon the

A.1.Ch.E. Journadl

assumption that the friction drop in
the outside channels is equal to the
friction drop in the fuel element chan-
nels. Fluidized-Bed Process for Pro-
duction of Niobium, J. H. Oxley, G. H.
Kesler, and 1. E. Campbell. The objec-
tive of the program described in this
paper was to determine the feasibility
of a fluidized-bed process for the pro-
duction of niobium and to establish
relationships between the rate of metal
production and the operating condi-
tions. Attack of Ferritic Steels by the
Eutectic Melt of Lead-Bismuth, J. C.
Clifford and George Burnet. This in-
vestigation was limited to engineering
materials, as opposed to less common
and often more difficult to fabricate
materials such as tantalum and molyb-
denum. Of the common engineering
materials, which are primarily ferrous
alloys, the high nickel alloys were
eliminated because of selective re-
moval of nickel from solid solution by
the action of lead and bismuth. De-
sign of Underground Storage Tanks
for Radioactive Wastes, E. Doud. The
design features of four types of storage
tanks used at production plants are
described. The design considerations
for future tanks including heat genera-
tion and dissipation problems are dis-
cussed. An Investigation of Sodium
Phosphate Hide-Out in Boiling Water
Using Phosphorus 32, John W. Stout,
Jv. The investigations of hide-out of
sodium phosphate in a laboratory low-
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