Measurement of the Velocity of Gases with
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This paper describes the experimental measurements of the time-averaged  velocities of
gases in a field of variable composition and temperature. The conventional theory of hot-wire
anemometry is extended to include the effects of both natural and forced convection to gases
having variable fluid properties. Observations of the fully developed turbulent velocity fields
in the presence of moderate mass transfer rates revealed no significant effect of mass

transfer on the velocity distribution.

The effects of injection and suction on the velocity field
have been studied extensively both theoretically and ex-
perimentally for the case of a flat plate (6, 12, to 14, 18,
to 21). Similar studies have also been carried out for the
case of a circular cylinder (24) and for channel flow.
These analyses indicate that at finite rates of injection (in-
jection is comparable to the evaporation of a liquid into a
gas stream), the velocity profile is distorted from its typi-
cal shape with no injection. It follows that in order to gain
a more fundamental knowledge of the turbulent forced
convection-diffusion systems, simultaneous measurements
of velocity and concentration profiles should be made
within the transfer equipment since the two processes are
closely coupled.

In the past, at subsonic flow rates, the hot-wire ane-
mometer has been used to measure velocities of gases in
a field of constant composition and temperature. For this
case, King (9, 10) in his classic papers showed that if a
gas stream with constant fluid properties is passed over a
heated horizontal wire, the current flowing through the
wire may be related to the stream velocity in a manner
which may be determined by calibrated tests. However, in
a study such as the one at hand, where velocity measure-
ments are to be made in a fluid field of variable composi-
tion and temperature, it is essential that the effect on the
current-velocity relationship caused by a change in fluid
properties be accounted for (2, 3).

The present study is divided into two parts.

In Part I the general theoretical treatment of hot-wire
anemometry technique is presented to apply to the mea-
surement of low velocities of gases with nonuniform com-
position and temperature. Equations are presented from
which the time-averaged and the fluctuating velocities of
gases with variable composition and temperature can be
calculated. The validity of the proposed equation for cal-
culating the time averaged velocities was established by
velocity measurements.

In Part II observations of the fully developed turbulent
velocity fields in the presence of moderate mass transfer
rates are reported.

Part 1. HOT WIRE ANEMOMETRY

It is well established (9, 10) that if a gas stream with
constant fluid properties is passed over a heated horizontal
wire, the current I flowing through the wire may be re-
lated to the stream velocity u by
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where B, is the wire resistance, At is the difference be-
tween the wire and fluid temperature, and ¢ and b are
equation constants whose value depends upon the fluid
properties and the wire dimensions. Equation (1) is gen-
erally known as King's equation.

From King’s equation it is evident that if a plot of heat
dissipation as given by (I2R,/At) vs. /4 is made, then
the constants ¢ and b can be determined from the inter-
cept and slope of the straight line that best fits the data
from calibrated tests with known velocities. It has been
found experimentally that in the case of pure forced con-
vection at Reynolds numbers greater than 5.0, the rela-
tionship as given by Equation (1) can be represented by
a linear function (7). However, Van der Hegge Zijnen’s
experimental observations (25) of heat transfer to cylin-
ders clearly show that the effect of natural convection be-
comes important at low velccities. As a result, it is de-
sirable to develop a general equation for hot-wire ane-
mometry which will include the low velocity range, and
which will also account for the change in properties re-
sulting from the change in composition and temperature.
This general development is given in the following section.

GENERALIZED DEVELOPMENT OF THE HOT-WIRE
ANEMOMETRY THEORY

Consider the hot-wire anemometer as a horizontal cylin-
der of infinite length which gives off heat to its surround-
ings by forced and natural convection as well as by ra-
diation.

The mechanism of heat transfer from a horizontal cylin-
der by natural or by forced convection has been studied
extensively. Van der Hegge Zijnen (25) has collected the
heat transfer data for a wide range of systems studied by
several experimentors, and has correlated these data suc-
cessfully as follows. For natural convection from a hori-
zontal cylinder for the range of product of Grashof (Ng,)
and Prandtl (Np,) numbers of 105 to 10% the Nusselt
(Nyy) number is given by

[Nxuln = 0.38[Np, ]2 + 0.25([Ne,1s[Npr1s) 18
+ 0.45([Nerls[Npelp) 1t (2)
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For forced convection from a horizontal cylinder, for
the Reynolds (Ng.) number range of 1072 to 105, the
Nusselt number is given by

[Nxulso = 0.38[Np,1*% 4 (0.56[Ng.];/?
+ 0.001[Ngels) [Np, 1% (30)

According to Van der Hegge Zijnen, the term containing
the Reynolds number to the first power in Equation (3a)
may be neglected at low velocities; thus we obtain

[Nyulfo = 0.38[Np, 142 + 0.56[ Nro1/'/2[Np,15/3 (3b)

When a fluid stream flows over a heated cylinder at low
velocities, heat is transferred from the wire to the gas by
natural as well as by forced convection. The nature of
the combination of these two modes of heat transfer is
not well understood. The only study of this problem is
reported by Van der Hegge Zijnen (25), who successfully
correlated data for air by assuming that the forced and
natural convection modes of heat transfer may be repre-
sented by horizontal and vertical vectors, respectively. The
total amount of heat transferred by the cylinder may there-
fore be expressed by the resultant of the two vectors. Al-
though Van der Hegge Zijnen only verified the validity of
this assumption for air, there is no reason why this as-
sumption should not hold for other systems.

Ranz and Marshall (17), in their study of mass transfer
from and to single drops at small Reynolds numbers,
recommended a simpler method of vectorial addition of
mass transfer by pure molecular diffusion and by forced
diffusion. However, their study is limited to single spheres
and furthermore their method does not include the con-
tribution of natural convection.

Collis and Williams (1) studied convection from heated
wires at low Reynolds numbers and correlated the Nusselt
number to the Reynolds number by an expression of the
form different from the ones reported by Van der Hegge
Zijnen (25). However, as pointed out by these authors
themselves, their correlation for forced convection based
on their heat transfer data for low Reynolds numbers de-
viates significantly from the data taken under the condi-
tions of mixed free and forced convection. Hence their
correlation cannot be employed in the present study. Con-
sequently, the assumption of vectorial additivity of the
free and forced convection modes of heat transfer, as pro-

posed by Van der Hegge Zijnen, will be employed in the

analysis that follows.
Combination of Equations (2) and (3b) yields

{[Nyule— 0.38[Np,1920}2 = {0.25([Ne¢,]s[Npr11)/8
+ 0.45([Ne,1/[Np,15) V/4}2 + {0.56[ Nre]s/2[Np,11/2}2
(4)

Rearranging terms in the above equation, we get

[Nnu]e = 0.38[Np,.]f0-2 -+ \/mq (5)
where
a = 0.25([Ng,Js[Ne:15) V8 + 0.45([ N 1s[Npr1s) V4 (8)
and

B = 0.56 (Dps/ps) * [Np, 141 (7)

If we make usual assumptions (7, 9, 11, 22) that the
wire heat losses are all to the fluid stream, that the wire
is heated to a uniform temperature, and that the heat
given off by the wire does not affect the fluid properties
of the ambient stream, then we may equate the heat dis-
sipation of the wire to the heat transferred to the gas
stream as

I2R,, = eh.AAt (8)

Substituting relation (3) into relation (8), we have
I’R,,
eAAt

k —
= he=he () (03812 + VT
(9)

Hinze (7) has shown that if the wire diameter is less
than 15 microns, and if the wire temperature does not
exceed 300°C. (as will be the case in this study), the heat
transfer coefficient for radiation h,, which appears in
Equation (9), may be neglected.

Combining Equations (6), (7), and (9) and after mak-
ing necessary algebraic rearrangements, one may express
the velocity explicitly as

D2 ( PR, )2
Do: \1/2 2
Ak [0.56 (_f.f_) [Np, 1A% ] At
Lf

ki\ ( PRy,
—-0.76 A(—) ( ) Np,},%2
“\D Az ) el

u =

+ {0.38 A (%) [N 1102 }

ke \2
— 2A? <~D£> {0.25([Ng J4[Np,]s) V¥

+ 0.45([Ner1s[Npels) 17432 ) (10)

If the two constants Ky and K, may be expressed as
Ki= (eA)/D = erL (11)
Ky = (0.56¢A)2/D = (0.56erL)2D (12)
then Equation (10) may be rewritten as

IR, )2 ( I’R,, )
— 0.76k 0.2
( v T6ks ~ [Np:]2K,y

Los(Cp) 2/3ks43 /s 31Ky

ke ({0.38[Npr1/%}2 — {0.25([NorJs[Npr]s) V8 + 0.45([Ner1s[Np:]p) 4}2) K2

+

Los(Cp) #/3k*% /s 81Ky
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Examination of Equation (13) reveals that the velocity
of a gas may be calculated from measured values of the
wire resistance, current, temperature, values of the fluid
properties evaluated at the mean film temperature, and
from the known values of the constants K; and Ks. It is to
be noted that these constants are functions of length and
diameter of the wire alone. Since precise measurements
of the parameters are difficult, equation constants are gen-
erally determined by calibrated tests in a known velocity
field. Furthermore, it should be pointed out that the values
of K; and K; determined by calibration in one gas may
be used to calculate velocities measured in another gas,
since the only variables involved in these constants are
length and diameter.

A series of computer (IBM 7094) programs was written
to compute the equation constants from calibration data.
These programs and the related details are given else-
where {4).

The above procedure has been extended by the authors
to obtain an expression for calculating the fluctuating
velocity in flowing mixture of gases (4).
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Fig. 2. Equipment used for calibration of hot-wire anemometer.

HOT-WIRE ANEMOMETER: DESIGN AND CALIBRATION

A hot-wire anemometer was designed and constructed to
measure time-averaged velocities under the conditions of
simultaneous mass and momentum transfer as described in
Part II. It was calibrated to test applicability of the general
equation [Equation (13] which describes the operation of
the hot wire in a gas stream having variable fluid properties.
The hot-wire probe consists of two sections of stainless steel
tubing, 3/8- and 3/16-in. O.D. as shown in Figures 1. A
drawing of the lower half of the probe is shown in Figure 1A.
It is a 23-in. long, 3/8-in. O.D. steel tube with a wall thick-
ness of 0.125 in. The upper section (see Figure 1B) is fabri-
cated from 3/16-in. O.D. stainless steel tubing (0.018-in. wall
thickness). The upper end is bent at an 80-deg. angle so that
the wire will be upstream of the main body of the probe, and
thus will not sense any distortion caused by the tube.

The probe tip consists of two stainless steel supports
cemented to a bakelite base with epoxy resin. The supports
are so tapered that the diameter varies from 0.27 in. at the
base to 0.015 in, at the tip. Both supports extend 5/8 in. from
the surface of the bakelite housing, and are separated by a
distance of 0.125 in. at the base. A 0.00025-in. diameter
platinum wire is soldered to the tips of the two prongs.

A Kelvin double-bridge was used to measure the resistance
of the platinum wire. The bridge used is similar to that des-
cribed by Lowell (11).

The . hot-wire anemometer is calibrated for velocity and
temperature in the equipment shown in Figure 2. Compressed
air bubbles through a humidifier flows through an orifice
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section where the flow rate is measured, and then through a
calming tube where the velocity becomes well developed. The
probe is placed at the end of this section. Flow rates are
chosen so that the flow is laminar in the tube.

A parabolic laminar velocity profile develops in a 100-in.
long, 2-in. L.D. brass calming tube. This section is connected
to the orifice section and probe housing by 3%-in. flanges
similar to those used in the orifice section. The probe housing
is similar to the calming tube, except that it is only 6 in. long.
The probe is inserted at the center line 2-in. downstream from
the first flange. A 20-in. long, 2-in. ID. brass discharge section
is joined to the probe housing by a 3%-in. diameter flange.
Heat is supplied to the system by electrical resistance heating
tape, which is wrapped around the humidifier walls and the
calming tube. The latter is used to keep the wall temperature
equal to that of the fluid stream. The power input is con-
trolled by variacs. A manometer manufactured by the Meriam
Instrument Company, was used to determine the flow rates
through the orifice. The 0.2508-in. diameter orifice was cali-
brated with a wet-test meter.

Before calibration, the wire was visually checked for uni-
formity of diameter with a 160-power microscope. If the wire
was acceptable, it was then annealed for approximately two
hours by heating it electrically to a dull-red color. Tt was
found, as previously shown by Spangenburg (22), that if this
step was not taken, reproducibility in calibration was poor
due to hysteresis effects.

The wire was first calibrated for temperature. The probe
was inserted in its housing, the calming section heaters
turned on, and the air flow set at as high a rate as was pos-
sible. An iron-constantan thermocouple was placed’ very close
to the wire, Simultaneous thermocouple emf and wire resistance
readings were made at a number of temperatures within the
range 20° to 125°C. Wire resistance was plotted as a function
of temperature; if the two were related linearly, this served as
further evidence that the wire diameter was uniform. Since
resistance is a linear function of temperature for the range of
0° to 300°C, the above-mentioned plot was extrapolated to
300°C.

The velocity calibration was also performed in the equip-
ment described above. The humidifier was first filled with
water and heated. At the same time, the air was bubbled
through the column. The walls of the calibration equipment
were also heated. The hot-wire anemometer was placed in the
housing and attached along with the discharge section to the
column section. A gas sampling tube was run in through the
discharge section so that the gas stream could be sampled
using a thermal conductivity cell as described in detail by
Wasan (28).

HOT-WIRE ANEMOMETER: RESULTS AND DISCUSSION

General equations [(10), (13)] which describe the
operation of a hot-wire anemometer in a gas stream having
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Fig. 3. Effect of water vapor on hot-wire anemometer calibration
curve for air according to Equation (13). Wire diameter = 0.00025
in; wire length = 0.10 in.; wire mean film temperature = 152°C.
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Fig. 4. Comparison of velocity calibration data measured in air with
water vapor composition of 2.29% at 22°C. with Equations (1)
and (13).

variable fluid properties have been developed. To illus-
trate the effect of variable fluid properties on the calibra-
tion curve, three hypothetical cases have been computed
using Equation (13) for water vapor compositions rang-
ing from 0 to 20 mole %. The results of these calculations
appear in Figure 3. It is noted that in the low velocity
range, for a given current resistance, the velocities at the
two extreme compositions differ as much as by 459, It
may therefore be concluded that if variation in composition
is not accounted for in the interpretation of the experimen-
tal data, velocities measured in fields of elevated composi-
tion will appear to be higher than the true values.

Data for the velocity calibration performed with air con-
taining 2.299% water vapor and at 22°C. are shown in
Figure 4 where Vu is plotted vs. I?R,,/At. Constants Kj
and K, in Equation (13) were determined from the two
velocity points shown by the solid points on the figure.
The curve corresponding to Equation (13) based on these
two points is shown as the upper curve in the figure. It
is evident that Equation (13) fits the entire body of veloc-
ity data satisfactorily. It is believed that this constitutes
one test of the validity of Equation (13), and thus the
satisfactory performance of the hot-wire anemometer for
measuring the time averaged velocities in a gas mixture.
It is to be noted that for velocities greater than 1 ft./sec.
the calibration curve is linear, and Equations (1) and
(13) predict the same values. However, at velocities lower
than this, the curve is no longer linear and the velocities
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Fig. 5. Comparison of velocity calibration data measured in air
containing 8.34% water vapor and at 48°C. with Equation (13).
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predicted by King’s equation [Equation (1)] are higher
than the true values.

Additional calibration data measured in air containing
8.34%, water vapor and at 48°C. are shown in Figure 5,
where these data are compared with the curve correspond-
ing to Equation (13). This curve was computed using the
coustants K; and K, that were calculated from data mea-
sured in air containing 2.299% water vapor and at 22°C.
The satisfactory agreement of the data with the calculated
curve demonstrates that once the wire is calibrated at one
convenient set of conditions, the resulting constants may
be used to calculate velocities measured in a system having
different composition and temperature.

As a further test of the performance of the hot-wire
anemometer, a velocity profile was measured in the cali-
bration equipment where the flow was known to be fully
developed and laminar. The measured profile compares
well with the anticipated parabolic profile, as may be seen
in Figure 6. Since velocities as low as 1 ft./sec. were mea-
sured, it is believed that this test successfully supports the
reliability of the hot-wire anemometer at low velocities.

In summary, the results of the present study indicate
the applicability of the general equation [Equation (13)]
for calculating the time-averaged velocities in a field of
variable properties. Furthermore, Equation (13) instead
of King’s equation [Equation (1)] should be used to cal-
culate low velocities. The expression has also been devel-
oped for calculating the fluctuating velocities. However,
the applicability of this equation remains to be tested.

ST T TRl T
4* Lﬁ 1] 1 . w L —
50 T N T
s L AT T T NG
~ U0 ; i ‘ |
= :‘tJ o“]—i ﬂ’*l 'ﬁ.g:* o Experimental datal — N
- -} 4= ——Theoretical profite — —-——
L %TrTﬁT, *ft 1[{, |- 11,{,,},1‘,, AN
N o R
0 0. LO 0.5 0

v/

Fig. 6. Velocity profile in hot-wire anemometer calibration equipment.

Part Il. MASS AND MOMENTUM TRANSFER STUDIES

After confidence in the performance of the hot-wire ane-
mometer and the applicability of the general equation as
developed in Part I for calculating the time-averaged ve-
locities in a field of variable fluid properties was estab-
lished, equipment was designed for making the observa-
tions of the fully developed turbulent velocity fields in the
presence of moderate mass transfer rates. In the experi-
mental study, water was vaporized from the wetted walls
of a short cylindrical section into a fully developed turbu-
lent air stream. A hot-wire anemometer described in Part
I was used to measure the time-averaged velocity distribu-
tion (velocities ranging from 0.2 to 6 ft./sec.) of the gas
stream of variable composition and temperature. Velocity
and temperature profiles were measured with and without
vaporization conditions for Reynolds numbers ranging
from 9,000 to 20,000. This narrow range of Reynolds
numbers was chosen because at these flow rates the wall
region, where the concentration and velocity gradients are
greatest, is relatively large, thus facilitating accurate mea-
surements of velocity and concentration in this region.
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EXPERIMENTAL APPARATUS

The equipment shown schematically in Figure 7 was designed
for the study of mass transter from the liquid to the gaseous
phase in mass transfer entry region of a pipe under variable
conditions of liquid and gas temperature and Reynolds
numbers.

Hot-water
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Al lve
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Air heater

2 ) Test section
Filter -/-

1 Calming section ——— Ty

Abbreviations

Cl - Composition indicator Pump

F1 - Flow indicator

i - Pressure indicator
TC - Temperature controller
T! - Temperature indicotor
VI - Velocity indicator

Fig. 7. Schematic of mass and momentum transfer equipment,

Filtered room zir is blown into the apparatus through an
orifice meter, an air valve, a bank of nine 0.778 kw. finned
resistance heaters and a calming section where the velocity
profile is allowed to develop before entering the test section.

The calming section is 168 3/8-in. long. Access to the up-
stream end of the calming section is provided by a 11 3/8-in.
diameter, Y%-in. thick aluminum end-plate, which is fastened
to a flange of the same diameter and thickness on the calming
section. Boundary-layer growth is initiated by an aluminum
ring, 7 1/2-in. O.D., 5/16-in. thick, and 1/4-in. deep placed
10 3/4-in. downstream from the flange. The distance from the
ring to the head of the test section is 157 3/8 in. which
corresponds to an effective calming length of twenty one
pipe diameters. This effective calming length is shorter than
that used in many earlier studies on turbusent pipe tiow. But
as recently pointed out by Olsen and Sparrow (15), if a
turbulent boundary layer is initiated near the pipe entrance
by means of a trip ring, as was the case in the present study,
a stable flow results with a monotonically decreasing pressure
gradient. Consequently, a shorter calming length is required
to achieve a fully developed flow condition. The measure-
ments of the velocity distributions in the present apparatus
confirm this observation.

The downstream end of the calming section is joined to the
test section by a 1/2-in. thick, 11 3/16-in. diameter aluminum
flange. A 3/16-in. diameter pressure tap is drilled 1 in. up-
stream of the test section entry. In addition, three traversing
ports are provided. The entire calming section and also the
test section are insulated with three layers of fiberglass insula-
tion.

The test section functions as a countercurrent double-pipe
mass exchanger. A pictorial view is shown in Figure 8. Water
circulated in the annulus penetrates through the porous pipe
and diffuses into the turbulent air stream. The essential com-
ponent of the test section is a 2-ft. long porous ceramic
cylinder. An inner diameter of 7.5 in. was chosen so that the
concentration boundary-layer thickness in the Reynolds num-
ber range of interest would be of the order of 0.2 in., thus
facilitating concentration measurements at many points within
this region. The cylinder is referred to by its manufacturer
(Filtros Inc.) as a ‘35" Electrolytic Diaphragm. It is a porous
porcelain material of high alumina content; pore size ranges
from 2 to 7.5 microns in radius. The cylinder walls are 7/32-in.
thick and will withstand pressures up to 5,000 1b./sq. in. gauge.

Two 11/16-in. diameter holes are drilled 3 1/16 and 15 1/8
in. along the length of the tube to accommodate a probe. These
positions shall be referred to as stations 1 and II, respectively.
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Fig. 8. Pictorial view of test section.

Fifteen iron-constantan thermocouples are installed at stations
along the length of the test section. The thermocouples are
protected from their wet environment by 3/32-in O.D. stain-
less steel tubing (1/16-in 1.D.) and the thermocouple tips are
held in place 1/32 in, from the inner surface of the pipe by
Sauwreisen Electrical Cement. The stainless steel jackets are
secured to the outer wall of the ceramic tube by a silicone
rubber sealant.

The water jacket is fabricated from a 22 3/4-in. length of
brass tubing, 10-in. I.D. and 0.148-in. thick. Water enters the
annular volume through a 3/4-in. hole drilled 2 in. from the
downstream end of the pipe. The water leaves tangentially
through a hole of the same diameter drilled 1 3/4 in. from the
upstream end of the jacket, and 2 1/16 in. above the center
line, on the left-hand side. A hole has also been drilled at the
top of the water jacket, 68 5/8 in. downstream from the up-
stream brass flange to accommodate a pressure gauge and an
18-ft. high standpipe which is used both as a test section water
pressure indicator and as a vent.

The hot-wire anemometer probe may be moved through the
test section by a traversing mechanism. The gear mechanism
is mounted on a 15 7/16-in. by 2-in. by 1/4-in. cold-rolled
steel bar. A 3/4-in. pitch diameter spur gear can be moved
up and down along a 10-in. long, 32-pitch rack by turning
the knob mounted on the front of the assembly. Position of
the probe is indicated by a scale mounted on the front of the
bar, parallel to the probe. The smallest scale division s
1/100 in.

The discharge section consists of a 7 1/2-in. 1.D. (8-in. 0.D.),
44-in. length (5 7/8 diameters) of aluminum tubing followed
by a 15-in. long, 8-in. square duct. A 3-in. diameter orifice
followed by a 2-in. diameter orifice cut in a 10 1/4-in. square
sheet of 1/8-in. thick aluminum plate is used to mix the efflu-
ent gas stream. A thermometer bulb and gas sampling tube lie
in the vena contracta of the latter orifice, and help to indicate
the effluent gas temperature and composition, the latter being
measured with a thermal conductivity cell.

Distilled water was stored in a 50-gal. water heater and was
filtered and pumped through 1/2-in. copper line and through
a rotameter to the test section and then recirculated to the
water heater. The temperature of the incoming and outgoing
water was noted.
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Fig. 9. Comparison of velocity profiles measured with and without
mass transfer at about 25°C. and Reynolds number of 16,950
(umax = 5.355 ft./sec.).
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EXPERIMENTAL PROCEDURE

Velocity profiles were first measured without vaporization.
The hot-wire anemometer probe was secured at station zero
{upstream of the test section ), the blower was turned on, and
the flow rate was set by adjusting the size of the intake port
of the blower so that the test section Reynolds number was
about 9,500. The center line velocity and pressure drop across
the orifice meter were measured and then rechecked every 15
min. until steady values were observed. Then velocity and
temperature profiles were measured in the calming section, in
addition to measurements of air humidity, test section total
pressure, pressure drop across orifice meter, orifice meter up-
stream tap pressure, and room temperature. The flow rate was
then changed to a Reynolds number of 16,950 and the above
procedure was repeated. The procedure for measurement of
velocity distributions at stations I and II was identical to that
followed at station 0.

Initially, the time-averaged velocities were measured along
all the radial positions in the test section, Such measurements
were made upstream of the test section and at station II which
was three pipe diameters downstream of the first profile. All
profiles were found to be symmetric about the tube axis and
no substantial difference was found between the two profiles
taken upstrecam and downstream of the test section. This would
indicate that the velocity profile is well developed.

As a further test of the anemometer and performance of the
experimental equipment, Reynolds numbers were computed by
averaging the velocity profiles taken at station IT without mass
transter. Reynolds numbers of 9,500 and 16,950 were obtained
in this manner as compared with 9,240 and 16,500 indicated by
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Fig. 10. Comparison ot velocity profiles measured with and without
mass transfer at 50°C. and a Reynolds number of 9,800 (umax
= 3.611 ft./sec.).
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Fig. 11. Concentration profiles in the test section at a Reynolds
number of 16,950.
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Fig. 12. Comparison of experimental data meosured near the pipe
woll with known velocity distributions for turbulent flow in a pipe.

the orifice meter readings. The small discrepancy between the
two may be attributed to experimental errors associated with
the readings of the flow meters used in the anemometer cali-
bration and in the experimental equipment. The close agree-
ment between these two independent methods of estimation of
Reynolds numbers indicates that the hot-wire anemometer cal-
ibration is reliable.

In addition to the above measurements, wire resistance and
current were measured in stagnant air across the diameter of
the test section to determine the magnitude of the wall effect
reported by Dryden (5), and Piercy et al. (16). This effect
is caused by the transfer of heat to the pipe wall by natural
convection, and leads to velocity readings in the vicinity of the
pipe wall which are higher than the true values. For the stag-
nant air readings mentioned above, it was observed in this study
that for the region between the axis of the tube and 0.08 in.
from the pipe wall, the heat transferred from the wire was
constant. At distances closer than 0.08 in. from the wall, how-
ever, the heat transferred from the wire increased as the wire
approached the wall. The amount of heat transferred to the
wall was determined by calculating the difference in heat
transferred at any point near the wall and the heat transferred
at a distance greater than 0.08 in. from the wall. In calculating
the true velocity of a gas stream flowing over a heated wire
in the vicinity of a solid boundary, it is necessary to subtract
the heat transferred to the wall from the total amount of heat
transferred from the wire. A wall effect correction curve is
given elsewhere (4).

The procedure for the runs performed with mass transfer
was similar to that described above with the exception of the
operation of the water circulation system. The air flow was
set at a rate corresponding to one of the dry runs. Initially,
distilled water at room temperatures was circulated in the
test section annulus at a sufficiently high pressure so that
wetting occurred on the inner surface of the ceramic pipe.
Once all of the inner surface was visibly wet, the test section
water pressure was gradually decreased by reducing the water
circulation rate until the rate of penetration of water through
the ceramic pipe equaled the rate of diffusion of water into
the turbulent air stream. This procedure was checked quanti-
tatively by measuring the composition of the gas stream close
to the wall while lowering the test section water pressure.
When the walls were wet, the composition of the gas remained
constant.

To measure concentration profiles in the diffusion system,
samples of vapor-gas mixture were sucked through a sampling
probe and were passed through a hot-wire thermal conduc-
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TaBLe 1. SummMary OF CALCULATED Mass TRANSFER RATEs

Average®  Mass

mass flux at
Hux the wall
Na, Naw,
Log mean®  g.- g.-
driving moles/ . moles/
Sta- force  (sq.em.) (sq. cm.)
Run tion Reynolds mm. Hg (sec. (sec. tw/tmax
No. No. No., Nge APy, X 108) X 108) x 10¢
Ww-2 1 9,500 12.42 1.985 1.285 3.39
W-2 11 9,500 12.16 0.521 0.430 1.14
Ww-3 I 16,950 10.61 1.060 0.960 1.49
w3 1I 16,950 10.42 0.442 0.351 0.54
W4 1I 9,800 70.51 5.220 2.120 5.24

% Average taken between test section inlet and corresponding station.

tivity cell. The cell was precalibrated for air-water vapor
mixtures by gravimetric tests. The cell had a resolution of 1%.
A concentration sampling tube was inserted into the transfer
section at either of two axial locations and several radial con-
centration traverses were made.

The velocity and temperature profiles were then measured
in addition to the test section water pressure and test section
water inlet and outlet temperatures. Velocities were measured
at values of the ratio of distance from the pipe wall to the
radius (y/r) as small as 0.0045, which corresponds to approxi-
mately 100 pipe pore diameters. This distance is believed to
be sufficiently large for the wetted surface to appear to be
continuous.

EXPERIMENTAL RESULTS AND DISCUSSION

To determine the effects of moderate mass transfer
rates on the velocity profile, experimental runs were per-
formed at Reynolds numbers of 9,500 and 16,950 at room
temperature conditions and Reynolds number of 9,800 at
air and water temperatures of about 50°C. Results of the
calculated mass transfer rates for the experimental runs
are summarized in Table 1. The physical properties of
water-vapor air mixture were taken from reference 8. The
log-mean driving force (Apa)um was evaluated by using
values of the water vapor composition at the test section
inlet and at the designated station. The average mass flux
N4 was calculated by a material balance over the cor-
responding portion of the test section. The local mass flux,
at the wall, (Na)w was calculated by the diffusion equa-

tion as follows:
P D, ( P, )
pa—paw RT N 9y /v R'T

Since concentration readings were made at values of y*
as low as 1.0, it was possible to estimate the concentration
gradient at the pipe wall, and thus the mass flux at the
wall. From this value, the ratio of the interfacial velocity
to the maximum velocity tw/tmax was then computed. It
is to be noted that the interfacial velocity resulting from
the diffusion flux normal to the wall is very much smaller
than the minimum point velocity measured in this study.

Velocity profiles measured at room temperature with
and without vaporization are compared in Figure 9. It
can be seen from this curve that at low vaporization rates,
the velocity distribution remains practically unaltered. In
the same manner, velocity profiles measured at 50°C. with
and without mass transfer are compared in Figure 10. This
curve clearly indicates that the mass transfer process does
not influence the velocity distribution in any significant
way,

Typical concentration profiles measured at Reynolds

(Na)w = (26)
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number of 16,950 are shown in Figure 11. Since concen-
tration gradients are the greatest in the vicinity of the
pipe wall, the velocity distribution in this region is of in-
terest. Values of the (filmemsionless distance y* and dimen-
sionless velocity u* were calculated for the wall region
and are compared in Figure 12 with the equations pro-
posed by Wasan et al. (27) and von Karman (26). It
will be noted that the data from traverses taken both with
and without mass transfer agree well with the curves pro-
posed by these authors for the velocity distributions taken
without mass transfer, thus indicating that #* is a unique
function of y* under the experimental conditions encoun-
tered. It is further noted that velocities were measured at
distances as low as about y* of 1.0. This indicates the ad-
vantage of using a test section of large diameter and low
Reynolds number range as employed in this study.

A further test of the validity of the experimental data
was made by calculating the Fanning friction factors at
Reynolds numbers of 9,500, 9,800, and 16,950. Since ve-
locity readings were made at values of y* as low as 1.0,
it was possible to estimate the velocity gradient at the
pipe wall, and thus the shear stress at the wall. The fric-
tion factors were then determined using the calculated
values of the shear stress at the wall and the bulk velocity
of the gas stream. These values compare well with the
curve representing the Blasius equation for a smooth pipe,
as may be seen in Figure 13. The close agreement ob-
served between calculated and experimental values demon-
strates the reliability of hot-wire anemometry at the low
velocities encountered in this study.

25 }»
| | J |
10 _ Blasius
[ | | I! Sl equati\o?__
|
. EEE S
° 5 { H«H —
x ‘ I
- il ﬁ
2.5 ¥ Caiculated from experimental —
[ velocity profile at Z, /d=0.216
A Calculated from experimental
1 ve|oci1‘y profile lcn Z,/d=1.82
L 1]
2.5 5 10 25 50

Re x |03

Fig. 13. Fluid friction in experimental apparatus.

In addition to velocity profiles, the time-averaged tem-
perature distributions corresponding to the velocity pro-
files were measured at room temperature and Reynolds
numbers of 9,500 and 16,950 and at air and water tem-
peratures of about 50°C. and Reynolds number of 9,800.
The results of the measured temperature profiles are de-
tailed elsewhere (4).

All the experimental runs involved traverses which were
made vertically in a horizontal test section. This configura-
tion calls for free convection effects associated with non-
uniformity in the concentration over radial positions. How-
ever, all profiles were found to be symmetric about the
tube axis and no substantial difference was found between
the traverses upstream of the test section and in the test
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section itself. Furthermore, in view of the very small driv-
ing forces encountered in the present study, as shown in
Table 1, we believe that such free convection effects
would be negligible.

CONCLUSIONS

The hot-wire anemometry technique was extended to
apply to the measurement of low velocities of gases in a
field of variable composition and temperature. Results of
the present analysis show that variation in composition
and the effects of natural convection must be accounted
for in the interpretation of the velocity data. Close agree-
ment between the velocities calculated from Equation
(13) and the actual velocities in known parabolic flow
fields established confidence in the hot-wire technique for
measuring low velocities. Satisfactory performance of the
experimental equipment and hot-wire anemometer was
further substantiated by the fact that Reynolds numbers
calculated from the averaged velocity profiles agreed well
with those determined from orifice meter readings.

Comparison of velocity profiles measured with and with-
out vaporization indicated that the velocity distributions
remained unaffected under the conditions of moderate
mass transfer rates, Values of dimensionless distance (y*)
and velocity (u*) determined from profiles measured with
and without vaporization compared well with those cal-
culated from the universal velocity distribution for the wall
region proposed by Wasan, Tien, and Wilke. Furthermore,
friction factors calculated from the velocity gradients at
the pipe wall were in good agreement with those predicted
by the Blasius equation.
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NOTATION

a = constant in King’s equation [Equation (1) ]

A = surface area of a cylinder available for heat trans-
fer, sq.ft.

b = constant in King’s equation [Equation (1)]

C, = specific heat, B.t.u./{hr.) (°F.)

D = diameter, ft.

D, = diffusivity

f = Fanning friction factor

g = acceleration due to gravity, Ib./sq.ft.

h = heat transfer coefficient, (ft./1b.) (Ib.;) (sec.)

I = electrical current flowing through wire, mamp.

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

K, K; = constants in Equation (13)

L = length of wire, ft.

Ns = mass flux of diffusing species, g.-moles/(sq.cm.)
(sec.)

Grashof number, (gp?D*g’At/u2)

Gr —
Nnu = Nusselt number, (hD/k)
Npr = Prandtl number, (Cpu/k)
Nre = Reynolds number, (Dup/)pu
P, = vapor pressure of diffusing species, mm. Hg
r = pipe radius, ft.
R, = wire resistance, ohms
R’ = gas constant
t = temperature, °F. or °C.
u = fluid velocity, ft./sec.
u, = friction velocity = \/rwg./p, ft./sec.
ut = dimensionless velocity, (u/u.)
v = radial velocity, ft./sec.
y = distance from pipe wall, ft.
y* = dimensionless distance, ( yu/v)
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Greek Letters

coefficient of expansion of gas

energy conversion factor, (uw) (hr.)/B.t.u.
orifice discharge coefficient

fluid viscosity, Ib./ (ft.) (hr.)

kinematic viscosity, sq.ft./hr.

= fluid density, Ib./cu.ft,

[ | T
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X
®
v
P

Subscripts

air

mean (arithmetic) film

forced convection

inlet

natural convection

radiation

total of natural, forced convection and radiation
wire

wall
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