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ABSTRACT

An experimental study is undertaken to observe the effects of
mass transfer on the fully-developed turbulent velccity field in a pipe.
Water is vaporized from the wetted walls of a short cylindrical section;
a hot wire anemometer is used to measure the time-averaged velocity dis-
tribution (velocities rénging from 0.2 to 6 feet per second) of a gas
stream with variable composition and temperature which flows through the
pipe. The conventional theory for hot wire anemometry is extended to
include the effects of natural and forced convection to gases having
variable fluild properties. Several independent tests demonstrate that
hot wire anemometry i1s a reliable technique for the measurement of low
velocities under conditions of variable composition and temperature.

Velocity and temperature profiles are measured with and without
vaporization conditions for the temperature range of 20° to 550 C and
for the Reynolds number range of 9,000 to 17,000. Comparison of the
velocity profiles measured with and without mass transfer indicates that
the vaporization process does not appreciably alter the velocity dis-

tribution under the conditions encountered in this study.
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I. INTRODUCTION

Study of the evaporation of a liquid from a wetted surface into
a turbulent gas stream is essential to the understanding of the funda-
mental mechanisms involved in turbulent mass transfer. Several mass
transfer studies have been made where the overall rates were measured
and correlatedl’6 however these measurements do not give an insight into
the fundamental mechanism of mass transfer in process equipment. In .
order to gain a more fundamental knowledge of the turbulent transport
processes, simultaneous measurements of velocity and concentration pro-
files should be made within the transfer equipment since the two pro-
cesses are closely coupled.

The effects of injection and suction on the velocity field have
been studied extensively from both a theoretical and experimental stand-

16,17,19,22,24,25 Similar studies

27

point for the case of a flat plate.

have also been carried out for the case of a circular cylinder and for

32

channel flow, These analyses indicate that at finlte rates of injection

(injection is comparable to the evaporation of a liquid into a gas stream),

the velocity profile is distorted from its typical shape with no injection.
It follows that 1if a clear picture of thé mass transport processes is to
be obtained, the distribution of velocity under finite mass transfer
rates must be known.

In this study, water is vaporized from the wetted walls of a
short cylindrical section into a fully-developed turbulent air stream.
A hot wire anemometer is used toc measure the time-averaged velocity
distribution (velocities ranging from 0.2 to 6 feet per second) of the
gas stream of variable composition and temperature which flows through
the pipe. The conventional theory of hot wire anemometrynas proposed by
King12 ig extended to include the effects of natural and forced con-
vection to gases having variable fluid properties. Velocity and temper-
ature profiles are measured with and without vaporization conditions for
the temperature range of 20° to 550 C and for Reynolds numbers ranging

from 9,000 to 17,000.
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II. VELOCITY MEASUREMENTS IN- NON-UNIFORM GAS STREAMS

Velocities of gaseous streams are commonly measured with either
a pitoﬁftube or a hot wire-anemometer. A literatnre.survey was first
carried-out to determine the most suitable\instrument-for measurement of
velocities in a gas stream of variable composition and-temperature in
the anticipated range of Reynolds number of.5,000 to 20,000. This range
corresponds to velociﬁies between 0.1 and 7,0'ft/sec.l The review paper

>

of Foleom was a useful guide for the pitot tnbe evaluatlon. It was
found that for the above-mentioned flow range, a pitot tube would require
a pressure-sensing device capable of measuring differential;pressures as
low as O. 00k mierons Furthermore, as many readings mnst‘be made within
a short period of time, the pressure sens1ng instrument must respond
quickly to pressure changes. A differential pressure.gauge with these
épecifications is not readily available, and as a result, it was deter-_
mlned that for the flow range indicated above, hot wire. anemometry would
be the most suitable means of measuring the velocity of a .gas stream of

varlable composition and temperature.

A. Hot Wire:. Anemometry-—General Descripfion

» The hot wire anemometer is‘a velocity-measuring instrument which
consiets of a fine electrically-heated wire, 015 to.l5mmicrons'in diame-
ter, stretched across the ends of two prongs. When the heated wire is
exposed to a gas stream, the wire will_lose heat b&mconvection. Conse-
quenfly, the wire temperature ( and thus its electrical resistance) or
the’ electrlcal current in the wire varies with the velocity of the gas
stream in a manner which may be determlned by calibrated tests. It
follows that the instrument can be used in either of two ways. In the
first method, the wire is heated by a constant current.,. and the velocity
is determined by measurement of the electrical resistance of the wire.
In the second method, the wire is maintained at a constant tempera%ure

and the'velocity is determined from the measurement of the current

-
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flowiﬁg through the wire. Either of these two methods may be used, but
the latter 1s preferred for thils application as the sensitivity of the
instrument will be equally high throughout the velocity range to be
encountered.

An additional function of the hot wire anemometer is that of a
resistance thermbmeter. A small amount of current is passed through the
wire sd that its resistance may be measuréd with a bridge circuit. Since
the resistance of most metals—~is a linear function of temperature within
a 300° C range (see Fig. 28, Appendix A), the wire may -be easily cali-
brated by the measurement of its resistance at several known temperatures.

"Hot wire anemometry as a technique for the measurement of veloci-
ties was first proposed by Kennellyll in 1909. 1In 1912, King, in his
classic paperslg’15 showed theoretically that if a gas stream with con-

stant fluid properties is passed over a heated horizontal wire, the

current, I flowing through the wire may be related to the stream velocity,

u by
IR 1°R
TTr, C m etV (1)

where Rw is thé wire resistance, At ' is the difference between the
wire and fluid temperature, and a and b are equation constants whose
value dependé upon the fluid propertles and the wire dimensions.

In the pasf several years, the hot wire anemometer has become a
powerful tool in measuring time-averaged and fluctuating velocities.

31

The review paper of Willis, and Hinze's recent book on turbulence8 give
an excellent treatment of this aspect of hot wire anemometry.

Although much has been written about the theoretical aspects of
hot ‘wire anemometry, very little information is available regarding the
desigh, construction and operation of a hot wire anembmeter itself,

>

Papers of Lowelll and Spangenburg25 treat these features somewhat in
detail and were found to be invaluable in the design of the probe used in

this study.



In the past, at subsonic flow rates, the hot wire anemometer has
been used to measure velocities in a field of constant composition and
temperature. For this case, King's eguation (Eq. (1)) has been used to
evaluafe the gas velccity. However, in a study such as the one at hand,
where velocity measurements are .to be made in a field of variable com-
~position and temperature, it is essential that the effect on the current-
"velocity relationship caused by a change in fluid properties be accounted

for.g"3 v )

From King's equation (Eq. (1)) it is evident that if a plot of
‘heat dissipation as given by (IQRW/At) versus vu is made, then the

constants a and b can be determined from the.interceptﬂand slope of
the straight line that fit best to the data from calibrated tests with
"known” velocities. It has been found experimentally that-in the case of
'pure forced convection at. Reynolds numbers*'greater than 5.0, the re-
lationship as given by Eq. (l) can-be represented by a linear function.
Howevér, Van der Hegge Zijnen‘s ekperimental observations28 clearly show
that the effect of natural convection becomes important at lqw velocities.
As é fésult,vit is desireable to develop a general.equation~for hot wire
“anemometry which will include the low.veldcity range, and which will
also account for the change in properties resulting from the change in
composition and temperature. Thié general development is‘attempted in

the following section.

B. Development of a General Equation for the Hot Wire Anemometer

Consider the hot wire anemometer as a horizontal cylinder of
infinite length which gives off heat to its surroundings by forced and

natural convection as well as by radiétibn.

* : ' . '
For the case at hand (wire diameter = 0.00025 in., At = 2500 C) this
corresponds to a minimum velocity of 0.8 ft/sec.



The mechanism of heat transfer from a horizontal cylinder by
natural or by forced convection has been studied extensively. An excel-
lent review of these modes of heat transfer is given by McAdams.l8 Van
der Hegge Zijnen28 has collected the heat transfer data for a wide range
of systems studied by several experimentors, and has correlated these
data successfully as follows. For natural convection from-a horizontal

cylinder for the range of product of Grashof (Gr) and Prandtl (Pr) num-

bers of 1077 to 109, the Nusselt (Nu) number is given by
. 1 ‘
U O.BB(Pr)? 2 +0.25 [(Gr) (Pr) ] /8 4015 [(Gr)f(Pr)f]l/u (2)

For forced convection from a horizontal cylinder, for the Reynolds

6

(Re) number range of 1072 to 10 , the Nusselt number is given by

Nu,, = O.BS(Pr)g’Q + [Q.56(Re)¥/2 A+ 0.00l(Re)f] (Pr)§/5 (53)

According to Van der Hegge Zijnen, the term containing the Reynolds num-
ber to the first power in Eq. (Ba) may be neglected at low.velocities,

thus we obtain

Nu, = 0.58(Pr)g'2+ 0-56(Re)§/2 (Pr,)%/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 Zijnen28 who has successfully correlated data

for air by assuming that the forced and natural convection modes of heat v
transfer may be represented by horizontal and vertical vectors respectively.
The total agmount of heat transferred by the cylinder may therefore be
expressed by the resultant of the two vectors. Although Van der Hegge

Zijnen only verified the validity of this assumption for air, there. is
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no reason why this assumption should not hold for other systems. By

. using the assumption of vectorial additivity, Egs. (2) and (3b) may be

combined as follows, w
(tu, - 0.58(Pr)?,‘20}2 - {0.25[(Gr)f(Pr)f]1/8" '
v 0.u50(er) (rr) 112 + (0.56(re) Y/ (2r)}/2)2 (1)

Rearranging terms in the above equation, we get

Nu, = O.58(Pf)2'2 Vof + gfu _ (5)

t
where a = 0-25[(Gr)f(Pr)f]l/8 + o.u5[(Gr)f(Pr)_f]l/LL (6)
and ' B = 0.56 (Dpf/“f)l/E (Pr)%/5 : | (7)
If we make the usual assumptions8’12’15’25 that the wire heat

losses are all to the fluid stream, that the wire is heatedfto.a uniform
temperature, and that the heat given off by the wire does noﬁ affect the
fluid:prOperties of the ambient stream, then we may equate the heat
dissipation of the‘wire to the heét transferred to ﬁhé.gas stream as
I°R = ch AAt - (8)

w -t : .
: (
 vhere ht is the total heat transfer coefficient which represents natural
and forced convection as well as radiation from the wire, A 1is the
surface area of the wire available for heat trénsfer,-and_ € 1is an |
energy conversion factor. '

Substituting relation (5) into relation (8) we have

2

I°R ' 3 S N e
__v ='ht = hr + (_i) [0.58(Pr)g'2 + a2 + Bgu] - (9) -

ANt D
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Hinze8 has shown that if the wire diameter 1s less than 15 microns,
and 1f the wire temperature does not exceed BOOO C (as will be the case
in this study), the heat transfer coefficient for radiation, hr which
appears in Eq. (9) may be neglected.

In order to solve Eq. (9) for velocity in terms of quantities
which can either be measured or estimated, the following algebraic re-
arrangements are necessary.

Multiplying Eq. (9) by itself we find

2 2 2 .
IR IR k 1k 2
W W f 0.2 £ 0.2
(m) - 0.76 eAAt) (D—- (Pr)f + [0.58 (-D—)(Pr)f J
2
k
= (.é;-(o? + Bgu) (10)
D .

Now the velocity can be expressed explicitly as

2 12Rw 2 1° R, [%¢ 0.2
u=—55 {\gxe] - To\ax) |5 (Br)s
k. B
f
'k 2 k. \2
f 0.2 f 2 ,
+ {0.58(5—) (Pr)f } _(D— o (11)

If we then replace values of @ and B from Egs. (6) and (7) into
Eq. (11), we get

P (IQRW)E
20, 56(]3‘31‘)1/2 r)i/B]e At
He
1° R 0.5 kg )2
'—A-_t—: (Pr)f° + 0. 58€A (Pr) f

K
) eeAe( £

2 | 2
= O.25[(Gr)f(Pr)f_]l/8 + O.h5[(Gr)f(Pr)f}l/u} (12)




Eq. (12) may be rewritten in terms of two constants, K. and K, as

1 2
( IER
Atw - 0.76 k At = |(er ) 1 +
: 2 3 4 3 l 5

, (15)
K {0.58(Pr)2'2}2- {0.25 [(er) o(2r) f]l/8 + 0.5 (ar) (pr) ]l/”} K
o [egte)E? kP

2

where the values of the constants can be calculatéd from the following

]

relationships

K, = (eA)/D = enL - | (14)

and

= (0.56¢A)%/D = (0.56enL)?D S (155

Examination of Eg. (15) reveals that the velocity of a gas may
be calculated from measured values of the wire r651stance, current,
temperature, values of the fluid properties evaluated at the mean film
temperature and from the known values of the constants Kl and-Kg. It
is to be poted that these constants are functions of length and diameter
of the wire alone. Since precise measurements of the parameters is dif-
ficult, equation constants are generally determined by calibrated tests
in a known velocity field. 8,12,15,23 Furthermore, it should be p01nted
out that the values of Kl and K2 -determined by callbratlon in one gas
may be used to calculate velocities measured in another gas, since the
cnly variables involved in these constants are length and diameter.

A series of three digital computer (IRBM TO94) programs ére

written to compute the equation constants from calibration data and also

velocities from data measured in experimental runs. A block diagram
representing each of these programs is shown in Fig 1. The data pro-

cessing proceeds as follows.

T‘:\



TEMPER
-Start -

Recd
mmruuvuru, y
reslstances

1s

scotter

negligibte
?

Printdiognastic

Velocitlas
supplled
7

Call_ AIRFLO

Colculote flow rotes
thru_orifice meter

Coll_PROPER

Colculote fiuid prop=
orties ot fo

Coll PROPER

Coleutate fluld prop-
erties of t.

Set up motrix
for Eq. {13)

Coll MLALS
Compute hest fIt
values of K, ,Kp

PROFILE
-Start-

Read generol data
tor N
profiles

Compute Re for
N cozes

Print Re ond

general dota

Reod doto for one
profite

Coll_VELOC
Calculate all velocifles
for one profile withEall3)

Print Ingut dato
results

Goll VELOCX
Compute u from
Eq.(13) and Ki.Kg

{b)

GCotl PROUT
Peint input dota,

(c)
MU-34570

Fig. 1. Block diagrams for three digital computer programs.
(a) Hot wire anemometer temperature calibration. (b) Hot wire
anemometer velocity calibration. (c) Velocity profile data

processing.
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1. A least squares routine is used to fit the temperature calibration

data to an equation of the form’

.

t = mR + c - (16)

where m and ¢ are constants for any glven wire maintained within a

temperature range of BOO C.
‘2. Values of the censtants Kl and-K2 which appear in Eg. (lB)vare then
determined from velocity calibration data taken in a fluid stream of
known compositidn, temperature and velocity. Fluid properties for the
air- water system such as specific heat, thermal conduct1v1ty and vis-
c081ty used in the calculations are taken from the values. tabulated by
Hov. 0 Best fit of calibration data to Eq. (13) is determined by a
least squares program which uses Gauss' iterative method.
3. .Using the constants as determined in steps (1) and (2) in conjunction
~with Eq. (13), velocity distributions are then computed.

| For further details, the reader is referred to program listings

.found in Appendlx C.

b
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IITI. HOT WIRE ANEMOMETER-DESIGN AND CALIBRATION

A. Design and Construction of Probe

1. Probe Specifications

A hot wire anemometer was designed and constructed so that it
might be used to measure veloclties in the mass transfer equipment. The
probe consists of two sections of stainless steel tubing, 5/8— and
5/16-in. 0.d. as shown in Fig. 2. The probe is held by a traversing
mechanism to be described below. A drawing of the lower half of the
probe is shown in Fig. 3A. It is fabricated of a 23-in. long, 3/8-in. o.d.
steel tube with a wall thickness of 0.125 in. A male "Sub-Minax" con-
nector 1s bolted to ﬁhe top of the tubing. Two pairs.of Teflon-coated
wireé lead from the connectbr through the tube and are soldered to four
terminals of a 5-prong plug attacﬁed to the bottom of the probe. The
upper section (see Fig. 3 B) is fabricated from 3/16-in. o.d. stainless
steel tubing (0.018-in. wall thickness). The upper end is bent at .an
80° 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 ﬁapered that
the diameter varies from 0.27-in. at the base to 0.01l5 in. at the tip.
Both supports extend 5/8 in. from the surface of the pakelite 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. The
-ﬁpper half of the probe is joined to the lower half by a female "Sub-
Minax" connector which is cemented to a l-in. long, 3/16-in. i.d.,
1/4-in. o.d. stainless steel collar which in turn fits over the 3/16-in.

.tubing at its base. Two Teflon-coated wires lead from the two w;re
supports to the connector.-at the bottom of this section of the probe.

| The hot wire anemometer may be moved through the test section by
the traversing mechanism shcwn in Fig. 2. An engineering drawing of the

traversing mechanism is shown in Fig. 30 (Appendix E). The gear mechanism
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ZN-4386

Fig. 2. Hot wire anemometer probe and traversing mechanism.



Male sub-Minax
connector

Four Teflon-coated ———
wires

3" .
g od.,zi.d.

SS. tube

23"

5-prong
plug

-13-

Wire support

Bakelite housing

Two Teflon-cooted wires

Il"
515 Z-in.od. Al tubing
Wall thickness = 0,016 in.
Z-in. 0d. S.S. tubing
3 . .
T6-in. id.
-
O) Female sub-Minax
connector

MU-34420

Fig. 3. Engineering drawings of hot wire anemometer probe.
(a) Lower half. (b) Upper half.

(‘;

L3
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is mounted on a 15-7/16-in. by 2-in. by 1/4-in. cold-rolled steel bar.

A B/M—in. pitch diameter spur gear can be moved up and down along a 10-in.

long, 32-pitch rack (on the side of the steel bar) by-turning the knob
mounted on the front of the assembly. Position of thempfobe is indi-
cated by a 'scale mounted on the front of the bar, parallei to the probe.
~The smallest scale division is 1/lOOth-in. The assembly may be .attached
to a bracket at the base of the test section by two 1/L-in. nuts and
bolts which are placed through the holes provided at the top of the

Steel bar.

2. Wire Mounting

The platinum wiré'is the key'component of the hbt wire anemometer
and must be connected to the two wire supports in such a:manner that it
will yield reproducible and meanihgful results. An exceilent summar§ of
the most important considerations in this regard'is given by Lowell.15

Lowell suggests that the wire be mounted with a mountihg jig since the
amount ‘of tension set in the wire is critical for the transonic and
supersonic_flow ranges. However, in the case of flow rates well below

the speed of sound, the amount of wire tension is not éritical, and

therefore absimpler procedure was developed to mount the platinum wire.

A 1-1/4-in. length of Wollaston wire {a 0.00025-in. diam. plati-

num wire coated with a 0.002-in. diam. silver jacket) was soldered to
‘the ends of a U—éhaped, heavy gaﬁge plaﬁinum wire, The Jacketed portion-
of the wire was ‘dipped in 15% nitric acid'etchingvsoiution at steam bath
temperature until all the silver was reméVed. TheAprqbe was supported
so that the two steel supports rested in the same horizontal plane. A
lab jack was then placed several inches below the probe supports.

. ‘Scratches were made at the positions where‘the wire was to be soldered
to the prongs. The fine platinum wire was looped over the-two supports
and ﬁhen the heavy gauge portion of the wire was placed beneath the
prongs on the jack. The wire was positioned so that it rested on the

. scratches. A stereoscopic microscope (20 power) was used in mounting

the wire. The lab jack was lowered slowly until it supported only a
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small fraction of the weight of the heavy-gauge wire. The amount of
tension produced depended upon the diameter of the fine wire as well as
the diameter and length of the larger wire and the proportion of the
total weight supported by the jack. Once.the fine wire was in sufficient
tension, it was silver-soldered to the two supports. Silver solder
paste consisting of small shavings of silver solder suspended in a flux-
ing medium was most satisfactory for this application. Solder was first
applied to the desired Jjoint, the support was then heated at a distance
3/8 in. from the joint with a micro-torch until the prong was red-hot

(care was taken not to apply the flame of the torch directly to the

joint). The solder was melted by the conduction of heat along the

support. Once the wire was soldered in place, the remainder of the
platinum wire was cut off.

Before calibration, the wire was visually checked for uniformity
of diameter with the 160-power microscope lens. An ihcréasing amount of
current was passed through the wire until 1t began to become dull red.

If the wire diameter was non-uniform, the regions of.smallest diameter
would become red well before the remainder of the wire due to localized
heating. Otherwise, if the wire was uniform, it became dull red at the
center first, and a slight increase in current exténded the dull-red zone
to BO%ﬂof the length of the wire. If the wire was acceptable, it was then
annealed for approximately two hours by heating it electrically to a dull-
red color. It was found, as previously shown by Spangenburg25 that if
this step was not taken, reproducibility in calibration was poor due to

hysteresis effects.

3. Bridge Circuit

A Kelvin double-bridge was used to measure thé resistance of the
platihum wire. This type of bridge measures the wire resistance without
including the lead resistance. A circuit diagram is shown in Fig. L,

The bridge used is similar to that described by Lowell.15
Current is supplied to the bridge by a Power Designs Inc. transistorized

power supply (model 5015A); the unit has a variable output of O to 1.5 A.
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Power supply
O to 50 volts

-+
foam
fuse
1
Otol.l 3,
voit” - 3Re
potentio- '
Ry - meter
2N
Rs Rq
Rs
Ryt+r,
MU-34424

Circuit diagram of Kelvin double bridge.
= 10 k0 decade box
= 100 - 1 W precision resistor
= 10 kf} decade box
= 100 Q@ - 1 W precision resistor
1 standard resistor
1 Q standard resistor
500 - 1 W precision resistor
4 ¥ wire-wound shunt
1 k@ precision resistor
= Null detector

)
-

U]
=

Nk Bl D

I=a SNV S
e

[ R I |

N0 O~JOV\UI W+

= Probe lead sockets
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(0 to 50 Vac). The current which passes through the hot wire is deter-
mined by measurement of the voltage drop across R6,_a l-ohm Leeds and
Northrup ("L & N") precision resistance standard (model 4020) with an

L & N model K-2 potentiometer. An L & N deflection-gal&anometer indi-
cates balance of the potentiometer circuit; the Eppley Laboratory
standard cell incorporated in the potentiometer has an emf of 1.01927 V.
The two fixed ' arms of the doublé bridge, R, and Rh afe 100-ohm, 1w

2
precision wire-wouhd resistors. The multiplying-resistance, R. is a

l-ohm L & N model L4020 similar to R6' Two 10 kilohm decade bozes are
used as variable resistances (Rl and R5) on the other arms of the
bridge.

Bridge balance is indicated by a Minneapolis Honeywell model
104 WIG electronic null detector, which has a sensitivity of 0.001
microamperes per mm deflection. Sensitivity is controlled by a l-Kilohm'
fixed resistor (Ry) and a U-kilohm wire-wound shunt (Rg)..

Harris7 has shown that if the balance condition

'

R /R, = Rs/R, -an

is achieved, the sum of the wire and probe support reSistances,(Bw + rﬁ)
will be given by '
R +r =R. (R /R
woD > ( 1/ 2)
Since the resistance of the platinum wire, Rw is much greater than the

resistance of the wire supports, rp, therefore the latter may be ne-

.glected and

R, = Rs (R/Ry) (18)

The operation of the bridge and associated components was simple.

To measure the temperature of the ambient fluid stream, l/h'mA was
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'

passed through the wire (a low current was chosen so that the wire would
" not be heated electrically), and the two decade boxes~(R1-and Ré)were
adjusted until the potential across the null indicator was zero. This
automatically satisfied relation (17). Velocity was then measured as
follows.

The wire temperature for any given profile was first chosen (so
that the temperature difference would be approximatéiyaQOOO C) and the
-corresponding resistance was set on the two decadei%oxes.fxThe current
- through the wire was gradually increased until null was indicated. The.
current flowing through the wire was then determinedvby'méasurement of
the Qoltage drop acrqss R6, a standardvi'ohm rééistor with the K-2

potentiometeér.

B.  Hot Wire Anemometer Calibratién

‘The hot wire anemometer is calibrated for veloéity and tempera-
ture in_the equipment shown in Fig. 5. Compressed air bubbles through a
humidifier, flows through an orifice section Wherevthezfléwhréte is ‘
measured, and then through a calming tube where the Qelbcity becomes
well developed. The probe is piaced at the end of this éection. Flow

rates are chosen so that the flow is laminar in the tube.

1. -Equipment

The humidifier is fabricated from a 62-in. length of 2-in. iron
;pipe.. Reducers attached to the.ends of this pipe join~it to the l/h-in.
brass pipe lines both upstream and downstream of the humidifier. The
humidifier is 3/U-filled with 1-in. Berl saddles. Several needle valwves
upstream and downstream of the humidifier, as well as a pressure regu-
lator facilitate smooth operation of the unit.

‘The orifice section consists of two lengths of 2-in. i.d. brass
tubing (wall thickness = 0.125 in.) and an orifice plate. The upstream
section is 30-in. long, has an end-plate soldered to its upstream end

and a B—l/h—in. diameter flange soldered to its downstream end. RadiatiOn
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Laboratory standard tubing fittings (RL fittings) soldered to the end-
plate join the qguarter-inch pipe to the orifice section.: The downstream
section is 20 in. long, and has B—l/u-in. diameter flanges at both ends.
The orifice is fabricated from a 9/52—in. thick sheet of brass. The o.d.
is 3=1/b in., the upstream i.d. is 0.2508 in. The downstream face of
the orifice is beveled at a h5o angle to thé tube akis~és suggested by
Stearns et al.26 Two "flange taps" are drilled at locations one inch
upstream and downstream from the face of the orifice plate.

A parabolic laminar velocity profile develops. in . a 100-in. long,
2-in. i.d. brass calming tube. This section i1s connected to the orifice
section and probe housing by B—l/h—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'inSertedbét the center-
line 2 1n. downstream from the first flange. A 20-in. long, 2-in. i.d.
brass discharge section. is joined to the probe housing by a 5—l/h—in.
diameter flange. -Heat is supplied to the‘system by electrical resistancé
heating tape, which is wrapped around the humidifierIWalls and the calm-
ing tube. Thé latter is used to keep the wall temperature equal to that
of the fluid stream. The power input is controlled'byvvariacs.

Two manometers are used to determine the flew rates through the
forifice. The high range manometer is manufactured by the Uehling Instru-
| ment Co., and uses a special oil having a Specific gravity of 0.795.

The range of this slanting manometer is O to 6 in. of water; it is also
used to,ihdicate the pressure drop across the larger orifices described
in -section IV-B-5. The other slanting manometer has a rénge 0 to 0.5
in. water. .This gauge is manuféctured by the Meriam Instrument Co.,
and uses an oil having a specific gravity of 0.827.

' - The 0;2508-in. diameter orifice was calibrated with a wet test
meter. The results of that calibration are shown graphically in Appendix

A (Fig. 26).
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2. Calibration Procedure

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 possible. An iron-constantan
thermocouple was placed very close to the wire. Simultaneous thermo-
couple emf and wire resistance readings were made at a number of tempera-
tures within the range 20 to 1250 C. Wire resistance was plotted as a
function of temperature (see Fig. 27, Appendix A); if the two were re-
lated linearly, this served as further evidence that the wire diameter
was uniform. Since resistance is a linear function of temperature for
the range of O to 300Q C, the above-mentioned plot was extrapolated to
300° C.

The velocity calibration was also performed in the equipment
described in Section B-1. The probe was inserted in its housing, and
was centered to plus or minus 0.0l mm with a ' cathetometer. The housing
and discharge sections were then éttached to the rest of the equipment.

Wires two and three were both calibrated at low air temperature
and humidity. The saturator was filled with cold water, and air bubbled
through it until the temperature of the water beéame.constant. Alr flow
was then set at the maximum desired value, and the hot wire bridge bal-
anced. Readings recorded were pressure drop across the orifice, static
pressure upstream of the orifice, hot wire current, hot wire resistance,
cold (ambient temperature) wire resistance, room air temperature and
humidity of the air, which was measured using a thermal conductivity

30

cell as described in detail by Wasan. The flow rate was then reduced
by venting some of the air downstream of the humidifier, and another set
of readings were noted. This procedure was continued until approximately

25 readings had been taken within the working range of the system (0.20

to 5.0 ft/sec).

Wire number three was used for the high-temperature profiles, and
thus was also calibrated at high temperature'and;humidity. The humidi-

fier was first filled with water and heated. At the same time, the air
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was -bubbled through the column at the highest flow rate desired. The
walls ‘of the calibration equipment were also heated to the anticipated
air ‘stream temperature. The probe was placed in the-hQuSing and attached
+ along with the discharge section to the calming section. A gas sampling
tube was run in through the dischargé section so that the gas stream
could- be. sampled. Once the air temperature at the exit-ef the humidifier
was up-to the desired wvalue, and the water composition within the range
planned-upon, a series of readings similar to those taken. in the cali-
bration: at room temperature were recorded. In addition, the air temper-
ature dat the orifice, the orifice plate temperature and the heater
settings were noted. | ‘ '

Temperature and velocity calibration data are tabulated ih

Appendix B.
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IV. EXPERIMENTAL EQUIFPMENT FOR MASS AND MOMENTUM TRANSFER STUDIES

A. General Description

The equipment shown schematically in Fig. 6 was designed for the
study of mass transfer from the liquid to the gaseous phase in the mass
transfer entry region of a pipe under variable conditions of liquid and
gas temperature and Reynolds number.

Room air is blown through an orifice meter, a finned resistance
heater and on to a calming section where the velocity profile is allowed
to develop before entering the test section.

The test section may best be visualized as a countercurrent
double-pipe mass exchanger. The air sfream flows through the inner
ceramic porous pipe, while water is circulated in the annulus. The
water is forced under pressure through the.pores of the ceramic material
and vaporizes into the air stream upon reaching the inner surface of the
pipe. After flowing through the test section, the humid air stream is
discharged from the room. A sampling tube connected to a thermal con-
ductivity cell sucks a mixed-mean sample of the exit stream.

In addition to.the measurement of overall mass transfer rates,
provision has been made to measure velocity, temperature and composition
profiles at two different positions within the length of the test section.
The velocity and temperature are measured with = a hot wire anemometer,
and the composition is measured with a gas thermal conductivity cell.

A photograph of the equipment described above is shown in Fig. 7.
The equipment is designed for flows with Reynolds numbers ranging from
zero to 20,000, for air temperatures from 200 C to llOO C and for water
temperatures from 200 C to 950 C. The scope of experimental work dis-
cussed in this thesis has been limited to the Reynolds number range of
9,000 to 17,000 and to the lower half of the air and water temperature

range for reasons which will become evident.
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B. Equipment Specifications

1. Entrance Section

Air is blown into the apparatus from the room by a 1/h HP cen-
trifugal blower whose maximum capacity is 370 lb.air/hrﬂ when connected
to the equipment as shown in Fig. 6. This flow rate may be increased by
about ten percent by removal of the suction side air filter screen from
the blower. To obtain test section Reynolds numbers greater than 20,000
it is necessary to use a more powérful and efficient blower.

The air then passes through an orifice meter section consisting
of two sections of 3-in. i.d. brass pipe. The upstream section is Lo
in. long, and is welded to a 5-5/16—in. flange which secures the orifice
plate in place. The downstream section is similar, but is only 20 inches
long. Two 1/4-in. diameter "flange" pressure taps are drilled one inch
from either side of the orifice plate. Two orifice plates, 1.625 and
2.115 inches in diameter are used for the low and high flow ranges re-
spectively. Both are fabricated of 1/L-in. thick brass plate, 5-3/16
inches in diameter, have sharp upstream edges; and are beveled at..an
angle of h5o on their downstream side to comply with the specifications
suggested by Stearns et al.26 The air then flows through 3 ft of 3-in.
i.d. flexible hose and on to an air valve (Carnes Corp., Model V 16.6 M)
which may be used for coarse control of airbflow, especially at high
flow rates. '

_ The gas stream passes through a short duct and into a bank of nine
0;7780 kW finned resistance heaters. The unit is manufactured by the
Wesix Electric Heater Co.., operates at 208 Vac, 1 phase, and draws 33.6
amperes. When the 7 heaters that are connected to the power supply are
simultaneously in operation, the steady-staté test section inlet temp-
erature is found to lie between 80° C and 120° C for the Reynolds number
range of 5,000 to 20,000. Control of the heater is described in part 5
of this section.

The alr valve and heater are joined to the system by ductwork

fabricated of l/32-in. thick aluminum alloy sheet. The former is joined
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to the upstream side hose by a duct 23-1/2 in. long, which expands from
a 3-1/16-in. outer diameter at the upstream end to a flow area 16 in. by
16 in. at the air valve end. A 1-1/2-in. wide flange is welded around
the downstream perimeter so that the duct may be connected to the valve.
The air heater is connected in a similar manner to the calming section
pipe. The duct upstream flow cross section is 17 in. square, and the
downstream inner diameter is 8-5/8 in. This duct is 10 in. long. The
air valve is connected to the air heater by a tapered duct fabricated
from the sameasheet metal as is mentioned above. The upstream end has

a flow cross section of 16 in. by 16 in., the downstream end cross sec-
tion is 17 in. square. Both ends have l-l/2—in. wide flanges welded
around their perimeters so that the duct may be attached to the air valve
and the heater.

It is desirable that the velocity profile entering the test
section be well developed; as a result, a calming section approximately.
20 pipe diameters long is used, as recommended by Olsen and Sparrow.

- The calming éection is constructed from 7-1/2-in. i.d., l/H-in. thick
aluminum tubing, and is welded to 2 shorter pieces of the same tubing as
shown in Fig. 31. The 51—5/8-in. length is joined to the air heater exit
duct by a sheet of l/8—in. thick rubber wrapped around the tube and the
heater outlet duct lip, and held in place by two 9-in. hose clamps. In
addition, a thermal well is installed in this leg of the section, 8 in.
downstream from entry. The temperature sensor inserted in this well is
connected to the temperature controller which 1s described in. part 5 of
this section. )

The calming section is 168-3/8 in. long. Access to the upstream
end of the calming section is provided by a 11-3/8-in. diameter, 1/2-in.
thick aluminum end-plate, which is fastened to a flange of the same
diameter and thickness on the calming section by eight 9/16—in. bolts as
shown in Fig. 31. Boundary layer growth 1s 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
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the test section 1s 157-5/8 in. which corresponds to an effective calming
length of 21 pipe diameters. The downstream end of the tube is joined
to the test section by a 1/2-in. thick, 11-3/16-in. diameter aluminum
flange (see Fig. 32). A 3/16-in. diameter pressure tapbis drilled 1 in.
upstream of the test section entry; l/h-in. RL fittings are used to pro-
vide convenient connection to a pressure gaugé. In addition, three
traversing ports are situated as shown in Fig. 31. The entire calming
section, and also the test section are insulated with three layers of

fiberglass insulation.

2. Experimental Test Section

In the past, wetted wall columns have been used to study vapori-
zation of liquids.l’ In the wetted wall column, a liquid film flows
down the walls of a circular cylinder, and at the same time, air is
blown through the pipe over the film, thus allowing the liquid species
to be transferred to the gas phase. In doing so, rippling in the liquid
film i1s produced, and thus it is difficult to measure the surface area
available for mass transfer. 1In this study, it was decided not to use
the wetted wall column for this reason. The transfer section described
below is designed so that this uncertainty no longer exists.

The test section functions as a countercurrent double-pipe mass
exchanger. A pictorial view is shown in Fig. 8, and an assembly drawing
appears in Fig. 32. Water circulated in the annulus penetrates through
the porous pipe and diffuses into the turbulent air stream.

The essential component 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 number range of
interest would be of the order of 0.2 in., thus facllitating concentra-
tion measurements at many points within this region. The cylinder is
referred to by its manufacturer (Filtros Incorporated) as a'"'35' Elec-
trolytic 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 7/52 in. thick and will withstand pressures up to 5,000 psig.
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Two 11/16-in. diameter holes are drilled 3-1/16 and 15-1/8 in.
along the length of the tube to accomodate a probe (see Fig. 9A). These
positions shall be referred to as stations I and II respectively. " Fif-
teen iron-constantan thermocouples are installed at stations along the -
length of the test section as shown in Fig. 9 A. The thermocouples are
protected from thelr wet environment by 5/52—in. o.d.ﬁstainless steel
tubing (1/16-in. i.d.) and the thermocouple tips are held in place 1/52 in.
from the inner surface of the pipevby Saureisen“Electrical Cement (no.
DW-30). The stainless steel Jackets are secured to the outer wall of
the ceramic tube by a silicone rubber sealant (GE RTV-102). A detailed
drawing of a thermocouple installation is seen in Fig. 9 B.

The water Jjacket is fabricated from a 22-5/4-in. length of brass
. tubing, 10-in. i.d. and 0.148-in. thick. Two 1lhk-in. o.d., 1/2—in. thick-
brass flanges are welded to the tWo ends of the tubing. Eight 9/16-in.
drill thread holes are spaced equally in a lEAﬁ/M-in. circle. Water
enters the annular volume through a 3/k-in. hele drilled 2 in. from the
downstream end. of the piﬁe as shown in Fig. 32. The water leaves tan-
gentially through a hole of the same diameter drilled 1—5/h in. from the
upstream end of the jackef, 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
Jjacket, 6—5/8 in. downstream from the upstream brass flange to accomodate
a pressure gauge and an 18 £t high standpipe which is'used both as a test
section water pressure indicator and as a vent. Finaily, two B/M—in.
holes are drilled as shown to accomodate the probe. When the test sec-
tion is assembled, the B/M—in. holes in the Jjacket are - lined up with the
holes drilled in the ceramic tube. The prebe traversing mechanism 1is -
held in place by one of two brass plates, each of which is welded to the
outer surface of the jacket, 2-3/L in. downstream from one of the two
probing stations. v V

The ceramic tube and water jacket are held in place by two 5/4 in.
thick, 1lb-in. diameter aluminum flanges, located at each end of the test

section. Seals between the flanges and the ceramic tube and water Jjacket
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are obtained by placing Neoprene O-rings and sealing strips as shown in
Fig. 32. The outer aluminum flanges of the test section are held in
place by 8 9/16—in. bolts which are also secured to the brass flanges. C <
Eight 9/16-in. bolt holes are-also drilled at equal intervals around the
outer surfaces of the two aluminum flanges on a 10-in. circle to receive
the bolts that will.hold the calming and discharge section flanges in
place. ' ' '
Passage to the air stream is provided to the probe by two B/A-in.
0.d. pipes (5/8-in. i.d.), 3-in. long which are inserted in the two
B/M—in. holes drilled at the bottom of the wéter'jacket for that purpose.
The uppermost end of the tube rests against a rubber grommet which forms
a seal between the ceramic pipe and the tube. Male and female RL fittings

are attached to the lower end of the pipe.

5. Discharge Seétion

The discharge séction consists of é-7—1/2-in. i.d. (8-in.:o.d.),
Lh-in. length (5-7/8 diameters) of aluminum tubing followed by a 15-in.
: long,8—iﬁ. square duct. The aluminum tubing is connected to the test
section by a l/é—in. thick,\11—5/l6¥in.‘diameter aluminum flange; eight
9/16—in. hex nuts spaced equally in a 10-in. circie_as shown in Fig. 32
secure this section into place. The square and round ducts are joined
by two 10-1/L-in. square flanges (1/8-in. thick) held together by 8 1/L-in.
nuts and bolts. A 3-in. diameter orifice cut in a lO-l/h-in. square
sheet of l/8—in. thick aluminum plate is used to mix the efflﬁent gas
stream. The iron duct is. then connected to another section of the same
cross secfion by lO—l/h-in. square flanges. A 2-in. diameter orifice
cut in a sheet of aluminumvsimilar to the 3-in. orifice is inserted be-
 tween the second set of square flanges. A thermometer bulb and gas
- sampling tube lie in the vena contrgqta of this orifice, and help to
indicate the effluent gas temperature and composition, the léﬁter being
measured with a thermal conductivity cell. The duct then makes a rounded
- 90 degree bhend and leads upwards to an exhaust port on the roof of the v

building.
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4., Water Circulation System

Warm water is supplied to the test section by the water circu-
lation system shown in Fig. 6. Distilled water is stored in a 50-gallon
water heater (Wesix Electric Heater Co. Model S-50-200) which is powered
by four 5-kW immersion heaters. These heaters are found to be more than
sufficient to heat the water to 950 C and keep it at that temperature at
the highest circulation rate used (3.5 gpm). The heaters draw 55 amperes
at 208 Vac (3 phase). Temperature control settings on the four heaters
operate well within the range of 50 to 950 C.

The distilled water which leaves the heating tank through a
l/2—in. copper line is filtered and then pumped through a rotameter
(range 0 to 5.7 gpm water at room temperature) by a 1/ HP centrifugal
pump. A short length of B/M-in. copper tubing connects the rotameter -
to the preheater. The preheater,.which can be used when high operating
temperatures are desired, is constructed from an 18-in. long, 3-in. i.d.
brass tube. A 4-1/2-in. diameter flange fastened to the upstream end of
the tube houses four 500 W immersion heaters. The distilled water then
flows on to the test section through a 1—l/h-in. brass tube; a thermom-
eter is inserted in this tube Q-B/M-in. upstream of the test section.
inlet. The water enters the test section at the downstream end, leaves
tangentially at the upstream end, and is returned to the water heater
in 1/2-in. copper tubing. A thermometer is inserted in the line, 1-1/L-in.

downstream from the test section water outlet.

5. Auxiliary Equipment

(a) Air Temperature Control

Air temperature may be controlled by either an automatic on-off
controller or a manual variable ihput control switch. A circuit dia-
gram 1s shown in Fig. 33. '

The on-off controller produces sinusoidal temperature fluctua-
tions (amplitude varies from 5° C at 35° C to 12° ¢ at 75° C), thus this

device is used only when the equipment is left unattended, especially
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during warm-up periods. The controller is manufactured by the Minneapo-
lis Honeywell Co. (Model 1667A-1034-1) and has a control range of 50° to
25OO'F. The sensing element is located in the thermal well immediately
downstream of the air heater. Three heaters heat the air to approxi- |
mately_500 to 700 C in the Reynolds number range of 5,000 to 20,000.

The four remaining heaters are operated manually to reduce the
magnitude of the temperature fluctuations. Three heaters are operéted
individually by switches, and the fourth is connected to an autotrans-
former. The manual control section may be used for heating air to
temperatures as high as 80O C. If it becomes necessary to carry out’
runs at higher temperatures, the balance of the heaters could easily
be connected to the manual control section.

Safety provisions incorporated in this equipment include a heater
high-temperature cutoff, which i1s mounted on the heater shelly and is - -
included in the 120 volt controller circuit, and also a cifcuit which
disconnects the heaters from the power source when the Blower is inoperative.

(v) Pressure-Measuring Equipment

A temperature-compensated aneroid barometer manufaétured'by the
Taylor Instrument Co. is used to indicate both room and test section
tofal pressure. The barometer is housed in a_5-l/2 in. o.d. brass tube.
A plate of the same diameter and a 6-3/8 in. .diameter flange are soldered
to the rear and front sides of the tube respectively; Two 5f16 in.
v medium length nipples are soldered to the sides of the housing:. Quafter
inch needle valves are attached to these hipples, as well as to‘l/h in.
copper tubiﬁg which connects the gauge to pressure taps upstream and
downstream of the test section. A 1/2 in. thick, 6-3/8 in. diameter
lucite front-cover sits on the flange. A 5-1/2 in. thick, 6-3/8 in.
diameter O-ring placed between the flange and the cover seals the ba-
rometer within the housing. The lucite is secured to the flange by
6-1/4 in. screws equally spaced in a 6 in. diameter circle.

Two manometers are used to indicate the pressure drop across the

orifice meter and the upstream static pressure tap. Both are slanting
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gauges manufactured by the Uehling Instrument Co. The range of the
manometers is O to 6-in. water. Uehling oil (sp.gr. = 0.795) is used
to give direct readings in inches of water.

(c) Equipment Supports

The aluminum tubing is mounted on suppofting stands constructed
from lengths of 2xh4-in. wood. The calming section support is ll—l/2-ft
long, 30-in. wide and 56-1/2—in. high; the tubing downstream of the test
section is mounted on a similar support 2-5/6 ft long. Both lengths of
tubing sit on l/8-in. thick aluminum sheet supports which are bolted to
the wooden supports.

The air valve and heater are mounted on a sheet of steel, 2-ft
long by 4-ft wide, l/8-in. thick. Half of this sheet is bolted to the
calming section support. Two 2 X 4 X 38-in. wooden planks are secured
beneath the free end of the sheet of metal to support the weight of the

valve and heater.
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V. EXPERIMENTAL PROCEDURE .

The hot wire anemometer was first calibratéd and then tested by
measuring the velocity distribution in the calibration equipment where
the velocity profile was known to be parabolic. —Several preliminary
profiles were then measured in the'experimental equipment at approxi-
mately 250 and,_5oo C and Réynolds numbers ranging from 5,000 to 20,000.
This range of Reynolds number was chosen because at these low flow rates
the wall region, where the concentration and velocity gradients are
greatest, is relatively large thus'facilitating accurate measurgments of
velocity and concentration in this region.

In the present study, runs were performed with vaporization con-
ditions at Reynolds numbers greater then 9,000 because it was observed
that velocity profiles measured at lower Reynolds numbers were unsym-
metrical. The velocity profiles were measured at approximately.QSO and
500 C. The procedure followed at these two conditions differs, and

therefore it will be described in detall in separate sectioms.

A. Measurement of Velocity Profiles Without Vaporization

Velocity profiles were first measured without vaporizaﬁion. The
hot wire anemometer probe was secured ét station -zero (upstream of the
test section), the blower was turned on and the flow rate was-sét by
adjusting the éize 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 Werevmeasured'and then rechecked
every fifteen minutes until steady values were ébserved. 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 upstream 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 measé
urement of velocity distributions at stations one and two was identical

to that followed at station zero.



-37-

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 This effect is caused by the transfer of heat to the pipe
wall by natural convection, and leads to velocity readings in the vi-
cinity of the pipe wall which are higher than the true values. For the
stagnant 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
pipé wall, the heat transferred from the wire was constant. At distances
closer than 0.08 in. from the wall, however, 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 in Appendix B.

B. Measurement of Velocity Profiles at Low Vaporization Conditions

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 cor-
responding to one of the dry runs. Initially, distilied water at room
temperature 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 quantitatively 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
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gas remained constant. For detalls on the measurement of concentration
distribution in the test section, the reader is referred elsewhere.BO

The velocity and temperature profiles were then measured in ad-
dition to the test section water pressure, and test section water inlet
and outlet temperatufes. 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 approximately 100 pipe pore diameters. This dis-
tance is believed to be sufficiently largé for the wetted surface to
appear to be continuous.

C. Measurement of Velocity Profiles Under Moderate Vaporization
Conditions

Veloclity profiles were measured at about 500 C and a Reynolds
number of 9,800. The procedure followed is somewhat more involved than
that described in-the previous section. Twenty-four hours before the
run, the hot water heater was filled with distilled water and the temp-
erature controllers were set at 50o C. To heat the equipment to the
desired operating conditions, it was necessary to set the air blower to
the = highest possible rate, and the air heater temperature controller at
55QVC. Once the calming and test sections were sufficiently hot, the
temperature controller was turned off and the manual controls were set
so.that the temperature of the air entering the test sectioh was about
50O C. The hot wire anemometer was placed at station two and the temp-
erature checked at half-hour intervals. Wheﬁ the air temperature was
steady, the velocity and temperature profiles were measured.” A procedure
similar to the one described in the previous section was followed for
the measurement of velocity and temperature profiles under vaporization

conditions at 500 C.
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VI. EXPERIMENTAL RESULTS AND DISCUSSION

A general equation which describes the operation of the hot wire
anemometer in a gas stream having variable fluid propérties has been
developed in Section II. In order to illustrate the effect of variable
fluid properties on the calibration curve, three hypothetical cases have
been computed using Eg. (13) for water vapor compositions ranging from O
to 20 mole.percent. The results of these calculations appear in Fig. 10.
It is noted that in the low velocity range, for a given current and re-- .
sistance, the velocities at the two extreme compositions differ as much
as by 45 percent. It may therefore be concluded that if variation in
composition is not accounted for in the interpretation of the experimental
data, velocities measured in fields of elevated composition will appear
to be higher than the true values.

_ Data for the velocity calibration performed with air containing
2.29% water vapor and at 22° ¢ are shown in Fig. 11 where Vu is plotted
Vs, IngﬁAt. Constants Kl and K2 in Eq. (13) were determined from the
two velocity points shown by the solid points-on the figure. The curve
corresponding to Eq. (13) based on these two points is shown as the
upper curve in the figure. It is evident that Eq. (13) fits the entire
body of velocity data very satisfactorily. It is believed that this
constitutes one test of the validity of Eq. (13), and thus the satis-
factory performance of the hot wire anemometer. It is to be noted that
for velocities greater than 1 ft/seé, the calibration curve is linear,
and Egs. (1) and (13) predict the same values. However, at velocities
lower than this, the curve is no longer linear and the velocities pre-
dicted by Eq. (1) are higher thaﬁ the true values.

Additional calibration data measured in air containing 8.5&% :
water vapor and at 480 C are shown in Fig. 12, where these data are
compared with the curve corresponding to Eq. (13). This curve was com-

puted using the constants K, and K_2 that were calculated from data meas-

1
ured in air containing 2.29% water vapor and at 0p° C. The satisfactory

agreement of the data with the calculated curve demonstrates that once
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Fig. 10. Effect of water vapor on hot wire anemometer calibration
curve for air according to Eq. (13). Wire diameter = 0.00025 in.;
wire length = 0.10 in.; wire mean film temperature = 152° C.
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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 calibration equipment where the
flow was known to be fully developed and laminar. The measured profile
compares well with the anticlpated parabolic profile, as may be: seen in
Fig. 13. Since velocities as low as 1 ft/sec were measured, it is be-
lieved that this test successfully supports the reliability of the hot
wire anemometer at low velocities. Having established some confidence in
the performance of the hot wire anemometer, several additional tests
were performed in conjunction with the experimental equipment to check
the performance of this equipment as well as the anemometer.

The ratic of the measured time-averaged velocity to the maximum
velocity at the axis of the tube (u/umax) is plotted as a function of the
dimensionless distance from the pipe wall, y/r in Fig. 1k for traverses
at room temperature with no vaporization and at a Reynolds number of
16,950. All profiles are symmetric about the tube'axis. Furthermore,
there is no substantial difference between the profile taken upstream
of the test section and the profile taken at station II which 1s three —
pipe diameters downstream of the first profile. This would indicate
that the velocity profile is well developed.

As a furﬁher test of the anemometer and performance of the ex-
perimental equipment, Reynolds numbers were computed by averaging the
velocity profiles taken at station II without mass transfer. Reynolds
numbers of 9,500 and 16,950 were obtained in this manner as compared to
9,240 and 16,500 indicated by 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
calibration and in the experimental equipment. The close agreement be-
tween these two independent methods of estimation of Reynolds numbers
indicates that air leaks in the experimental eguipment are essentially

negligible and that the hot wire anemometer calibration is reliable.
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In order to determine the effects of finite mass transfer rates
‘on the velocity profile, experimental runs were performed at Reynolds
numbérs of 9,500 and 16,950 at room temperature conditions and Reynolds
number of 9,800 at air and water temperatures of about 500 C. Results .
of these velocity measurements are shown in Tables I, IT and III. Re-
sults of the calculated mass tfansfer rates for the experimental runs are
summarized in Table. IV. The log-mean driving force, (APA)lm was evalu-
ated by using values of the water vapor composition at the test section
inlet and at the designated station. The average mass flux, NA was
calculated by a material balance over the corresponding portion of the
test section. The mass flux, at the wall, (NA)W-WaS calculated by the
diffusion equation, and from this value, the ratio of the interfacial
velocity to the maximum velocity, Vw/umax was computed. It is to be
noted that the interfacial velocity resulting from the. diffusion flux
normal to the wall is very mich smaller than the minimum point velocity
measured in this study. ‘ , v

Velocity profiles measured at room temperature with and without
Qaporization are compared in Figs. 15 and 16. Since concentration gra-
dients are the greatest in the vicinity of the pipe wall, the velocity
distribution in this region is of_interest. Fig. 17 shows the velocity
profiles in the wall region. It can be seen from these curves that at
low vaporization rates, the velocity distribution remains practically
unaltered. In the same manner, velocity profiles measured with'and
without mass transfer are compared in Figs. 18 and 19. These curves
clearly indicate that the mass transfer process does not influence the
veloclty distribution in any significant way.

Values of the dimensionless distance, y* and dimensionless
velocity, u+ were calculated for the wall region and are compared with
the equation proposed by Wasan, Tien and-Wiike29 in Fig. 20. It will ' .
be noted that the data from traverses taken both with énd without mass
transfer agrée well with the proposed theoretical curve, thus indicating

that ﬁ+ is a'unique function of y+ under the experimental conditions
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Table I. Tabulated velocity profiles measured at a Reynolds number of 9,500 and
an approximate air temperature of 25° C.

Station I S Station II
Dry run Mass transfer run dry run _ Mass t'ransfer run

y/r u'/umax y/r u/umax y/r u/uﬁax : y/r u'/umax
0.0104 0.134 0.0109 0.155 0.0045 0.070 0.0051 0.085
0.0163 0.268 . 0.016% 0.246 0.0099 0.139 . 0.0104 0.14k4
0.0243 0.362 0.0243 0.357 0.0179 0.268 0.0184 0.288
0.0376 0.516 0.0376 0.531 0.0312 0. hh1 0.0317 0.468
0.0509 0.613 0.0509 0.603 0.04h5 0.556 0.0451 0.546
0.0643 0.670 0.0643 0.679 0.0579 0.632 0.058k 0.626
0.0776 0.721 0.0776 0.712 0.0712 0.705 0.0717 0.688
0.1043 0.765 0.1043 0.784 0.0979 0.752 0.098k4 0.75
0.1576 0.842 0.1576 0.839 0.1512 0.836 0.1517 0.796 .
0.2909 0.885 0.2909 0.87h4 0.2845 0.881 0.2851 0.875
0.L4243 0.914 0.L42L43 0.942 0.4179 0.915 - 0.4184 0.930
0.5576 0.963 0.5576 0.961 0.5512 0,947 0.5517 0.951
0.6909 0.974 0.6909 0.976 0.6845 0.971 0.6851 0.96k4
0.8243 0.995 0.8243 0.981 0.8179 0.989 0.818L 0.986
0.9576 0.995 0.9576 1.000 0.9512 0.989 0.9517 0.986
Maximum velocity = u = 3.143 ft/sec

max

_Lﬁ-



Table IL. Tabulated velocity proflles measured at a Reynolds number of 16 950
and an approx1mate air temperature of 250 .

oNeoNoNoNoNeNoNoNoNeoNoNoNoNoX o

Station I. : : . , -Station II

Dry run - Mass transfer. run: o Dry run- ' Mass tiransfer run
y/r u'/umax y/r u/umax y/r u/umax- y/r u/umax
.010k 0.27k4 0.0109 0.198 0.0045 0.120 0.0051 - 0.162
.0163 0.390 0.0163 . 0.372 . 0.0099 0.223 0.0104 0.235
L0243 - 0.531 - 0.0243 0.490 - '0.0179 0.405 £ 0.0184 0.436
.0736 0.657 0.0376 0.636 10.0312 0.603% 0.0317 0.639
.0509 0.73%2 0.0509 0.721 0.0445 0.699 0.0451 0.685
.0643 0.748 0.0643 0. 742 0.0579 0.726 0.0584 . 0.720 .
L0776 0.777 0.0776 0.762 0.0712 0.757 0.0717 0.750 5
L1043 0.810 0.1043 0.803 0.0979 0.818 0.0984 0.802 '
L1576 0.842 0.1576 0.831 0.1512 0.8k 0.1517 0.840
.2909 0.885 0.2909 0.887 . - 0.2845 0.896 0.2851 0.925
Lhokz 0.91k 0.k42h3 0.938 0.4179 0.931 "0.4184 0.935
.5576 0.963 ©0.5576. 0.959 0.5512 0.975 0.5517 0.980
.6909 0.97h 0.6909 0.972 0.6845 0.990 0.6851 0.991
.8243 0.995 0.82k43 0.982 0.8179 © 0.995 1 0.8184 . 0.999
.9576 0.995 0.9576 0.986 0.9512 1.000° 0.9517 0.999

Maximum velocity = u . = 5.355 ft/sec
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Table III. Tabulated velocity profiles measured at a Reynolds
number of 9,800 and an approximate air temperature of 50° C.

Dry Run Mass transfer

run
y/r -u/umax u/umax
0.0069 0.113 0.155
0.0123 0.191 0.194
0.0203 0.310 0.320
0.033%6 0.518 0.496
0.0469 0.654 0.629
0.0603 0.702 0.688
0.0736 0.795 0. 74k
0.1003 0.839 0.827
0.153%6 0.895 0.878
0.2869 0.956 0.931
0.4203 - - 0.983 0.960
0.5536 0.998 0.977
0.6869 1.000 0.977
0.9536 0.998 0.972

Maximum velocity = u = 3.611 ft/sec
max




-50-

Table IV. Summary of calculated mass transfer rates.

Run Station Reynolds Log—meana Averagea Mass flux VW/u
R C max
no. no. no. driving force mass flux at the wall % 10
(mm. Hg) (g.moles/cm sec x 10°) )
Re AI}m. NA : NA
W
W-2 I 9,500 12.42 1.985 - 1.285 - 3.39
W-2 1T 9,500 12.16 0.521 - 0.430 S 1.1b
W-3 I 16,950 10.61 1.060  0.960 1.49
W-3 IT 16,950 10.42 0.4h2 0.351 0.54
w-l 1T 70.51 5.220 2.120 5.2k

9,800

aAverage taken between test section inlet'andvcorrespondiﬁg station.
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Fig. 15. Comparison of velocity profiles measured with and without

mass transfer at about 25° C and Reynolds number of 9,500

(umax = 3.143 ft/sec).

/



~-52.

4‘ e et
x . : _

o B ' v o Station oney No mofss
) e Station twoJ transfer ]

Eos | ,

Z A Station one | With mass R

S Vv Station twoJ transfer
. = Best fit -

| i J i

MU.34408

‘Fig. 16. Comparison of velocity profiles measured with and wn.thou’r
mass transfer at about 25° C and Reynolds number of 16,950
(w = 5. 555 ft/sec).

ma.



-53.

0.8 — T T T l
Re 16,950 o A&
0.6 11— Uqu=5.355fps ]
v
(o)
v Re = 9500
v Umax = 3.143 fps
x 0.4} . ]
o
€
S
2.
= -
\v/
. i
© Station oneY No mass
0.2+ A e Station twoJ transfer 7
\/ A Station one} With mass
¥ Station two S transfer _J
B ~——— Best fit
oL I I l [
0 0.02 0.04 0.06
y/r
MU.34402

Fig. 17. Comparison of velocity profiles measured in the wall region
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Fig. 19. Comparison of velocity profiles measured in the wall
region with and without mass transfer at about 50° C and
Reynolds number of 9,800 (umaX = 3.611 ft/sec).



-56.

|4 T T T 1 T 11T T I 1
| e No mass transfer h A& B
A With mass transfer
L ]
——Equation of Wasan et al. A
fo] | L l\‘I.|‘v1;7||I“ N N
o 2 '5 10 : 20
. yur :
y+= v
MU.34404

Fig; 20, Comparison of experimental data measured near the pipe
wall with a proposed universal velocity distribution for
turbulent flow in a pipe.
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encountered. It is further noted that velocities were measured at dis-
tances as low as about y+ of 1.0. This indicates the advantage of using
a test section of large diameter.

A further test of the validity of the experimental data was made
by calculating the Fanning friction factérs at Reynolds numbers of |
9,500, 9,800 and 16,950; Since velocity readings were made at values of
y+ as low as 1.0, it was possible to accurately estimate the velocity
gradient at the pipe wgll, and thus the shear stress at the wgll. The
friction factors were then determined using the calculated values of
the shear stresé 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 Fig. 21. The close agree-
ment observed between calculated and experimental values demonstrates
the reliability of hot wire anemometry at the low welocities encountered
in this study.‘ '

‘ In addition to veloeity profiles, the time-averaged temperature
distributiops corresponding to the velocity profiles were measured at
room temperature and”Reyﬁolds numbers of 9,500 and 16,950 and at air
and water temperatures of about 500 C and Reynolds number of 9,800.

- A typicai temperature profile measured under isothermal con-
ditions at room temperaturebis seen in Fig. 22. Since the air temp-
erature 1s the same as the water temperature, the resulting air
temperature profile is flat. TFigure 23 shows another profile. In this
case, air entered the test section at é temperature slightly higher than
the water temperature, and as a result, a small amount of heat was lost
to the pipe walls by forced convection. ®Since the temperature could
only be read to plus or minus 0.125O C some uncertainty in the precise
shape of témperature profile exisﬁs due to the very small difference in
temperature between the water and air.

The temperature profile measured at 500 C is shown in Fig, 24,
It is found that this profile 1s somewhat peculiér in shape in comparison

to those measured at room temperatures. This may be explained in the
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follewing‘manner In this run, the air entered the test sectlon at a ‘
temperature of 48.7° - C, while the water entered at 50. 4 C and left atf
49.8 C.  As a result, at the beglnnlng-of the run, a small amount of
heet.wae‘being transferred from the liquid to the gas.} During the
course of the experiment, which 1asted approximately tﬁb‘ﬁeurs,'the:
temperature of the incoming a1r 1ncreased by a degree and a half thus.

bringing it sllghtly above the temperature of the wall
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VII. CONCLUSIONS

In this study, the hot wire anemometry technique was extended to
apply to the measurement of low velocities of gases in a field of vari~
able composition and temperature. Resﬁlts 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
agreement betwéen the velocities calculatéd from Eq. (15) and the actual
velociﬁges in known parabolic flow fieldsestablished confidence in the
hot wire technique for measuring low velocities. Satisfactory perform-
ance of the experimental equipment and hot wire anemomeber was further
substantiated by the fact that Reynolds numbers calculated from the
averaged velocity profiles agreed well with those determined from
orifice meter feadings. .

Comparison of velocity profiles measured with and without vapor-
ization indicated that the velocity distributions remained unaffected
under the conditions of moderate mass transfer rates. Valués of dimen-
sionless distance (y+) and velocity (u+) determined from profiles meas-
ured with and without vaporization compared well with those calculated
from the universal velocity distribution for the wall region proposed by
Wasan, Tien and Wilke. Furthermore, friction factors célculated from
the velocity gradients at the pipe wall were in good agreement with those

predicted by the Biasius‘equation.
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NOTATION

constant appearing in King's equation (Eq. (1))
surface area of a cylinder available
for heat transfer
constant appearing in King's equation (Eg. (1))
constant appearing in Eq. (16)
specific heat '
diameter »
Fanning friction factor
acceleration due to‘graviﬁy

conversion constant

heat transfer coefficient

height of manometer fluid
electrical current:fiowing-through wire
thermal éonductivity

constants appearing in Eq. (13)
length of wire

constant appearing in Eq. (16)

mass flux of diffusing species
vapor pressufe of diffusing species
pipe radius

wire resistance

temperature ‘

fluid velocity

friction velocity = ngc/pv

v

radial velocity
distance from pipe wall

orifice gas expansion factor

Greek Letters

al

gl

orifice temperature correction factor

coefficient of expansion of gas

(££°)

(° )
(Btu/hr ° F)
(ft)
(1b./ft2)

ft-1b.
1b.-force sec

(Btu/br £t° °
(in.)
(mA)

F)



< E

< 0

energy conversion factor.

orifice discharge coefficient

fluid viscosity

kinematic viscosity

fluid density'

shear stress

" Dimensionless Groups

v ;Zm.

Gr o Grashof number -
Nu : Nusselt‘numbef
Pr '_Praﬁdtl number
Re" -Reynolds'numﬁer
ut dimensionlessivelocity
y+' dimensionless‘distanée
Subscripts .
‘ air _ L
£ mean (arithmetic) £ilm
fo vforcedVCaneétion'
log mean '
max maximum
n natural convection
o] Qrifice‘ -
r radiétion
t
W ’ :wiré': ;
1)

o s wall-
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C(i-hr/Bod)

(l‘bv.;/f{: hr)

)
,;'»(lb{.;/v‘ft?v) S

237,

2 .
(g D7p'AL/uT)

(hD/k)
(CﬁuYﬁ)"

(Dup/w)

(/)

(v /v)

.+ total of natural,‘fOrcéd conveétion and rédigﬁibn
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APPENDICES

A. Orifice and Hot Wire Anemometer Calibration Data

1. Orifice Calibration Data

Values of discharge coefficients for the 1.625 and 2.115-in.
orifices were calculated from data tabulated by Stearns et al.26 for
orifice Reynolds numbers greater than 10,000, and are shown graphically
in Fig) 25. Two points were checked experimentally in the range of
interest using water rather than air, as suggested by Linford M and
were found to compare well with the curves drawn in Fig. 25. The |

experimental data for the water calibration are compared with the pub-

lished values of the discharge coefficient in Table V below.

Table V. Comparison of published and experimental discharge coefficients
for water flow through a 1.625-in. diameter orifice in a 3-in. diameter

pipe.

Orifice Reynolds Discharge coefficient - o6
_number Experimental Stearns et al.
16,570 0.659 0.659
18,410 : 0.652 ' 0.657

It was necessary to calibrate the 0.2508-in. diameter-orifice
with a wet~test meter since there was no published data available for
the anticipated Reynolds number range of 500 to 10,000. The results of
this calibration are shown in Fig. 26, where'discharge coefficient is |
plotted as a function of Reynolds number. The unusual shape of this
curve agrees with the approximate curve for the same orifice to pipe-

26

diameter ratio plotted in Stearns et al.

2. Resistance Thermometer Temperature Calibration Data

Calibration data for wires two and three gre listed in Tables VI

and VII below. A least squares analysis of this data indicated that the
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Fig. 25. Published discharge-coefficient curves for 1.625; "and.
2.115-in. orifices installed a 3-in. pipe with flange taps
(Ref. 26). :
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Fig. 26. Discharge-coefficient curve for orifice installed in hot
wire anemometer calibration equipment. :
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Table VI. Resistance thermometer calibration data for wire humber'tWOa

.Thermocouplev ‘\ : Wire Wire
¢ emf . ' tempgrature- . resistance
(mv) ey o (e

1.23 ~2k.10 . 6.9k
168 3199 7.10

2.36 | 45.75 Tk
2.87 | ©55.39 | - T.62
3.88 S L. 3 R o
5.02 9537 8.47
1 6.92 o }‘_13'0.31 _ - o '9.2_5




Table VII, _Resistance'thefmometer calibration data
for wire number three.

.Thermocbuple Wire ‘Wire
emf” temperature resistance
(mv) (e c) (o)
1.12 | 22.00 7.03
2.02 39.20 7.540
2.71 - 52.38 } 7.67
3.63 69.87 8.03
k.38 83.53 8.33

5.36 ' 101.62 ‘ 8.69

Table VIII. Results of resistance thermometer calibration.

Teterr——

e

Wire number Slope (m) y-intercept (c)
- (° c/a) (°c)
2 | L4635 -297.35

3 ' L8.31 S -318.04

LA
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values of the slope and y-intercept are as ehown:in'Table VIII. The
experimental points as well as the best-fit lines forvthe two,ealibra-
tions are shown in Fig. 27.

The linearity between resistivity (thus resistance) and tempera-

ol : :
ture of platinum over a 300 C temperature range,is shown 'in Fig. 28.

3. Hot ere Anemometer—Veloc1ty Callbratlon Data .

Before wires two and three were calibrated, a veloc1ty proflle
was measured in the calibration: equlpment to test the performance of the
1nstrument Measurements and results are listed in Table IX The . '
profile is shown in Fig. 13. A
Experimental data from the hotvuire anemometer:velocity cali- U
lbrationarelisted in Tables X A and X B. In add1t1on, an’ 1nd1cat10n of
' the closeness of fit to Eq. (13) is given by comparlson of the two col-
- .umns headed "experimental and  calculated veloclty (the former meanlng L
" ‘the veloc1ty 1ndlcated by the orlflce meter, and the latter 1mply1ng the
velocity calculated from Eq. (13) using ‘the least-squares values of the(]
equation constants Kl and Kg)f. The_values'of.the*eguation oonStants:?br
wires number two and three determined by calibration»are compared with .
those calculated from Egs. (14) and (15) in Table XI. . The ’agr.een.i'ent'v :
_between the experimental and calculated values of Kl and K is belleved
to be satisfactory and well within the limits of uncertalnty lnvolved :
in the heat transfer correlations and property values used ‘in the:theo-_-

retical équations.

B. Experimental Results

A total of 12 velocity profiles were measured. A'Summary of thet‘~
overall flow information:appears in Table.XIl, The data used'tovcaleulateu' _
dimensionless distance (y/r) and‘velocity as well as the reeulting values B
of y/r and u are listed in Tables XIII A to L. VelOcities corrected for
the wall effect are listed in Table XIII M; correction curves used in
hese calculations are seen in Fig 29. Values. of dimensionless dlstance,
y and dimensionless velocity, u+ plotted in Flg 20 are tabulated in

Table XV.



()

resistance

Wire

-73-

950F ' ' T ]
9.00F
8.50-
8.00

7.50

® Wire No. 2

7.00 A Wire No.3 i
) — Best fit
6.50 | E
6.00 ] | k 1 L
IO 25 50 75 100 125

Wire temperature (°C)

MU.34416

Fig. 27. Resistance thermometer calibration curves.
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Fig.(28. Linearity of resistivity of platinum'with temperature
Ref. 9). ,



-T5-

Table IX. Data and results of velocity profile measured in
calibration equipment at a maximum velocity of 2.36 ft/sec.

Wire

current

(mA)

b7,
k9.

50

50.
0.
50.
0.
50.
50.
k9.
L.

L68
690

- 507
620

760
806
76k

655;

512

172
821

Distance from .

" Wire Tresistance...

upper wall Hot
(in.) @)
0.250 14.00

- 0.500 14.00
0.750 14,00
0.850 14.00
0.950 14.00
1.000 14.00
1.050 14.00
1.115 14.00
1.250 14.00
1.500 14.00
1.750 14%.00

Cold Y
@)
8.42 10.382
8.4k2 0.779
8.42 0.940
8.h2 0.962
8.k2 0.991
8.42 1.000
8.42 0.992
8.42 0.969

- 8.he 0.941
8.2 0.790
8.42 0.441
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. Table X A
RESULTS OF HOT WIRE ANEMOMETER VELOCITY CALIBRATION
KIRE NUMBER 2 CALIBRATION PERFORMED . JUN 14
INPUT DATA
READING WIRE WIRE AIR : WATER TOTAL 0 R I F I C E
NUMBER CURRENT RESISTANCE RESISTANCE VAPOR PRESSURE PRESSURE TOTAL MANOMETER AIR
PRESSURE READING VEMPERATURE
{(M.AMP) (OHMS) (OHMS) {MM.HG. ) {MM.HG. ) {MM.HG, ) (IN.H20) iF}
1 . 58.8160 13.000 6.910 16.00 743.70 768.330 13.3000 71.60
2 58.5370 13.000 6.910 . 16,00 743.70 765.830 11,9500 71.60
3 57,2000 13.000 6.910 16.00 743.70 758.665 8.1000 71.60
4 55.9720 13.000 6.910 16.00 743.70 753.888 5.5100 . TL.60
5 55,3090 13,000 6.910 16.00 743.70 751.761 4.4000 71.60
6 54.9650 13.000 6.910 16.00 T43.70 750.921 3.9100 71.60
7 54.1010 13.000 6.910 16.00 743.70 748.850 2.8200 71.60
8 '53.6010 13.000 6.910 16.00 743.70 747.861: 2.3200 Ti.60
9 53.15%0 13.000 6.910 16.00 T43.70 747.320 l1.9700 T1.60
10 52.6490 13.000 6.910 16.00 743.70 T46.648 1.6000 71.60
11 52.1030 13.000 6.910 16.00 T743.70 745.939 1.2300 71,60
12 51.4880 13.000 6.910 16.00 743.70 T45.398 0.9250 71.60
13 51.0320 13.000 6.910 16.00 . 743.70 745.062 0.7300 71.60
- 14 5043450 - 13.000 6.910 16.00 743,70 T44.614 0.4900 71.60
15 49.6910 13.000 6.910 16.00 743.70 144,260 0.3000 T1.60
16 49.4850 13.000 6.910 16.00 T43.70 T44.166 0.2500 Ti.60
17 49,0500 13.000 6.910 16.00 743.70 744,017 0.1700 TL.60
18 48.4830 13.000 . 6.910 16.00 T743.70 143.887 0.1000 TL.60
19° 48.1170 13.000 6.910 16.00 743.70 743.0831 0.0700 - 71.60
120 © 47.8590 13.000 6.910 16.00 743.70 743.793 0.0500 71.60
21 46,9250 13.000 6.910 16.00 743.70 143,737 0.0200 71.60

$22 46.4650 13.000 6.910 16.00 743.70 743,719 0.0100 71.60

CALIBRATION CHECKOUT - COMPARESON OF EXPERIMENTAL AND CALCULATED VELOCITY

READING AIR TEMPERATURE AT WATER EXPERIMENTAL CALCULATED
NUMBER PROBE WIRE FILM COMPOSITION VELOCITY VELOCITY
N {F) {F) {MOL.PC.) (FT/SEC) .. . (FT/SEC)
1 73.29 327.34 2.15 . 4.7103 4.6914
2 73.29 327.34 2.15 4.4626 4.5103
3 73.29 327.34 2.15 3,6689 3.7015
4 73.29 327.34 2.15 3.0233 3.0413
5 73.29 327.34 2.15 2.7139 2.7163
6 73.29 327.34 2.15 2.566% . 2.5561
7 13.29 327.34 2.15 2.1967 2.1784
8 73.29 327.34 2.15 2.0018 1.9754
9 73.29 327.34 2.15 1.8505 1.8054
10 73.29 327.34 2.15 1.6269 1.6197
11 73.29 327.34 2.15 . 1.4737 1.4333
12 73.29 327.34 2.15 1.2840 1.2382
13 73.29 327.34 2.15 l.1461 1.1033
14 73.29 327.34 2.15 0.9464 0.9157
15 73.29 327.34 2.15 0.7311 0.7537
16 73.29 327.34 2.15 , 0.6770 0.7060
17 73.29 327.34 2.15 0.5741 0.6103
18 73.29 327.34 . 2.15 0.4579 0.4956
19 73.29 327.34 2.15 0.3899 0.4274
20 73.29 327.34 2.15 0.3362 0.3822
21 73.29 327.34 2.15 0.2326 0.2365

22 13.29 327.34 2.15 0.1670 0.1750
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Table X B
RESULTS OF HOT WIRE ANEMOMETER VELOCITY CALIBRATION
r
AIRE NUMBER 3 CALIBRATIIN PERFOIMED JUN 25
INPUT DATA
READING WIRE WIRE A WATER TOTAL J R 1 F I L E
NUMBER CURRENT RESISTANCE RESISTANCE VAPOR PRESSURE PRESSURE TITAL MANIMETER AIR
PRESSURE READING TEMPERATURE
(H.AMP) {OHMS) {OHMS) (MM, HG. ) {MM.HG. ) (Y%, HG. ) {1 IN.H2D) (F)
1 5646920 13.000 7.040 17.00 743.20 758,034 8.0200 73.4)
2 55.9790 13.000 7.040 17.00 743.20 754.750 6.2500 73.4)
3 55.7290 13.000 T.040 17.00 T43.20 753.985 5.8400 73.40
4 54,5800 13.000 7.040 17.00 743,20 750.328 3.8500 73.40
5 53.8420 13.000 7.040 17.00 743.20 748,648 2.9500 73.4)
6 53,1700 13.000 7.040 17.00 T743.2) 7647.380 2.2600 73.40
1 52,3800 13.000 T.040 17.00 T743.20 746,185 1.6300 73.40
8 5145740 13.000 7.040 17.00 743,20 745.346 1.1700 T3.40
9 50.9900 13.000 7,040 17.00 743.20 T44.861 0.9000 73.4)
10 50.4380 13.000 7.040 17.00 743.20 Teh,%31 0.,6700 73.4)
11 49.8020 13.000 7.040 17.00 T43.20 744,096 0.4800 73.40
12 49.1780 13.000 7.040 17.00 T743.20 743.853 0.3500 73.40
13 48.7650 13.000 7.0640 17.00 743,20 143.666 0,2500 73.40
14 48.2290 13.000 7.040 17.00 743.20 743.480 0.1500 T73.40
15 47,7520 13.000 7.040 17.00 T43.20 743,387 0.1000 73,40
16 47,3730 13.000 7.040 17.00 - 743,20 743.331 0.0700 73.40
17 47.0350 13.000 T.040 17.00 743.20 743.293 0,0500 73.40
18 46,8690 13.000 7.040 17,00 743.20 743,275 0.0400 73.40
-19 46.5880 13.000 7.040 17.00 743.20 T43.237 0.0200 73.40
20 4642960 13.000 T.040 17.00 743.20 743.219 0.0100 73.40
21 47.2540 12,500 7.630 61.20 745.00 7464623 0.8800 116.60
22 46.0430 12.500 74640 63,10 T45.00 745,877 0.4800 116.60
23 45,8310 12.500 7.570 63.10 745.00 745.560 0.3000 116.60
24 45.3020 12.500 7.570 64.50 T745.00 T45.373 0.2000 116.60
25 44.5340 12.500 7.560 63,50 745.00 745.187 0.1000 116.60
26 43.9910 12.500 T.560 63.50 745.00 745.093 0.0500 1l6.60
27 43.2020 12.500 7.560 60.00 745.00 745.019 0.0LOd 116.60

CALIBRATION CHECKOUT ~ CDMPARISON OF EXPERIMENTAL AND CALCULATED VELOCITY

READING  AIR TEMPERATURE AT WATER EXPERIMENTAL - CALCULAYED
NUMBE R PROBE  WIRE FILM  COMPOSITION VELOCITY VELOCITY
(F) (F) (MOL.PC.) (FT/SEC) (FT/SEC)
1 71.73  330.88 2.29 3.6362 3.6271
2 71.73  330.88 2.29 3.2079 3.2472
3 71.73 330.88 2.29 © 3,1004 3.1199
. 71:713 330.88 2.29 2.5407 - 2.5732
5 71.73  330.88 2,29 2.2380 2,2543
6 71.73  330.88 2.29 1.9712 1.9849
7 71.73  330.88 2.29 1.6818 1.6930
8 71.73  330.88 2.29 1.4339 1.4219
9 71.73 330,88 2.29 1.2615 1.2617
10 7i.73  330.88 2.29 1.0953 1.0835
11 71.73  330.88 2.29 0.9330 0.9155
12 71.73 330.88 2.29 0.7777 0,7649
13 71.73  330.88 2.29 0.6743 0.6729
14 71.73  330.88 2.29 0.5429 0.5622
15 71.73  330.88 2.29 0.4561 0.4718
16 71.73 330.88 2.29 0.3889 0.4052
17 71.73  330.88 2.29 0.3349 0.3498
18 71.73  330.88 2.29 0.3038 0.3239
19 71.73 330.88 2.29 0.2317 0.2819
20 71.73  330.88 2.29 0.1666 0.2409
21 123.04  334.79 8.21 1.3360 1.2306
22 123.91 335.23 8.47 1.0012 0.8837
23 117.82 332.18 8.47 0.7820 0.7600
2% 117.82  332.18 8.66 0.6588 0.6341
25 116.95 331,75 8.52 0.4864 0.4663
26 116.95  331.75 8.52 0.3580 0.3665

27 116.95 331.75 8.05 0.1759 0.2423



Table XI. Results of hot wire anemometer velocity éalibration.

Wire number Equation (13) cionstants
From calibration From Egs. (14) and (15)
K x 105 kK x1070 k¥ x10t k% x107 .
1 - 27 " e -
2 0.5976 0.3875 0.7300 0.3480
0.5629 0.382k - 0.7300- 0.3480

A’ was calculated by substituting the measured length of wire
(0Y095 in.) in Eq. (1k). | - '

by vas.calculated by Eq. (15) using a wire diameter computed from
measured values of wire length, resistivity and resistance. The A
calculated diameter, 0.000252 in. compared well with the manu- .
facturer's specifications. ' '




Table XII. Air flow rate data corresponding to twelve measured velocity profiles.

Run Ap across Static pressure Temperature at Water composition Atmospheric Orifice

number: orifice meter at orifice meter - orifice meter in inlet air pressure diameter
(in. water) (in. water) . ° ¢) (12?7?2%.&1.) (mm. Hg) (in.)
D-2-0 1.47 1.09 24,80 - 0.0075 743.3 1.625
D-3-0 1.34 1.09 24,80 0.0075 743.3 2.115
D-2-1 1.48 1.11 24 .80 0.0079 Thh. 2 1.625
W-2-1 1.48 1.11 25.8é 0.0099 Thl. 2 1.625
D-3-1 1.36 1.09 25.30 0.0079 Thl .l 2.115
W-3-1 1.36 1.09 25.3%0 0.0102 74k, 6 2.115
D-2-2 1.47 1.09 25.80 0.0080 Thh. 7 1.625
W-2-2 1.47 1.09 -2k o 0.0102 Thl.2 1.625
D-3-2 1.3%6 1.09 25.30 0..0080 UL, 7 2.115
W-3-2 1.36 1.09 25.30 0.0102 7hk. 6 2.115
D-4-2 1.71 1.30 . 25.20 0.0080 T45. 4 1.625
w-k-2 1.71 1.30 26.00 0.0102 h5.7 1.625

et
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TABLE XIII A

RESULTS OF TEST SECTION TRAVERSE - VELOCITY PROFILE

WIRE NUMBER TWQ RUN NUMBER D-2-0 TRAVERSE PERFORMED UN  JUN 14
COMMENTS
DRY VELOCITY PROFILE AT STATION ZERO REYNULDS NUMBER = 9500
{NPUT DATA
READING PROBE WIRE HOT WIRE COLD WIRE WATER TEST SECTION
NUMBER POSITIUN CURRENT RESISTANCE RESISTANCE  VAPOR PRESSURE  PRESSURE
{ SCALE, (MILLIAMPS) (OHMS) {OHMS) { MM HG ) (MM HG )
"READING ) ’
1 0.948 48,1010 13.00 6.94 8.92 743430
2 0.970 48.4340 13.00 6.94 8.92 743.30
3 1.000 50.2140 13.00 6.95 8.92 743,30
4 1.050 51.7270 13.00 6.95 8.92 743.30
5 1.100 52,7770 13.00 6.95 " 8492 743,30
6 1.150 53,2420 13.00 6.95 8.92 743.30
7 1.200 53.7900 13.00 6.95 : 8.92 T43.30
8 1.300 54.1820 13.00 6.95 8.92 743.30
9 1.500 54,8400 - 13.00 6.95 8.92 743.30
10 2.000 . 55.2500 13.00 6.95 8.92 743.30
11 2.500 55,5680 13.00 6.95 8.92 743,30
12 3.000 55.6900 13.00 6.95° 8.92 743.30
13 3.500 55,7480 13.00 6.95 8.92 743.30
14 4.000 55.8280 13.00 . 6.95 8.92 743.30
15 4.500 55.8280 13.00 6.95 8.92 743.30
16 5.000 55.8280 13.00 6.95 8.92 743,30
17 5.500 55,7840 13.00 6.95 8.92 743.30
18 6.000 55.7180 13.00 6.95 8.92 743,30
19 6.500 55.3440 13.00 6.95 8.92 743.30
20 7.000 55,1370 13.00. 6.95 8.92 743.30
21 7.500 54.8500 13.00 6.95 - 8.92 T43.30

RESULTS OF TEST SECTION TRAVERSE

READING Y/R "AIR WATER AIR

NUMBER TEMPERATURE COMPOSITION VELOCITY
(c) (MOL.PC.) {FT/SEC)
1 0.0048 24.330 1.200 0. 449
2 0.0107 24.330 1.200 0.512
3 0.0187 24.793 1.200 0.927
4 0.0320 24.793 1.200 1.370
5 0.0453 24.793 1.200 1.733
6 0.0587 24.793 1.200 1.909
7 0.0720 24.793 1.200 2.129
8 0.0987 24.793 1.200 2.295
9 0.1520 24.793 1.200 2.589
10 0.2853 24.793 1.200 2.783
11 0.4187 24.793 1.200 2.939
12 0.5520 24.793 1.200 3.000
13 0.6853 24.793 1.200 3.030
14 0.8187 24.793 1.200 3.070
15 0.9520 24,793 1.200 3.070
16 0.9147 24.793 1.200 .3.070
17 0.7813 24.793 1.200 3.048
18 0.6480 24.793 1.200 3.014
19 0.5147 24,793 1.200 2.829
20 0.3813 24.793 1.200 2.729
21 0.2480 264.793 1.200 2-594
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TABLE XIII 8

RESULTS OF TEST SECTION TRAVERSE - VELOCITY PROFILE

WIRE NUMBER THWO RUN NUMBER D-3-0 TRAVERSE PERFORMED ON JUN 14
COMMENTS
DRY VELOCITY PROFILE AT STATION ZERO REYNOLDS NUMBER = 16950
INPUT DATA
READING PROBE WIRE HOT WIRE COLD WIRE WATER TEST SECTION
NUMBER POSITION CURRENT RESISTANCE RESISTANCE VAPOR PRESSURE PRESSURE
( SCALE (MILLIAMPS) (OHMS) (OHMS) { MM HG ) {MM HG )
READING ) :
1 0.948 50.0780 13.00 6.95 8.92 743.30
2 0.970 52.4090 13.00 6.95 8.92 743.30
3 1.000 54,1690 13.00 6.95 8.92 T743.30
4 1.050 55.7720 13.00 6.95 8.92 743.30
5 1.100 56.9110 13.00 6.95 8.92 743.30
6 1.150 57.3610 13.00 6.95 8.92 T43.30
7 1.200 57.6260 13.00 6.95 8.92 743.30
8 1.300 57.8580 13.00 6.95 8.92 743.30
9 1.500 58.3800 13.00 6.95 8.92 743.30
10 2.000 58.8100 . 13.00 6.95 8.92 743.30
11 2.500 59.1260 13.00 6.95 8.92 T43.30
12 3.000 59.2500 13.00 6.95 8.92 743.30
13 3.500 59.3540 © 13.00 6.95 8.92 743.30
14 4.000 59.4020 13.00 6.95 8.92 743.30
15 4.500 59.4700 13.00 6.95 8.92 T43.30
16 5.000 59.5250 13.00 6.95 8.92 743.30
17 5.500 59.4430 13.00 6.95 8.92 743.30
18 6.000 59.3880 13.00 6.95 8.92 743.30
19 6.500 59.3190 13.00 6.95 8.92 743.30
20 7.000 59.1300 13.00 6.95 8.92 743.30
21 7.500 58.7440 13.00 6495 8.92 T43.30

RESULTS OF TEST SECTION TRAVERSE

READING Y/R AIR WATER AIR

NUMBER TEMPERATURE COMPOSITION VELOCITY
{c) {MOL.PC.) {(FT/SEC)
1 0.0048 24.793 1.200 0.892
2 0.0107 24.793 1.200 1.600
3 0.0187 24.793 1.200 2.289
4 0.0320 24,793 1.200 3.042
5 0.0453 24.793 1.200 3.655
6 0.0587 24.793 1.200 3.915
7 0.0720 24,793 1.200 4.074
8 0.0987 24.793 1.200 4.216
9 0.1520 24.793 1.200 4.546
10 0.2853 24.793 1.200 4.830
11 0.4187 24.793 1.200 5.045
12 0.5520 24.793 1.200 5.131
13 0.6853 24.793 1.200 5.204
14 0.8187 24.793 1.200 5.238
15 0.9520 24.793 1.200 5.286
16 0.9147 24.793 1.200 5.325
17 0.7813 244,793 1.200 5.267
18 0.6480 24.793 1.200 5.228
19 0.5147 24.793 1.200 5.179
20 0.3813 24.793 1.200 5.048

21 0.2480 24.793 1.200 4.786
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TABLE. XIII C

RESULTS OF TEST SECTION TRAVERSE - VELUCITY PROFILE

WIRE NUMBER TWQ RUN NUMBER D-2-1 TRAVERSE PERFORMED ON JUN 15
COMMENTS
DRY VELOCITY PRUFILE AT STATION ONE . REYNOLDS NUMBER = 9500
INPUT DATA
READING PROBE ) WIRE HOT WIRE COLD WIRE WATER TEST SECTION -
NUMBER POSITION . LCURRENT RESISTANCE - RESISTANCE VAPOR PRESSURE PRESSURE
. { SCALE {MILLIAMPS} (OHMS ) {OHMS) ( MM HG ) (MM HG )
READING }

1 0.948 : 48.6850 13.00 6.94 9.34. T44.20
2 0.970 49.9240 13.00 6.94 9.34 T44.20
3 1.000 50.9550 13.00 6.95 9.34 744.20
4 1.050 52.4480 13.00 6.95 9.34 T44.20
5 1.100 53.2650 13.00 ’ 6.95 " 934 T44.20
6 1.150 53,7190 13.00 6.95 9.34 T44.20
7 1.200 54.1190 13.00 . 6.95 9.34 744.20
8 1.300 54.4210 13.00 6.95 9.34 744.20
9 1.500 54.9640 13.00 6.95 9.34 744.20
10 2.000 55.2500 13.00 6.95 9.34 T44.20
11 2.500 55.4380 13.00 6.95 9.34 744.20
12 3.000 55.7440 13.00 6.95 9.34 T44.20
13 3.500 55.8080 13.00 6.95 9.34 T44.20
14 4.000 55.9390 13.00 6.95 9.34 T44.20
15 4.500 55.9390 13.00 6.95 9.34 T44.20
16 5.000 55.8900 13.00 6.95 9.34 . 1464420
17 6.000 55.7150 13.00 6.95 9.34 744.20
18

7.000 55.2920 13.00 6.95 9.34 744.20

RESULTS OF TEST SECTION TRAVERSE

READING Y/R AIR WATER AIR .
NUMBER TEMPERATURE COMPOSITION VELOCITY
(c) (MOL.PC.) (FT/SEC)

1 0.0104 24.330 1.255 0.561

2 0.0163 24.330 1.255 0.843

3 0.0243 24.793 1.255 1.130

4 0.0376 24.793 1.255 1.611

5 0.0509 24.793 1.255 1.915

6 0.0643 24.793 1.255 2.096

7 0.0776 24.793 1.255 2.264

8 0.1043 264.793 1.255 2.395

9 0.1576 24.793 1.255 2. 642

10 0.2909 24.793 1.255 2.778
11 0.4243 24.793 1.255 2.870
12 0.5576 24.793 1.255 3.023
13 0.6909 24.793 1.255 3.055
14 0.8243 24.793 1.255 3.122
15 0.9576 24.793 1.255 . 3.122
16 0.9091 24.793 1.255 3.097
17 - 0.6424 24.793 1.255 3.008

18 0.3757 24.793 1.255 2.799

4



-83.

TABLE XIIL D
RESULTS OF TEST SECTION TRAVERSE - VELOCITY PROFILE

WIRE NUMBER TWO RUN NUMBER W-2-1 ’ TRAVERSE PERFDRMED ON JUN 16
COMMENTS
VELOCITY PROFILE WITH MASS TRANSFER AV STATION ONE REYNOLDS NUMBER = 9500
INPUT DATA
READING PROBE WIRE HOT WIRE COLD WIRE WATER TEST SECTION
NUMBER POSITION CURRENT RESISTANCE RESISTANCE VAPOR PRESSURE PRESSURE
{ SCALE (MILLIAMPS) (OHMS) (OHMS) ( MM HG ) {MM HG )
READING )
1 0.950 48.6370 13.00 6.95 14.20 744.20
2 0.970 49.6350 13.00 6.95 14.05 744.20
3 1.000 50.8950 13.00 6.96 ) 13.80 T44.20
4 1.050 52.5350 13.00 6.97 13.42 T44.20
5 1.100 53.1400 13.00 6.97 13.15 T44.20
6 1.150 “53.7350 13.00 6.97 12,72 744420
7 1.200 53.9800 13.00 6.97 12.72 744.20
8 1.300 54.5060 13.00 6.97 12.58 T44.20
9 1.500 54.8810 13.00 6.97 12.49 T44.20
10 2.000 55.1170 13.00 6.97 12.30 T44.20
11 2.500 55.5550 13.00 6.97 12.20 744,20
12 3.000 55.6800 13.00 6.97 12.20 T44.20
13 3.500 55.7720 13.00 6.97 ’ 12.20 744,20
i4 4.000 55.8010 13.00 6.97 12.20 T44.,20
15 4.500 55.9200 13.00 6.97 12.20 T44.20

RESULTS OF TEST SECTION TRAVERSE

READING Y/R AIR WATER AIR
NUMBER TEMPERATURE COMPOSITION VELOCITY
(c} (MOL.PC.) (FT/SEC)

1 0.0109 24.793 1.908 0.552

2 0.0163 24.793 1.888 0.773

3 0.0243 25.257 1.854 1.115

4 0.0376 25.720 1.803 1.659

5 0.0509 25.720 1.767 1.885

6 0.0643 25.720 1.709 2.124

7 0.0776 25.720 1.709 2.227

8 0.1043 25.720 1.690 2.457

9 0.1576 25.720 1.678 2.629

10 0.2909 25.720 1.653 2.742

11 0.4243 25.720 1.639 2.957

12 0.5576 25.720 1.639 3.020

13 0.6909 25.720 1.639 3.067

14 0.8243 25,720 1.639 3.082

15 0.9576 25.720 1.639 3.143
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TABLE XII1 E
RESULTS OF TEST SECTION TRAVERSE - VELOCITY PROFILE

WIRE NUMBER TwC RUN NUMBER D-3-1 TRAVERSE PERFORMED ON., JUN 15
COMMENTS
DRY VELOCITY PROFILE AY STATION ONE REYNOLDS NUMBER = 16950
INPUT DATA
I
READING PROBE WIRE HOT WIRE : COLD WIRE WATER TEST SECTU
NUMBER POSITION CURRENT RESISTANCE RESISTANCE  VAPOR PRESSURE PRESSURE
{ SCALE (MILLIAMPS) (OHMS) {OHMS) { MM HG ) (MM HG )
READING ") .
1 0.948 5242000 13.00 6495 9434 744440
2 0.970 53.6270 13.00 6.95 9.34 T44.40
3 1.000 55.2850 13.00 . 6.96 9.34 T44.40
4 1.050 56.5020 13.00 6.96 9.34 744440
5 1.100 57.3070 13.00 6.96 9.34 T44.40
6 1.150 - 57.4530 13.00 6496 9.34 T44.40
7 1.200 57.7160 13.00 6.96 9.34 T44.40
8 1.300 58.0020 13.00 T 6.96 9.34 T44.40
9 1.500 58.3660 13.00 6.96 9.34 744440
‘10 2.000 58.9470 13.00 6.96 9.34 T44.40
11 2.500 59.1720 13.00 6.96 9.34 T44.40
12 3.000 59.2030 13.00 6.96 9.34 744.40
13 3.500 59.3730 13.00 6.96 934 T44.40
14 4.000 59.4030 13.00 6.96 9.34 - T44.40
15 4.500 59.4730 13.00 6.96 9.34 744,40
16 5.000 59.4730 13.00 6.96 9.34 T44.40
17 6.000 59.4070 13.00 6.96 9.34 T44.40
18 7.000 59.0380 13.00 © 6496 9.34 744,40

RESULTS OF TEST SECTION TRAVERSE

READING Y/R AIR WATER AIR
NUMBER TEMPERATURE COMPOSITION VELOCITY
($3] {MOL.PC.) (FT/SEC)
1 0.0104 24.793 1.255 1.525
2 0.0163 24.793 1.255 2.058
3 0.0243 25,257 1.255 - 2.813
4 0.0376 25.257 1.255 3.442
5 0.0509 25.257 1.255 3.900
6 0.0643 25.257 1.255 3.986
7 0.0776 25.257 1.255 4.146
8 0.1043 25.257 1.255 4.323
9 0.1576 25.257 1.255 44555
10 0.2909 25.257 1.255 4.942
11 0.4243 25.257 1.255 5.096
12 0.5576 25.257 1.255 5.118
13 0.6909 25.257 1.255 5.237
14 0.8243 25,257 1.255 5.258
15 0.9576 25.257 1.255 5.308
16 0.9091 25.257 1.255 5.308
17 0.6424 25.257 1.255 5.261

18 0.3757 25.257 1.255 5.004
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TABLE XIII F

RESULTS OF TEST SECTION TRAVERSE - VELOCITY PROFILE

WIRE NUMBER TWO RUN NUMBER W~3-1 TRAVERSE PERFORMED ON JUN 16
COMMENTS
VELOCITY PROFILE WITH MASS TRANSFER AT STATION ONE REYNOLDS NUMBER = 16950
INPUT DATA
READING PROBE WIRE HOT WIRE COLD WIRE WATER TEST SECTION
NUMBER POSITION CURRENT RESISTANCE RESISTANCE VAPOR PRESSURE PRESSURE
{ SCALE (MILLIAMPS) {OHMS) {OHMS )} ( MM HG ) (MM HG }
READING )
1 0.950 50.9620 13.00 6.94 13,95 T744.60
2 0.970 53.4550 13.00 6.94 13.80 744.60
3 1.000 54.8880 13.00 6.95 13.60 T44.60
4 1.050 56.4570 13.00 6.95 13.38 T44.60
5 1.100 57.2280 13.00 6.96 13.18 T44.60
6 1.150 57.4270 13.00 6.96 13.05 T44.60
7 1.200 57.6000 13.00 6.96 12.95 T44.60
8 1.300 57.9630 13.00 6.96 12.85 744,60
9 1.500 58.2030 13.00 6.96 12.68 T44.60
10 2.000 58.7920 13.00 6.96 12.42 T44.60
11 2.500 59.0810 13.00 6.96 12.38 744,60
12 3.000 59.2470 13.00 6.96 12.38 744.60
3 3.500 59.3470 13.00 6.96 12.38 144,60
14 4.000 59.4250 13.00 6.96 12,38 744,60
15 4.500 59.4500 13.00 6.96 12.38 T44.60

RESULTS OF TEST SECTION TRAVERSE

READING Y/R AIR WATER AR

NUMBER TEMPERATURE CUMPOSITION VELOCITY
({08} (MOL.PC.) {FT/SEC)

1 0.0109 24.330 1.873 1.11¢4

2 0.0163- 24.330 1.853 1.963

3 0.0243 24,793 1.826 2.593

4 0.0376 24.793 1.797 3.381

5 0.0509 25.257 1.770 3.838

6 0.0643 25.257 1.753 3.956

7 0.0776 25,257 1.739 4.060

8 0.10643 25.257 1.726 4.283

9 0.1576 25.257 1.703 4.435

10 0.2909 25.257 1.668 4.822

11 0.4243 25.257 l1.663 5.018

12 0.5576 25.257 1.663 5.133

13 0.6909 25.257 1.663 5.203

14 0.8243 25.257 1.663 5.258

15 0.9576 25.257 1.663 5.276
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TABLE XIII G

RESULTS OF TEST SECTION TRAVERSE - VELUCITY PROFILE

WIRE NUMBER TWO RUN NUMBER D-2-2 TRAVERSE PERFORMED ON  JUN 15
COMMENTS _
DRY VELOCITY PROFILE AT STATION TWO REYNOLDS NUMBER = 9500
INPUT DATA
READING PROBE WIRE HOT WIRE COLD WIRE WATER TEST SECTION
NUMBER POSITION CURRENT RESISTANCE RESISTANCE  VAPOR PRESSURE  PRESSURE
{ SCALE (MILLIAMPS) (OHMS) ({OHMS ) { MM HG ) (MM HG )
READING )
1 0.950 47.8830 13.00 6.97 9.50 744.70
2 0.970 48,3510 13.00 6.97 9.50 744.70
3 1.000 , 49.8190 13.00 6.97 9.50 744,70
4 1.050 51.6850 13.00 6.97 9.50 - 744,70
5 1.100 . 52.8100 13.00 6.97 9.50 744.70
6 1.150 53.3500 13.00 6.97 9.50 744,70
7 1.200 53.9150 13.00 6.97 : 9.50 744,70
8 1.300 54,2610 13.00 6.97 . 9.50 744.70
9 1.500 54,8470 13.00 6.97 9.50 744.70
10 2.000 55.1480 13.00 6.97 9.50 744.70
11 2.500 55.3680 13.00 6.97 9.50. 744,70
12 3.000 55.5760 13.00 6.97 9.50 744.70°
13 3.500 : 55.7280 13.00 6.97 9.50 744.70
14 4.000 55.8390 13.00 6.97 9.50 144,70
15 4.500 - 55.8390 13.00 6.97 . 9.50 * 744.70
16 5.000 55.8390 13.00 6.97 9.50 744.70
17 6.000 55,8020 13.00 6.97 9.50 744.70
18 7.000 v 55.2050 13.00 6.97 9.50 144.70

RESULTS OF TEST SECTION TRAVERSE

READING Y/R AIR WATER - AIR
NUNMBER TEMPERATURE COMPOSITION VELOCITY -
(C) {MOL.PC.} (FT/SEC)
1 0.0045 25.720 1.275 0.424
2 0.0099 25.720 1.275 0.512
3 0.0179 25.720 1.275 0.840
4 0.0312 25.720 1.275 1.375
E 0.0445 25,720 1.275 1.767
6 0.0579 25.720 1.275 1.975
7 0.0712 25.720 1.275 2.206
8 0.0979 25.720 1.275 2.355
9 0.1512 25.720 1.275 2.621
10 0.2845 25.720 1.275- 2.763
il 0.417% 25.720 1.275 2.871
12 0.5512 25.720 1.275 2.974
- 13 0.6845 25.720 1.275 3.051 .
14 0.8179 25.720 1.275 3.108
15 0.9512 25.720 1.275 3.108
16 0.9155 25.720 1.275 3.108
17 0.6488 25.720 1.275 3.089
18 0.3821 25.720 1.275 2.791

B
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TABLE XIII H

. RESULTS OF TEST SECTION TRAVERSE - VELOCITY PROFILE

WIRE NUMBER TWO RUN NUMBER W-2-2 TRAVERSE PERFORMED ON  JUN 15
COMMENTS
VELOCITY PROFILE WITH MASS TRANSFER AT STATION TWO  REYNOLDS NUMBER = 9500
INPUT DATA
READING PROBE WIRE HOT WIRE COLD WIRE WATER TEST SECTION
NUMBER " POSITION CURRENT RESISTANCE RESISTANCE ~ VAPOR PRESSURE  PRESSURE
{ SCALE (MILLIAMPS) (OHMS) {OHMS ) { MM HG ) (MM HG }
READING )
1 0.950 48.2300 13.00 6.94 22.40 744,20
2 0,970 48.5470 13.00 6.94 21.20 744.20
3 1.000 50.2280 13.00 6.94 20.50 T744.20
4 1,050 52.1010 13.00 6.94 19.12 744.20
5 1.100 52.7930 13.00 6.94 17,70 744.20
6 1.150 53.4570 . 13.00 6.94 16.68 744420
7 1.200 53.9250 13.00 6.94 15.87 744,20
8 1.300 54,4140 13.00 . 6.94 14.48 744.20
9 1.500 54,6960 13.00 6.94 13.00 744,20
10 2.000 55.2400 13.00 6494 12.50 T44.20
1l 2.500 55.5850 13.00 6.94 12.31 744,20
12 3.000 55.7240 13.00 6.94 12.30 T744.20
13 3.500 55,8020 13.00 6.94 12,25 744,20
14 4.000 55.9450 13.00 6.94 12.22 T44,20
15 4.500 55,9450 13.00 6.94 12.20 T44.20
16 5.000 55.9450 13.00 6.94 12.22 T44.20
17 6.000 55,8400 13.00 6.94 : 12.31 T44,20
18 7.000 55.3430 13.00 6.94 12.42 744.20

RESULTSvUF TEST SECTION TRAVERSE

READING Y/R AIR WATER AlIR
NUMBER TEMPERATURE COMPOSITION VELOCITY
(C) (MOL.PC.} (FT/SEC)
1 0.0051 264.330 3.010 0.458
2 0.0104 24.330 2.849 0.520
3 0.0184 24.330 2.755 0.903
4 0.0317 24.330 24569 1.460
5 0.0451 24.330 2,378 1.704
6 0.0584 24.330 2.241 1.958
7 0.0717 24.330 2.132 2.149
8 0.0984 24,330 1.946 2.362
9 0.1517 24.330 1.747 2.491
10 0.2851 24.330 1.680 2.746
11 0.4184 24.330 1.654 2.914
12 0.5517 24.330 1.653 2.984
13 0.6851 24.330 1.646 3.023
14 0.8184 24.330 1.642 3.09¢
15 0.9517 24.330 1.639 3.096
16 0.9149 24.330 1.642 3.096
17 0.6483 24,330 1.654 3.042

18 0.3816 24.330 1.669 2.796
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TABLE XIII 1

RESULTS OF TEST SECTION TRAVERSE ~ VELOCITY PROFILE

WIRE NUMBER TWO RUN NUMBER D-3-2 TRAVERSE PERFORMED ON  JUN 15
COMMENTS . . .
DRY VELCCITY PROFILE AT STATION TWo REYNOLDS NUMBER = 16950
INPUT CATA
READING PROBE WIRE HOT WIRE COLD WIRE WATER TEST SECTION
NUMBER PCSITION CURRENT RESISTANCE RESISTANCE  VAPDR PRESSURE  PRESSURE
{ SCALE (MILLIAMPS) {OHMS) {OHMS ) { MM HG ) (MM HG )
READING )
1 6.950 50.1220 13.00 6.96 . . 9.50 744570
2 0.970 51.3720 13.00 6.96 9.50 T44.70
3 1.000 53.7960 13.00 6.96 9.50 744,70
4 1.050 56.0620 13.00 6.96 9.50 744,70
5 1.100 57.0030 13.00 6.96 9.50 744.70
6 1.150 57.2490 © 13.00 6.96 9.50 744,70
7 1.200 57,5430 13.00 6.96 : 9.50 744.7
8 1.300 58,0820 13.00 6.96 9.50 744,70
9 1.500 58.3460- 13.00 6.96 9.50 744,70
0o 2.000 58.7330 13.00 6.96 9.50 744,70
1l 2.500 59.0160 13.00 6496 - 9.50 744.70
12 3.000 59.3620 13.00 6.96 9.50 744,70
13 3.500 59.4730 13.00 6.96 9.50 744.70
14 4.000 - 59,5020 13.00 6.96 9.50 744.70
Ls 4.500 59.5420 13.00 6.96 9.50 T44.70
16 5.000 59.5510 13.00 6.96 . 9.50 744,70
17 6.000 59.2840 13.00 6.96 9.50 744,70
18 7.€00 59.1720 13.00 6.96 9.50 744.70

RESULTS OF TEST SECTIUN TRAVERSE

READING Y/R AIR WATER CALR
NUMBER TEMPERATURE CUMPOSITION VELOCITY
() (MOL.PC.) (FT/SEC)
1 0.0045 25.257 1.275 0.909
2 0.0099 - 25.257 1.275 .1.265
3 0.0179 25.257 1.275 2.141
4 0.0312 25.257 1.275 3.204
5 0.0445 25.257 1.275 3.721
6 0.0579 25.257 1.275 3.863
7 0.0712 25.257 1.275 4.038
8 0.0979 25.257 1.275 4,371
9 0.1512 25.257 1.275 4.540
10 0.2845 25.257 1.275 . 4. 795
11 0.4179 25.257 1.275 4.986
12 0.5512 25.257 1.275 5.227
i3 0.6845 25.257 1.275 5.305
14 0.8179 25.257 1.275 5.326
15 0.9512 25.257 1.275 5.355
16 0.9155 25.257 1.275 5.361
17 0.6488 25.257 . 1.275 5.172

18 0.3821 25,257 1.275 5.094
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TABLE XIII J

RESULTS OF TEST SECTION TRAVERSE — VELOCITY PROFILE

' WIRE NUMBER TWO RUN NUMBER Wr3-2 TRAVERSE PERFORMED ON  JUN lé
COMMENTS
VELOCITY PROFILE WITH MASS TRANSFER AT STATION TWO  REYNOLDS NUMBER = 16950
INPUT DATA
READING PROBE WIRE HOT WIRE COLD WIRE WATER TEST SECTION
NUMBER POSITION CURRENT RESISTANCE RESISTANCE  VAPOR PRESSURE  PRESSURE
( SCALE (MILLIAMPS) {OHMS) (OHMS ) { MM HG } (MM HG )
READING ) : .
1 0.950 51.0500 13.00 6494 20,55 T44.60
2 0.970 52.6030 13.00 6.95 19.50 744,60
3 1.000 54.2360 13.00 6.96 18.00 744,60
4 1.050 56.4700 13.00 6.96 17.00 744,60
-5 1.100 56,9070 13.00 6.96 15,60 T44.60
6 1.150 57.2340 13.00 6.96 14.65 T44.60
7 1.200 57.4950 13.00 6.96 14.15 T44.60
8 1.300 57,9620 13.00 6.96 13.60 744,60
9 1.500 58,2840 13.00 6.96 12.97 144,60
10 2.000 58,9750 13.00 6.96 12.70 T44.60
11 2.500 59.0560 13.00 6,96 12.51 744,60
12 3.000 59,4050 13.00 6.96 12.50 744,60
13 3.500 59.4960 13.00 6.96 12.50 744,60
14 4,000 59,5550 13.00 6.96 12.50 144,60
15 4.500 59.5550 13.00 6.96 12.50 T44.60
16 5.000 59.5510 13.00 6.96 12.50 744,60
17 6.000 59.3000 13.00 6.96 12.50 T44,60
18 7.000 59.1680 13.00 6.96 12.60 T44.60

RESULTS OF TESY SECTION TRAVERSE

READING  Y/R AIR WATER AIR
NUMBER TEMPERATURE COMPOSITION VELOCITY
(c) (MOL.PC.)  [FT/SEC)
1 0.0051 244330 2.760 1.128
2 0.0104 24,793 2.619 1.644
3 0.0184 25.257 24417 2.305
4 0.0317 25.257 2.283 3,397
s 0.0451 25.257 2.095 3.644
6 0.0584 25.257 1.967 3.836
7 0.0717 25.257 1900 3.992
8 0.0984 25.257 1.826 4.279
9 0.1517 25.257 1.742 4.486
10 0.2851 25.257 1.706 4,964
11 0.4184 25.257 1.680 5.001
12 0.5517 25.257 1.679 5.244
13 0.6851 25.257 1.679 5.308
14 0.8184 25.257 1.679 5.350
15 0.9517 25.257 1.679 5.350
16 0,9149 25.257 1.679 5.347
17 0.6483 25,257 1.679 5.170
18 0.3816 25.257 1.692 5.077
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TABLE XIII K

RESULTS OF TFEST SECTION TRAVERSE — VELOCITY PROFILE

WIRE NUMBER THREE RUN NUMBER D-4-2 TRAVERSE PERFORMED ON JUN 26
OMMENTS .
SRY VELOCITY PROFILE AT STATION TWO REYNOLDS NUMBER = 9800
INPUT DATA
READING PROBE WIRE HOT WIRE COLD WIRE WATER TEST SECTION
NUMBER POSITION CURRENT RESISTANCE RESISTANCE = VAPOR PRESSURE PRESSURE
{ SCALE (MILLIAMPS) ({OHMS) {OHMS) { MM HG ) (MM HG )
READING )} :
1 0.950 44.8730 12.50 7.58 9.54 745.40
2 0.970 45.2160 12.50 T7.58 9.54 T45.40
3 1.000 46.7280 12.50 7.59 9.54 T45.40
4 1.050 48.8640 12.50 7.59 9.54 T45.40
5 1.100 50.0200 12.50 T.59 9.54 745.40
6 1.150 50.4010 12.50 T.59 9.54 745.40
7 1.200 . 51.0880 12.50 7.59 9.54 . T45.40
8 1.300 51.3990 12.50 T.59 9.54 745.40
9 1.500 51.7370 12.50 7.60 9.54 745.40
10 2.000 52.0850 12.50 T.61 9.54 T45.40
11 2.500 52.2110 12.50 7.62 9.54 T45.40
12 3.000 . © 52.2610 12.50 T.63 9.54 T745.40
13 3.500 52.2710 12.50 T.63 9.54 T45.40
14 4.500 52.2610 12.50 7.63 9.54 T45.40

RESULTS OF TEST SECTION TRAVERSE

READING Y/R AIR WATER "AIR
NUMBER TEMPERATURE COMPOSITION VELOCITY
(ch (MOL.PC.) (FT/SEC)
1 0.0069 48.163 1.280 0.602 .
2 0.0123 48.163 1.280 0.680
3 0.0203 48.646 1.280 1.093
4 0.0336 48.646 1.280 1.837
5 0.0469 484646 1.280 2.333
] 0.0603 48.646 1.280 2.511
7 0.0736 48.646 1.280 2.852
8 0.1003 48.646 1.280 3.015
9 0.1536 49.129 1.280 3.224
10 0.2869 49.612 1.280 3.447
11 0.4203 50.095 1.280 . 3.547
12 0.5536 50.578 1.280 3.605
13 0.6869 50.578 1.280 3.611

14 0.9536 50.578 1.280 3.605
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RESULTS OF TEST SECTION TRAVERSE - VELOCITY PROFILE

WIRE NUMBER THREE

COMMENTS
VELOCITY PROFILE WITH MASS TRANSFER AT STATION TWO

INPUT DATA

READING
NUMBER

O W~ PN WN -

READING
NUMBER

O® NN WA -
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TABLE XIII L

RUN NUMBER W—-4-2

PROBE WIRE HOT WIRE
POSITION CURRENT RESISTANCE
{ SCALE (MILLIAMPS) {OHMS)
READING )
0.950 45.6220 12.50
0,970 45,4490 12.50
1.000 47.1010 12.50
1.050 48,9190 12,50
1.100 50.0410 12.50
1.150 50.4820 12.50
1.200 50.8750 12.50
1.300 51.4080 12.50
1.500 51.7150 12,50
2.000 52.0000 12.50
2.500 52,1380 12.50
3.000 52.2000 12.50
3,500 52,2000 12,50
4.500 52.1650 12.50
RESULTS OF TEST SECTION TRAVERSE
Y/R AIR WATER AIR
TEMPERATURE COMPOSITION VELOCITY
(cy (MOL.PC.)  {FT/SEC)
040069 49,612 11.499 0.728
0.0123 49,612 10.889 0.689
0.0203 49,129 9.816 1.131
0.0336 48.646 8,448 1.758
0.0469 48,646 7.174 2.241
0.0603 48,646 6.061 2.459
0.0736 48,646 4.975 2.664
0.1003 48.646 3,353 2.971
0.1536 48,646 2.360 3.159
0.28%9 49.129 1.971 3,353
0.4203 49.612 1.891 3.461
0.5536 50,095 1.770 3,527
046869 50,095 1.717 3.528
0.9536 50.095 1.676 3,509

TRAVERSE PERFORMED ON

REYNOLDS NUMBER = 9800

COLD WIRE
RESISTANCE
(OHMS)

7.61
7.61
7.60
7.59
7.59
7.59
7.59
7.59
7.59
7.60
7.61
7.62
7.62
T.62

WATER
VAPOR PRESSURE
{ MM HG )

85.75
81.20
73.20
63,00
53.50
45.20
37.10
25.00
17,60
14.70
14,10
13.20
12.80
12.50

JUN 26

TEST SECTION
PRESSURE
{MM HG }

745470
745.70
745.70
745.70
745470
745,70
745.70
745.70
745470
745,70
745.70
745.70
745.70
745,70
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Table XIII M. Velocities corrected for wall effects.

Run Reading y/r Corrected
number number ' , velocity
' ( ft/sec)

D-2-0 1 0.0048 0.251

2 0.0107 0.445
D-3-0 1 0.0048 0.642

2 0.0107 . 1.535
D-2-1 1 0.0104 ~  0.Lke3
W-2-1 1 0.0109 0.487
D-3-1 1 _0.01ou '1.u57
W-3-1 1 - 0.0109 1.055

" D-2-2 1 0.0045 0.220
- 2 0.0099 0.436
W-2-2 1 0.0051 0.268
| 2 0.0104 0.453

D-3-2 1 0.0045 0.63%8

2 0.0099 1.188 "
W-3-2 | 1 0.0051 ' o.859

' 2 0.010k 1.250

D-L.2 1 0.0069 0.h12

W-L-2 1 0.0069 0.555
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Table XIV. Wall correction data.

r/y I R, R, IERW A Efﬁz)
: . 0 At

(ma) (@) (@)  (uwC°F)  (w/F)
220,6  145.083 13,00 . 7.00 54,91 2.86
208.3  45.828 13.00  T7.00 54,55 2,50
138.8 145,396 1%,00  7.00 53,52 1.47
125,0 k5,265 13.00  7.00 53.21 1.16
79.8 Lk, 932 13.00 7.00 52,43 0.38
75,2 Lh, 911 13,00 7.00 52,38 - 0.33
55.9. Lk, 768 13,00  7.00 52,05 0.00

55.5  hl.798 13,00 - 7.00 52.12 0.07
32,1 Uk, 782 13,00 7:00 52.08 0.03
31.3  bL, 768 . 13.00  7.00 52.05 0.00
1.7 kh.oT67 13,00 - T7.00 52,05 0.00
5.5  Lh,769 13.00  7.00 52,05 0.00
1.0 LUk.768 135,00 = T.00  52.05 0.00
1hk.9 43,09k 12,50  T.60 54, L8 2,37
81,53 L2, 207 12.50 T.60 52.26 - 0.15
Lg,2 L2,146 12.50  7.59 52,11 0,00
29.8 Lo, 146 S 12.50 7.58 52,11 0.00
0.00

1.1 Lo, 1hé 12,50 7.58 52.11
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Fig. 29. Wall effect correction curves for wire numbers 2 and 3.
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+
Table XV. Calculated values of dimensionless distance, (y )
and velocity (ut) for the wall region.

Run rumber No mass transfer With mass transfer
+ + + +
y u ‘ Yy u
2-T 3.131 2.593 | 3.282 2,986
4.908 5.181 k. 908 L. 739
T.317 6.983 T.317 6.885
11.321 9.963 11.321 10.251,

15.326 11.827 15.326 11.6k43
19.360 12.936 19.360 13.109

2-I1 1.355 1.3k49 1.536 1.643
2,981 2.673 3.131 2. 777

5.390 5.162 5.540 5.561

9.394 . 8.50k4 9.545 9.025

13.299 10.920 13.579 10.533

17.433 12.195 17.548 12.091

- 3.1 - 5.25k4 5.32h 5.506 3.855
8.23k 7.572 8,234 7.225

12.276 10,312 12.276 9.516

18.995 12.582 18.995 12,362

3.11 2.273 2.331 2.576 3.139
5.001 4.3y 5.254 L.568

9.0k3 7.875 9.295 8. 474

15. 762 11.723 - 16.01k 12. 5420

L.IT 2.207 2.107 2.128 2.888
3,934 3.470 3.808 3.515

6. 484 5.62% 6.3%03 5.811,

10.733 9.579 10.506 8.997

14.981 11.864 4. 727 11.k408

19.261 12. 746 19.015 12.847
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-C. Computer Programs—Description and Listings

1. Program for Resistance Thermometer Calibration (TEMPER)

This program was written to fit data from the resistaﬁce—temp-
erature calibration to Eq. (16). A least-squares calculation is performed;
the coefficient of correlation and standard error estimate are calcu-
lated. If the values of the correlation coefficient and standar&'error
of estimate meet with the Standardé specified in the input data deck, a
- table of temperatures corresponding to a resistance rarnge specified in
the input data deck is printed out in addition to the values of the
slope, m and y-intercept, c in Eq. (16).

If the values of either the correlation coefficient or standard
error of estimate do not meet with the specified standards set, a message;

is printed out stating that "there is too much scatter in the data'.

.2. Program for Hot Wire Anemometer Velocity Cal‘ibration (CALIB)

Thls program processes data taken from. the hot wire anemometer

ve1001ty calibration, fits the resultlng information to Eq (13) and

1
Experlmental data is first read in. Subroutine AIRFLO ecalcu=:-

determlnes the values of constants K and K

lates the f}ow rates tthugh the calibrating tube.. The velocity pfrthe
air stream passingzover the hbﬁ wire is then calculated ﬁsing the as-
sumption‘that'the‘center;liné Vélocity is twice the bulk velocity.

Values of the Variatles appearing in Eq. (13) are evaluated and stored
in a two-dimensional matrix. Subroufine-MLALS is called and the eguation
constants K1 and K2 are determined by least squares caiculations. Sub-
routine VELOCX then calculates the velocities using the best-fit values
of the equation constants given by subreutine MLALS as well as the values

of wire current, resistance etc. measured in the calibration. Finally

'subroutiﬁe PROUT is called and the data is printed out.as directed.
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Experimental velocity is compared with the velocity calculated using the
equation constants; this comparison serves as an indication of how well .
the calibration data has been fit to Eq. (13). In addition to this in-

formation, values of the equation constants are printed out.

3. Program fof Processing of Velocity_Profile Data

This program is used to process experimeﬁtal velocity profile
data. Flow rate information (manometer readings etc.) are first read in
(all runs which use the same orifice may be processed in the same cycle),
and the Reynolds number based on the test'sectiﬁn diameter and inlet
conditions is calculated using subroutine AIRFLO and supporting sub-
routines; Results of these calculations are printed out in tabular
form.

Velocity profiles are then processed one at a time. Subroutine .
VELOC calculates the velocities using Eq. (13). Input data as well as
fluid properties evaluated at mean film temperature are printed out,
Finally, values of y/r, air temperature at the wire, water composition

and velocity are listed.

4. Subroutines

(a) Flow rate calculations are performed by subroutines AIRFLO,
COEFF and DISCHA. Discharge coefficients are first read into a matrix
by subroutine COEFF. Fluid properties (density, specific heat, thermal
conductivity énd Viscosity) are estimated at the upstream pressure tap
temperature. The flow of gas through the orifice is then calculated by

: 26
Eq. (19) in the form suggested by Stearns et al.

W= 359.1 07 a've V(o ) (19)

where W is the air flow rate in 1b./hr, D, is the orifice diameter
in inches, Y 1is a gas expansion factor, kK 1s the discharge coefficient,
H is the pressure drop across the orifice in inches of water, and o

is an expansion factor for the orifice plate.



The trial and error solution is initiated by assuming the dis-
charge coefficient to be 0.60. The Reynolds number is then calculated
with the'value of air flow rate determined from Eqg. (19). .Subroutine
DISCHA is ﬁhén called, and the value of the discharge coefficient cor-
responding to the calculated Reynolds number is given. If this value is
the same as thét assumed 1in the éurrent trial,‘the correct flow rate has
been calculated. Otherwise, an other-value‘of the discharge coefficient
is assumed, and the above scheme repeated again. Subroutine AIRFLO has
been so designed that approximately twelve trials are required to obtain
a solution. _ _ . - |

() Subroutine-ARRAY is used to set up thfee matrices which con-
tain values of the thermal conductivity, viscosity and heat cabacity of
the air-water system fdr temperatures ranging from 10 :to 300? C and for
compdSitions ranging from O to 45 mol. percent wateér.

(c) Subroutine MLALS énd'supporting subroutines were written by
Moore and Zeigler.eo These subroutines determine the least sduares fit
‘to Eq. (13) using Gauss' iterative method. Subroutines MLALS and FIT |
have been modified to sult this application, and therefore listings have
been included; the remainder of the subroutines involved may be found in
Reference 20. ' .

(a) Subroutine PROPER is an interpolation routine which is used
to estimate fluid properties at any given temperatufe and ‘composition -
"within the range specified by subroutine ARRAY. The fluid property‘
_matrices’set up by subrouﬁine-ARRAY are read in as well as fhe specified
fluid conditions (temperature, composition and pressuré). The density
of the gas mixture is first calculated from the ideal gas law. The '
other fluid properties are then eValuatéd by linear intérpoiation of
values listed in the corresponding matrices.

(e) Subroutine PROUT arranges all the significant data and
prints out this iﬁformation as - désired. This segmént of CALIB was
written as a subfoutine so that changes in the print-out format could
be made easily as the need arose.

(f) Subroutine VELOC calculates the velocity of the air stream -
using Eq. (13) and the fluid properties evaluated by subroutine PROPER,

as well as values of wire resistance and current.
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T E M P E R

PROGRAM FOR CURVE FITTING HOT WIRE TEMPERATURE CALIBRATION DATA
ALL TEMPERATURES ARE IN CENTIGRADE DEGREESs ALL RESISTANCES IN OHM
CALCULATION EMPLOYS A LEAST SQUARES METHOD

10DIMENS [ON RESIST(20)sTEMP(20)sDEVR(20)+DEVT(20)+DEVRSQ(20)s
11DEVTSQ(20)sPRA(20)9RESIS(15)

2
3

4
10
11

12

READ(293) NsFsEs (RESIST(I)sTEMP(I)s I=1sN)

FORMAT (1OX912sF4e39F4e29/(10X92F1043))

READ(2s4) N1sN2s WIRESDATE

FORMAT (149 I149A69A6)

WRITE(3s11)

FORMAT({11H1INPUT DATA /77)

WRITE(3s12) WIRESDATE

FORMAT (144 WIRE NUMBER A6925H CALIBRATION PERFORMED A6 /77)
WRITE(3+13)

FORMAT (45H RESISTANCE TEMPERATURE/Z /)
WRITE(3s15) (RESIST(I)sTEMP(I)s I = 1sN)

FORMAT (13X9F8e3913XeFB8e3)

WRITE(3917) NsFsE

170FORMAT ( 20HONUMBER OF POINTS = 12/13H MINIMUM R = F443/26H MAXIMUM
171STANDARD ERROR = Fé442)

99
100
101
102
103
104
105
106
107

109
110
111
112
113
114
115
116
117
118
119
120
121
123
124
125
126
127
128
150
151
152
153
199
200
201

DEFINITIONS

»n
[
K4
>
i
ocoon

SUMB =

TEMPE = FLOAT(N1#10 = 1)
PREPARATORY CALCULATIONS

DO 114 I = 14N

SUMT = SUMT + TEMP(I)

SUMR = SUMR + RESIST(I)

SUMRT = SUMRT + RESIST(I)*TEMP(1)

SUMRSQ = SUMRSQ + RESIST(I)##2

‘RAV = SUMR/FLOAT(N}

TAV = SUMT/FLOAT(N)

DO 128 I=1sN

DEVR{I) = RESIST(I) = RAV

DEVT(I) = TEMP(I)~- TAV

PRA(I) = DEVR{I)¥®DEVTI(I)

SUMPRA = SUMPRA + PRA(I)

DEVRSQ(I) = DEVR(])#*%2

DEVTSQ(1)= DEVT(I)#*2

DEVRsSQ( 1) All)

DEVTSQ(1) B(I)

SUMA = SUMA + DEVRSQI(I)

SUMB = SUMB + DEVTSQ(I)

WRITE(3,151)

FORMAT (12H10UTPUT DATA//)

WRITE(3+153)

FORMAT (37H RESULTS OF LEAST SQUARES CALCULATION///)
LEAST SQUARES CALCULATION ~ SLOPE AND INTERCEPT C

SLOPE = SUMPRA/SUMA

C = TAV = SLOPE#*RAV
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C 202 COEFFICIENT OF CORRELATIONs R
" 203 R = SUMPRA/SQRT(SUMA#*SUMB)

C 209 STANDARD ERROR OF ESTIMATE = SEE
210 SEE = SQRT({SUMB = SLOPE#SUMPRA)/FLOATIN = 2))
212 TOL = SEE#2.
C 289 TESTS
290 IF (SEE = E) 29553019301
295 IF (R = F) 30193015313
c 299 OUTPUT CALCULATIONS
301 WRITE(3+302)
302 FORMAT (25H TOO MUCH SCATTER IN DATA///)
303 WRITE(35304)
304 FORMAT (45H - RESISTANCE TEMPERATURE)
305 TEMPER = FLOAT{10#N1l)
306 DO 311 I = 1,20
307 RESIS(I) = (TEMPER = C}/SLOPE
308 WRITE(3+309) RESIS(I)s TEMPER
~ 309 FORMAT (13XsFBe3313XsF8e3)
. 310 TEMPER = TEMPER + 5400
311 CONTINUE
312 GO TO 334
313 WRITE(35314) ’
314 FORMAT (45K WIRE RESISTANCE AS A FUNCTION OF TEMPERATUJRE///)
315 WRITE(3s316) ' : '
3160FORMAT (105H TEMPERATURE 040 0ol 0e2 03 0
3161.4 0.5 006 ) 007 008 _'009 . )
317 WRITE(35318) NS -
318 FORMAT(12H {DEGsCENTs))
319 TEMPER = FLOAT(10%N1)
K =1
320 °J = 1
321 1 = 1 '
322 RESIS(1) =" (TEMPER - C)/SLOPE
323 1 =1 + 1
324 IF(N2 = J) 33443259325
325 IF(10 = 1) 32843269326
328 IF (50 = K) 3273274329
326 TEMPER = TEMPER + 0410
GO TO 322
327 WRITE(351000)
1000 FORMAT (1H1}
WRITE(3s316)
WRITE(3+318)

K =1
329 TEMPE = TEMPE + 140
K=K+ 1

WRITE(39330) TEMPEs(RESIS(1}s I = 110}
330 FORMAT (3XsF4e098X9sFTe439(2X9FT7e4))
331 U= J + 1
332 TEMPER = TEMPER + 0410
333 GO TO 321
334 WRITE(39335)
335 FORMAT (32H1 FURTHER RESULTS OF CALCULATION///)
336 WRITE(3+337) SLOPE»C
337 FORMAT (8H SLOPE= F8e4s 20Xs6H C= F9e4)
338 WRITE(39339) RyTOL : .
3390FORMAT (30H COEFFICIENT OF CORRELATION = F544//54H DATA PREDICTED
3391LIES WITHIN A RANGE OF PLUS OR MINUS F6e3910H DEGREE(S)//////1/1/
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3312///7/7/17/7772707777207714707777777)
GO TO 2

400 STOP
401 END
CALIB -~ TWO CONSTANT VERSION
DIMENSION AIRES({50) yAIRTEM(50) s COMPWA(50) s CURR{50) »sDENSUP(

150) sDENSMF (50 ) 9DENO(50) sDISIP(50) o FILTEM(S50) s FAITEM(50) sFWITEM(50)
2sFLOW(S50) yHEAD(50) sHTCAPY(5099) sPRESS(50) sPRESUP{50) sRAD(50) s SPHTU
3P(50)sSPHTMF(50) s TEMPUP({503 ) s TESTDI(50) s THCOND(5099) s TUPRES(50) » THC
4DUP(50) s THCOMF(50) s VISCOS{5099) o VISCUP{S50) s VISCMF(50) s WIRES(50)
SWIRTEM{50) sWVAPR(501}» RE(50)sVELOCS(50) s VELOC(50)
6DENSAI(50)s0ORT(50) »GAGE(S50) 9FFILTP(50) sFTEMUP{50)sVELQ(50)
COMMON /LALS/ Y(500)eX(50095)eW{500)9YC(500)sDY(500)
1 PG(20)sP(20)sPC(20)eDP(20)9SP(20)9sPARTI(20)sAN{20Q)
2 AM(20920) s BM(20921) s ISGN(20)s IX(20})>
3 DUM(100)sNsIKs IMIMsTESTIWVARSSS» IDFDET s IRROR
10 READ(291) WIREsDATEsNsORDIAMyPIPDIAsSLOPE9CsOPTION
1 FORMAT (I397XsAB91lXeI396XsFTedo3XoFTeb94X9FTolsaXsFIe4y12)
IF (OPTION) 1000410001001
10000READ(292) (CURR(II)sWIRES(I)sAIRES{I)s»WVAPRI(I)PRESS(I)sPRESUP(I)sH
10001EAD(I) s TEMPUP (1) o TESTDI(1)sORT(I)sGAGE(I)s I = 1sN)
2 FORMAT(FTe4sF6e29F6029F6e29F6429F6e33FT049F6029FTe49F6e2912)
GO TO 1100
10010READ(2+1002) (CURR(I) sWIRES(I)sAIRES(I)oWVAPR(I)sPRESS(I)sTESTDI(I)
10011sVELOCS(I)s I = 1oN)
1002 FORMAT (Fbhebs4X9F5e395X9F5e395X9F56295X9F5e295X9F50495X9F604)
DO 1003 I = 1N
VELOCI(I) = VELOCS{I)%#3600.
1003 CONTINUE
1100 CALL ARRAY (THCONDsVISCOSsHTCAPY)
DO 3 I = 19N

COMPWA( 1) WVAPR(1)%#1004/PRESSI(I)
AIRTEM( 1) AIRES(I) *SLOPE + C
WIRTEM(T) WIRES(I)#SLOPE + C
TUPRES(I) PRESS(I) + 148659#PRESUP(I)

FILTEM(I) = (AIRTEM(I) + WIRTEM(I))/24

FWITEM(I) 1e8#WIRTEM(1) + 32

FAITEM(I) 1e8#ATIRTEM(I) + 32

FFILTP(I) Le8#FILTEM(I) + 32,

FTEMUP( 1) 1e8*TEMPUP(I) + 324
3 CONTINUE

IF (OPTION) 1200412001300
12000CALL AIRFLO(COMPWASDENSUP»FLOWIHEADYHTCAPY sNsORDIAMSPIPDIASTUPRESY
12001RE» SPHTUP s TEMPUP s THCOND s THCDUP s VISCOSsVISCUP»ORT 9GAGE)
13000CALL PROPER(COMPWASHTCAPYsNsPRESSyFILTEMs THCOND s SPHTMF » THCOMF oV ISC
13001MFsVISCOS»DENSMF)
IF (OPTION) 140051400,51500
1400 DO 1402 I = 1N
DENSAI{I) = DENSMF(I)*(FILTEM(I) + 273¢)/(AIRTEM(I) + 273.)
VELOC(I) = 2366469%FLOW(I)/(DENSAI(I)H#TESTDI(I)%*%2)
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VELoc}I)/aeoo.

VELOCS(I) =
1402 CONTINUE
1500 DO 4 1 = 1N .
DISIP(1) =CURR(I)*¥2%WIRES(I)/(FWITEM(I) = FAITEM(I))
DENO(1) = DENSMF(I)*SPHTMF(I)*#0s667*THCDMF (1) %#¥14333/VISCMF(])#%,
1333
X(Is1l) =(DISIP(I)¥THCOMF(I)*(SPHTMF(1)*VISCMF(1)/THCOMF(1))##042)%
10.76 .
X(192) = ~THCDMF(1)#*2%(001444% (SPHTMF (1) *VISCMF(1)/THCOMF(1))**04 '

14 - 04002809}

X(1s+3)
Y(I)

4 CONTINUE

READ{2+5)(PG(I) » I

DENO(I)#VELOC(I)
DISIP(I)*#2

1;2’

5 FORMAT(2E1445)
CALL MLALS (YoX;NoPGoIRRORgP)

CALL VELOCX({FAITEMsCURRSDENSMFsNsSPHTMF ¢ THCOMF VELO.VISCMF.WIRES.

1IFWITEMP)

CALL PROUT(AIRESQFAKTEM’COMPWA9CURRsDENSMFoDENSUP;FFILTPoHEADoORDI
1AMsPIPDIASPRESS» TUPRES » SPHTMF s SPHTUP » FTEMUP » THCOMF » THCDUP » VELO s VEL
20CS»VISCMF o VISCUP s WIRESsWVAPRsNsPsWIREWDATE s GAGE s TESTDI»XoY.DlSIP)

9001

9002
9003

GO TO 10
sSTOP
END

PROGRAMME
OUTPUT
DIMENSION
DIMENSION
DIMENSION
- DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION

1THCDUP(50) 9 THCOND(50+9) »TUPRES(50)

DIMENSION

PROFILE
PROCESSES DATA FROM TURBULENT DIFFUSION EXPERIMENTS
VELOCITYs YPLUSYUPLUSHETC
AIRES(50)sAIRTEM(50) »ARRAYZ2(300)
COMMEN(13)oCOMPIN(EO)oCOMPWA(50)sCURR(50)
DATE(50) 4DENSA (50)sDENSIN(50) sDENSMF(50) yDENSUP(50)
FATRTP(50) s FFILMT(50) sFILTEM(50) s FLOW(50)sFWIRTP(50)
GAGE({50) yHEAD(50) s HTCAPY ({5049)
ORT(50)sPRESS(50)sPRESUP({50) »PROPOS(50) sPRESX(50)
RE(50) sRETS(50)sRUN(50)
SCALE(50)sSPHTA(50) 9 SPHTIN(50) s SPHTMF(50) sSPHTUP(50)
TEMPIN(50) s TEMPUP(50) s THCDA(50) 9 THCOIN(50) s THCOMF{50) »
s TUPLUS(50)
UPLUS(SO)QVELOH(SJ),VELOS(SO)QVISCA(SO)leSCIN(SO).VISCM

lF(50)9VISCOS(50:9);VISCUP(SO);WATER(5O)oWIRE(50);WIRES(SO)QWIRTEM(
250) +»WVAPR(50) s X(6)sYPLUS(50)sZERO(50)9YR(50)

CALL ARRAY

(THCOND s VISCOSsHTCAPY)

ORIFICE INPUT DATA

FORMAT
NCOUNT
IF{NSET -
READ(2s1)

NSET
READ(2,9001)
(I13)

NUMBER OF SETS OF DATA WITH DIFFERENT DISCHARGE CO EFFTS

NSET

NCOQUNT} 9004.900399003
ORDIAMsPIPDIAsNORUN . s

FORMAT(FTe493X9sFT7a551X012)
READ(242) (HEAD(1)sPRESUP(I)sTEMPUP{1)sORT(I)sWATER(I)sPRESS(I)sDAT
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C 1E(I)sRUN(I)sWIRE(I})sZERO(I)TEMPIN(1)sI=19sNORUN)

2 FORMAT (FbabsFT7etsF5425F5025F5449F6031A69A63A69F4e39F502)
DO 3 I = 1sNORUN
TUPRES(I) = PRESS(I) + 148659%PRESUP(I)
COMPIN(I) = (WATER(I)/184)/((WATER(I)/184) + (14/294))

IF (ORDIAM = 2,) 20052005201

200 GAGE(Il) = 0.

GO TO 3

201 GAGE(I) = 1.

3 CONTINUE
READ(2s4) (COMMEN(I)} 5 I = 1913)
4 FORMAT(13A6)

DETERMINATION OF FLOW RATE THROUGH APPARATUS

CALL AIRFLO(COMPINsDENSUP» FLOWIHEADsHTCAPY sNORUNSORDIAMPIPDIAS TUP
1RESSRE s SPHTUP s TEMPUP s THCOND s THCDUP s VISCOS» VISCUP »ORT 9 GAGE)
CALL PROPER(COMPINSHTCAPY s NORUNSPRESS»TEMPIN» THCONDsSPHTINs THCDINS
1VISCINsVISCOSsDENSIN)
DO 5 I = 1sNORUN

5 RETS(1) = RE{(I)#*VISCUP(I)*ORDIAM/(VISCIN(I)#745)

PRELIMINARY PRINTOUT

WRITE(3915)

15 FORMAT(27H1SUMMARY OF RUNS PROCESSED ////)
WRITE(3s14) COMMEN

14 FORMAT(10H COMMENTS /13A6  ///77)

WRITE(3s6}
60FORMAT (49H RUN DATE WIRE REYNOLDS /
61 49H NUMBER PERFORMED NUMBER NUMBER )

WRITE(357) (RUN(I)sDATE(I}SsWIRE(I)SRETS(I)s I = 1sNORUN)
7 FORMAT(11XsA693XsA695X9A693X9F8e2)

WRITE(348)
8 FORMAT(26H1OVERALL FLOW INFORMATION ////)

WRITE(349)

S0FORMAT(115H RUN MANOMETER UPSTREAM UPSTREAM ORI
91FICE PLATE INITIAL H20 ATMOSPHERIC PROBE TEST SECTION /
92 115H NUMBER HEAD PRESSURE TEMPERATURE TE
93MPERATURE COMPOSITION PRESSURE ZERO INLET TEMPERATURE /
94 115H (INeH20) (INeH20) (C) )
35 (C) (LB/L.BeDeA} (MMoHGe) { INe) (C) /171)

WRITE(3910)(RUN(I)sHEAD(I)sPRESUP(I)sTEMPUP(I)sORT(I)sWATER(I)
1PRESS(I)sZERO(I)sTEMPIN(I)»I=219yNORUN)
10OFORMAT (10X 9A692XsFBets2X9FBatsSX9F6a29TX9F6e29TX9FTab95X9FTa393Xs
101F6e396X9F6e2)
WRITE(3»11) ORDIAMSPIPDIA
110FORMAT(21HO ORIFICE DIAMETER = FB8e498H INCHES /24H INLET PIPE D
111TAMETER = F84598H INCHES )
WRITE(3512)
120FORMAT (63H1 FLUID PROPERTIES EVALUATED AT TEST SECTION INLET TEMPE
121RATURE 777/

122 104H RUN TEMPERATURE . WATER DENSITY
123 SPECIFIC THERMAL VISCOSITY /

124 104H NUMBER ) COMPOSITION

125 HEAT CONDUCTIVITY /

126 106H (<) (MOLJPCe) (LB/CUFT)

127(BTU/LB.F) (BTU/HR4FTeFe) (LB/FTeHR) ///)
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WRITE(3y13)(IyTEMPIN(I)’COMPIN(I).DENSIN(I)9SPHTIN(I)0THCDIN(I);VI
1SCIN(I)s I = 1sNORUN)
13 FORMAT(6Xs1297X9FT7e3510X9F5e62910X9FT0599X9F7e¢599X9F7e5910X9F745)

VELOCITY CALCULATIONS
DATA PROCESSED ONE RUN AT A TIME(50 OR LESS POINTS)

DO 9000 J = 1sNORUN

READ(29100) CsSLOPEsXsNs COMMEN
100 FORMAT(2F104492E1445/4E1445+4Xs13/13A6)

READ(29110) (AIRES{I) sCURRIT)sSCALE(T) sWIRES(I)sWVAPR(I)sI=1y N)
110 FORMAT(F1l0e59F104693F1045)

DO 430 [ = 14N

AIRTEM(I) = AIRES(I}®SLOPE + C
FAIRTP(I) = 324 + 1e8*AIRTEM(I)
WIRTEM(I) = WIRES{I)#SLOPE + C
FWIRTP(1) = 324 + 1e8*WIRTEM(I)
FILTEM(I) = (AIRTEM(I) + WIRTEM(I))/2s
FEILMT(I) = 32¢ + 1e8%FILTEMI(I)
COMPWA(I) = WVAPR(I)%#1004/PRESS(J)

PRESX(I) = PRESS(J)

430 CONTINUE
CALL PROPER(COMPWASHTCAPYsNsPRESXsFILTEMs THCOND s SPHTMF s THCOMF 3V ISC
IMFsVISCOS»DENSMF)
CALL PROPER (COMPWAsHTCAPY sNsPRESXsAIRTEMs THCOND 9 SPHTA» THCDASVISCA
1sVISCOSsDENSA)
CALL VELOC (FAIRTPsCURRSDENSMF N9 SPHTMF s THCDOMF s VELOH»VISCMF9WIRESS
1FWIRTP s X) .

OUTPUT ROUTINE

WRITE(39940) WIRE(J)sRUN(J)sDATE({J)IRETS(J)
9400FORMAT (53H1 RESULTS OF TEST SECTION TRAVERSE =~ VELOCITY PROFILE//
9401////14H WIRE NUMBER A6s10Xs13H RUN NUMBER A5910Xs25H TRAVERSE
9402PERFORMED ON A8 +10Xs19H REYNOLDS NUMBER = F1043 177477)
WRITE(3s941) COMMEN '
941 FORMAT(10H COMMENTS / 13A6 1/777)
WRITE(39950)
950 FORMAT(11H1INPUT DATA////7177)
WRITE(39960)

9600FORMAT {111H READING PROBE WIRE HOT WIR
9601E COLD WIRE WATER TEST SECTION /

9602 114H NUMBER POSITION CURRENT RESISTAN
9603CE RESISTANCE  VAPOR PRESSURE  PRESSURE /
9604 114H { SCALE (MILLIAMPS) (OHMS)
9605 {OHMS) ( MM HG ) (MM HG ) /
9606 26H ‘ READING ) //7/)

WRITE(3s970) (IsSCALE(I)sCURR(I)SWIRES(II»AIRES(I)sWVAPR(1)9PRESX(
1I)s I = 1sN) .
970 FORMAT{(6Xs129 9X9F6e3911X9FTebsTXsF6e2909XsF642910X9F60298X9F6e2)
WRITE(3+980) (X(I)s I = 143)
9800FORMAT(21HO EQUATION CONSTANTS /7 9HO C(1) = El14e537Xs9H ((2) = E
980114e597X99H C(3) = E14e5s7Xs9H C(4) = El4459TXs / 9H C(5) = Eléke
9802597Xs9H C(6) = El4e5)
WRITE(3+990)
9900FORMAT (54H1 FLUID PROPERTIES EVALUATED AT MEAN FILM TEMPERATURE //
9901/104H READING MEAN FILM WATER DENSITY
9902 SPECIFIC THERMAL VISCOSITY /
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9903 104H NUMBER TEMPERATURE COMPOSITION

9904 HEAT CONDUCTIVITY /

9905 106H (F}) (MOLePCs) (LB/CUFT)
9906(BTU/LLBeF) (BTU/HRsFTaFa) (LB/FT«HR)Y ///)

WRITE(391000)(IsFFILMT(I)s COMPWA(I)sDENSMF (1) 9SPHTMF(I) s THCOMF(I)
IVISCMF({I)sI = 19N)

1000 FORMAT (6X91297XsFT7e3510XsF5e¢2910XsFT70599X9F70599X9F7e5910X9FT745)
WRITE(3+1010)

10100FORMAT (48H1 FLUID PROPERTIES EVALUATED AT AIR TEMPERATURE ///

10101 104H READING TEMPERATURE WATER DENSITY
10102 SPECIFIC THERMAL VISCOSITY /

10103 104H NUMBER COMPOSITION

10104 HEAT CONDUCTIVITY /

10105 106H (F) {MOLePCo) (LB/CUFT)
10106(BTU/LBeF) (BTU/HR«FTeFe) (LB/FTeHR)Y ///)

WRITE(3+1020)(IsFAIRTP(I1)sCOMPWA(I)sDENSA(I)sSPHTA(I}sTHCDA(I)»VIS
1CA(L)s T = 14N)

1020 FORMAT(6X9I297XsF7e3910XsF5402910X9F7e¢599X9FT7a5s9XsFTe5910X9FT7e5)
DO 2009 I = 1N

2000 IF(ZERO(J)=SCALE(I) = 3475) 20015200252003
2001 PROPOS(I) = SCALE(I} - ZERO{J)

GO TO 2004
2002 PROPOS(I) = 3475

GO TO 2004

2003 PROPOS(I) = SCALE(I)=-ZERO(J)+ 745
2004 VELOS(I) = VELOH{I1)/3600,
YR(1) = PROPOS(1)/3¢75"
2009 CONTINUE
WRITE(3+2010)
20100FORMAT (34HI1RESULTS OF TEST SECTION TRAVERSE ////

2010185H READING Y/R AIR WATER AIR

20102 /

2010385H NUMBER TEMPERATURE COMPOSITION VELOCITY

20104 / :

2010554H (<) (MOLePCs) (FT/SECQ) )

WRITE(3s2020)(IsYR(I)sAIRTEM(I)sCOMPWA(I)sVELOS(I)s I = 14N}
2020 FORMAT(4Xs1294X9F6a495XsFT7e395X9F64335X9F643)
9000 CONTINUE

NCOUNT = NCOUNT + 1

GO TO 9002
9004 STOP

END
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SUBROUTINE A I R F L O.
THIS SUBROUTINEs WHEN GIVEN STREAM COMPOSITION, DENSITYs h
SPECIFIC HEATs PRESSUREs VISCOSITY ETC AND 'DELTA P ACROS S
ORIFICE WILL CALCULATE FLOW THROUGH ORIFICE IN LB/HR

SUBROUTINE AIRFLO (COMPWA3DENSUPsFLOWIHEADsHTCAPYsNsORDIAMsPIPDIAY .
1PRESUP s RE s SPHTUP s TEMPUP s THCOND s THCDUP 9 VI-SCOsVISCUP s ORT » GAGE )
DIMENSION COMPWA(50) 9DENSUP(50) sFLOW(50)sHEAD(50) +HTCAPY (5049} sPRE
1SUP(50) sRE(50) s SPHTUP(50)s TEMPUP(50) s THCOND({5099) s THCOUP(50)sVISCO
2(5099) 9 VISCUP(50) s AVMW(50) sARRAY2{300)sORT(50)9GAGE(50)

READ IN DISCHARGE COEFFICIENT MATRIX ARRAY

VIA SUBROUTINE COEFF
CALL COEFF(ARRAY2)

CALCULATE ORIFICE AIR CONDITION PROPERTIES

VIA SUBROUTINE PROPER
CALL PROPER (COMPWAsSHTCAPY sNsPRESUP s TEMPUP s THCOND s SPHTUP 9 THCOUP VI
1SCUP»VISCOsDENSUP)
DO 7 I = 1sN

ORIFICE DIAMETER CORRECTION
ALPHA = 14 + 0,00003%(ORT{I) = 204)

GAS EXPANSION CORRECTION
Y = le = 046630#HEAD(I)/PRESUP(T)

START TRIAL AND ERROR SOLUTION BY ASSUMING C = 04600

C = 00600
NCOUNT = 1 :
AVMW(I) = COMPWA(I)*0e18 + (100s — COMPWA(I))#0429

LOOP 1 BEGINS HERE

FLOW(I) = 359-1*ORDI.M**Z*C*SQRT(DENSUP(I)*HEAD(I’)*ALPHA*Y
RE(I) = 154279#FLOW(I}/(ORDIAM*VISCUP(1})
REYNO = RE(I)
CALL DISCHA (REYNOsDISCH»ARRAYZ2sGAGE(I))
IF ( 500 = NCOUNT) 17s1798
CHECK FOR VALID SOLUTION
IF (C = DISCH}) 29794
C = C + 06,05
NCOUNT = NCOUNT + 1
GO TO 1

LOOP 2 BEGINS HERE

FLOW(I) = 35941%ORDIAM**2#C*SQRT(DENSUP (T)*#HEAD(1))*ALPHA*Y
RE(I) = 154279%FLOW(1)/(ORDIAM®VISCUP(I1}))
REYNO = RE(I)
CALL DISCHA (REYNOsDISCHsARRAY2sGAGE(I))
IF { 500 ~ NCOUNT) 17s1749
CHECK FOR VALID SOLUTION
IF (C = DISCH) 69794
€ = C = 04005
NCOUNT = NCOUNT + 1 :
GO TO 3 : 7

LOOP 3 BEGINS HERE
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FLOW(I}) = 359,
RE(I) = 154279
REYNO = RE(I)
CALL DISCHA (REYNOsDISCHsARRAY2sGAGE(I]))
IF { 500 —= NCOUNT}) 17517910
CHECK FOR VALID SOLUTION
IF (C = DISCH) 69757
C =-C + 0,001
NCOUNT = NCOUNT + 1
GO TO 5
FLOW(I) = 0.0
CONTINUE
RETURN
STOP
END

1#ORDIAM## 2% C#SQRT(DENSUP (I ) ¥HEAD (1) ) #ALPHA*Y
#FLOW(I)/(ORDIAM*VISCUP(I))

s U B8 R O U T I N E A R R A Y

THIS SUBROUTINE SETS UP THREE MATRICES FOR THERMAL CONDUC

VISCOSITY AND HEAT CAPACITY
SUBROUTINE ARRAY (THCONDsVISCOSsHTCAPY)
DIMENSION THCOND(5099)sVISCOS(5099)sHTCAPY(50,+9)
DO 1 I = 1950

(44051 +(11425/1006)#(FLOAT(I} = 1o} )%0401
(34977 +({1142371004)#(FLOAT(I) ~ 1e))%0401
(42401 +(04018 /1006 )¥(FLOAT(I) = 1la)})

VISCOS(1s8)
VISCOS(1+9)
HTCAPY(Is1)

THCOND(Is1) = (1e456 + (4451/1004)#(FLOAT(I) =~ 1e))#0401
THCOND(I92) = (14449 + (4¢59/1006)%(FLOAT(1) = 1e))3%0s01
THCOND(193) = (1437 + (4e66/1004)%*(FLOAT(]) = 14))%0401
THCOND(I94) = (14425 + (4e71/100e)#(FLOAT(I) = 1e)})#0401
THCOND(I195) = (14410 + (47871006 )% (FLOAT(I) - 14}1%0401
THCOND(I96) = {16391 + (4483/1004)#(FLOAT(I} = 1e))%#0401
THCOND(I97) = (14375 + (448871004 )% (FLOAT(I) =~ 14))%#0401
THCOND(198) = (1e356 + (4492/100)#(FLOAT(I) = 16))*0401
THCOND(199) = (16334 + (4e94/1006)%(FLOAT(I) - 1e})%#0e01
VISCOS(Is1) = (44356 +({10696/100e)#(FLOAT(I) = 1e))#*#0e01
VISCOS{I92) = (44332 +(11404/1006)#(FLOAT(I) = 1e¢))%#0401
VISCOS(I93) = (46311 +(11¢12/1004)%(FLOAT(I) ~ 14))#0401
VISCOS(Is4) = (44274 +(11e417/100e)#(FLOAT(I} = 14))#0,01
VISCOS{195) = (44232 +(11422/1004}#(FLOAT(I) = 1) )*#0,01
VISCOS(I96) = (44180 +{11¢24/1004)}#(FLOAT(I) = 14)})*0401
VISCOS(Is7) = (46120 +(11427/1006)%(FLOAT(I) = 14))#0401
HTCAPY{192) =(42502 + (022 /71004 )}#(FLOAT(I) = 1e))
HTCAPY{(Is3) =(e2603 + (04026/100e)#(FLOAT({I) =~ 1e))
HTCAPY(Is4) =(42704 + (06030/100e)#(FLOAT(I) = le))
HTCAPY(145) =(42805 + (0¢034/1006)#*(FLOAT(I) = 1e))
HTCAPY(196) =(e2906 + (04038/100e)#(FLOAT(I) = 1lel}}
HTCAPY({1s7) =(e3007 + (0404271004 }#{FLOAT(I]) = 1le))
HTCAPY {158) =(43108 + (0s046/100)#(FLOAT(I) - 1le))
HTCAPY (199) =(+3209 + (0605071004 )% (FLOAT(I) = 1le))
CONTINUE

RETURN

STOP

EADY



[a¥akaXaXa)

ONNNONONNN

NOOONNN N

I ¥a¥s

. END

2

3

1

2

~-108-

S U B8 R O U T T NZECC O E F F

THIS SUBROUTINE IS USED TO READ IN DISCHARGE COEFFICIENTS

SUBROUTINE COEFF (ARRAYZ2) '

DIMENSION ARRAY2(300)sARRAY1{300)} - o — . -
READ (2s1) L . ’
FORMAT (13)

READ(292) (ARRAYI(I} » I = 1oL}

FORMAT (8F1046)

DO 3 1 = 1sL

ARRAY2(1I) = ARRAY1(1}/10000.

RETURN

STOP

S U B R 0O U T I N E DI § C H A
CALIB VERSION

GIVEN REYNOs THIS SUBROUTINE WILL LOOK UP ONE OF 2 TABLES
AND SUPPLY THE DISCHARGE GOEFFICIENT TABLE- USED DEPENDS
UPON MANOMETER USED (A} GAGE = 0 LOW

(B) GAGE = 1 HIGH

SUBROUTINE DISCHA (REYNO’DISCH’ARRAYZ,GAGE’
DIMENSION ARRAY2(300)sGAGE(50) -
IF (GAGE) 19192
J = IFIX(REYNO/504) + 1
K=J+1
DISCH = ARRAYZ(J) +(ARRAY2(K) =« -ARRAY2(J))*(REYNO = FLOAT(J=1)%50,
117504 ’
GO TO 3
L = IFIX(-(REYNO - 17504)/2506}) + 161
M=L4+1
DISCH = ARRAY2(L)} + (ARRAY2(M) = ARRAY2(L))*(REYNO = 17504 = FLOAT.
1{(L = 161)%#2504)/2504
RETURN
sToP
END
SUBROUTTINE DI SCHA

VERSION TWO .- TO BE USED WITH PROFILE
GIVEN REYNOs THIS SUBROUTINE WILL LOOK UP ONE
OF TWO TABLES AND INDICATE THE APPROPRIATE
DISCHARGE COEFFICIENT

SUBROUTINE DISCHA (REYNOsDISCHs ARRAYZ2sGAGE)
DIMENSION ARRAY2(300)

1F (GAGE) 1s293 ‘ )
ALTERNATE ONE ~ INCORRECT GAGE INDICATED
DISCHARGE COEFFICIENT SET EQUAL TO ZERO

DISCH = 040
GO TO 4

-~

" ALTERNATE TwO - LOW RANGE ORIFICE USED

J = IFIX(REYNO/10004) + 1
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K=J+1
DISCH = ARRAY2(J) + [(ARRAY2(K) = ARRAY2(J))*(REYNQ = FLOAT(J=1)*10
10041 /1000,
GO TO 4

ALTERNATE THREE ~ HIGH RANGE ORIFICE USED

L = IFIX{REYNO/2500.,) + 161

M=L4+1

DISCH = ARRAY2(L) +(ARRAYZ2(M) —~ ARRAY2{(L))}*(REYNO = FLOAT(L - 161)
1#25004) /25000 .

RETURN

STOP

END

SUBROUTINE MLALS
LOS ALAMOS LEAST SQSe FORTRAN Iv PACKAGE USED AS A SUBPROGRAM

COMMON /LALS/ Y{(500)eX({50095)eW(500)sYC({500)sDY(500)

1 PG(ZO)QP(ZO))PC(ZO)9Dp(20)lSP(20)iPART(ZO)OAN‘ZO)l

2 AM(20s20)» BM({20921)y ISGN(20Q) s IX(20})»

3 DUM(100) sNsIKs IMsMsTESTsWVARSSSsIDF9DET s IRROR
IRROR=192+39495=CONVERGED» IT=254H=210%%=10+DET NEGesALL P FIXED
M= 3
IK =
IM =

ISGN{

ISGN{

TEST

DO 5

w(I)

= -]
= =2
0400001
= 1N
1

nNe= NN
—

CALL CALC

CALL PRINT

GO TO (191929291)sIRROR
IM = IK

DO 3 I=14IM

IX(1y =1

GO TO 4

RETURN

END

SUBROUTINE FIT(I)

COMMON /LALS/ Y(500)sX(50055)sW(500)sYC(500)sDY(500))
PG(20)sP(20)sPC(20)sDP(20)sSP(20)9sPART(20)sAN{20)
AM(20520)s BM(20921)s ISGN(20)s IX(20)
DUM(100)|N9XKoIMoMiTEST!WVAR’SSoIDF!DET’IRROR

FOR BOB DAVIS BY C RUGGE

Y(I} = P(1) X(Isl) + P(1) P(1) X{(Is2) + P(2) X(Is3)

w N

IF (1) 19192

WRITE (343)

FORMAT (50HOY (1) = Pll)*X(Iol) + Pl)#%2#X(192) + P(2)%X{I93})
RETURN

YCUI) = P(1) % X{Ilsl) + P(1)%#2 * X(Is2) + P(2) * X(I193)
PART(1) X{Isl) + 24 * P{1) * X(192)

PART(2) X(193)

GO TO 4

END
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GIVEN THE COMPOSITION AND TEMPERATURE OF AN AIR - WATER

MIXTUREs THIS SUBROUTINE WILL LOOK UP TABLES AND GIVE

VALUES OF THE SPECIFIC HEATs THERMAL CONDUCTIVITYs VISCOS ITY

AND DENSITY OF THE FLUIDa . . : ..

SUBROUTINE PROPER (COMPOOHTCAPY’N!PRESSU,TEMPE’THCOND.THTCAP’TTHCD
1sTVISCO9»VISCO» TDENS)
DIMENSION COMPQ(50)sHTCAPY(5099)sPRESSU(50) »TEMPE(50)» THCOND(509)
Lo THTCAP(50) s TTHCD(50) s TVISCO(50) s VISCO(5093) s TDENS(50) »AVMW(50)
DO 1 I = 1N
AVMW(I) = COMPO(I)%0418 + (100e = COMPO(I))*0429
DENSITY CALCULATION i
NS(I) = 040010038#PRESSU(T)*AVMW(I)/(TEMPE(I) + 273.)
(IFIX(TEMPE(I)}) = 20)/10 + 1
J + 1 ) '
FIX{COMPO(I})/5 + 1
L + 1
HEAT CAPACITY INTERPOLATION
ANSA = HTCAPY(JsL) + (HTCAPY(KsL) = HTCAPY{(JsL)})*(TEMPE(I) = FLOAT
1(J = 1)#10e = 20,)/10s ’
ANSB = HTCAPY(JsM) + (HTCAPY(K;M) = HTCAPY(JsM) }*#(TEMPE(I) = FLOAT
1(J - 1)#10e¢ = 206)/10. ] ) . o :
THTCAP(I)= ANSA # (ANSB = ANSA)*{COMPO(I) = FLOATI(L - 1)#5,)/5,..
THERMAL CONDUCTIVITY INTERPOLATION
ANSC = THCOND(JsL) + (THCOND(KsL) = THCOND(J»L))*(TEMPE(I) - FLOAT
1(J - 1)#10e = 204)/10.

I

Howu " m

™
J
K
L
M

ANSD = THCOND({JsM) + (THCOND(KsM) = THCOND{JsM))#(TEMPE(I) = FLOAT
1(J = 1)*10e = 204)/10. o .

TTHCD(L) = ANSC + (ANSD = ANSC}#(COMPO{I) = FLOAT(L = 1)%#54)/54

VISCOSITY INTERPOLATION

ANSE = VISCO({JsL) + (VISCO(KslL) = VISCO{(JsL))*{TEMPE(I) = FLOAT(J
1= 1)#10s = 2043710, *

ANSF = VISCO(JsM) + (VISCO(KsM) = VISCO(JoM})*(TEMPE(I) ~ FLOATI(J -
1- 1)#10e = 204)/10, - -

TVISCO(I) = ANSE + (ANSF = ANSE)*(COMPQO(I) = FLOAT(L = 1)%#54)/5
1 CONTINUE !

RETURN

STOP

END
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SUBROUTTINE PROU T

SUBROUTINE PROUT (AIRES)AIRTEMs COMPWA»CURRsDENSMF 9DENSUP 9FILTEMSHEA
1DsORDIAMIPIPDIAIPRESSsPRESUP s SPHTMF s SPHTUP s TEMPUP s THCOMF » THCDUP »
2VELOSVELOCPVISCMFIVISCUPsWIRESsWVAPRINSPsWIREsDATEIGAGES TESTDI 9 XsY
3+DISIP)

THIS SUBROUTINE PRINTS OUT INFORMATION FROM CALIB

DIMENSION X{500s5)sY(500)sP(20)

DIMENSION AIRES(50)sAIRTEM(50) + COMPWA(50)»CURR(S0)sDENSMF(50) 9DENS
1UP{50) s FILTEM{50)sHEAD(50) +PRESS(50) sPRESUP(50) 9 SPHTMF(50) s SPHTUP(
250 ) s TEMPUP(50) s THCDMF (50) 9 THCDUP (50) s VELO{ 50 ) s VELOC(50) s VELQS(50) »

BVISCMF(50) sVISCUP(50) s WIRES(50) s WWAPRI(50) GAGE(50) s TESTDI(50
4)9sDISS(50) 9 VHALF(50) DISIP(50)
PAGE ONE

WRITE(3s1) WIREsDATE
10FORMAT (53H1 RESULTS OF HOT WIRE ANEMOMETER VELOCITY CALIBRATION//
11////714H WIRE NUMBER 12s10Xs24H CALIBRATION PERFORMED A8 /////)
WRITE(392)
2 FORMAT(11H INPUT DATA //7/7)
WRITE(34+33)

330FORMAT {120H READING WIRE WIRE AIR
331 " WATER TOTAL o R I F I C E ' /
332 120H NUMBER CURRENT RESISTANCE RESISTANC
333k VAPOR PRESSURE PRESSURE TOTAL MANOMETER AIR /
334 ' 120H

335 } PRESSURE READING TEMPZRATURE/
336 120H (MeAMP) (OHMS ) (QHMS)
337 (MMoHG ) (MMoHGW) (MMeHGs ) (IN«H20) (F) )

WRITE(393) (IsCURRIIVSWIRES({I)SsAIRES(I)sWVAPR(I)»PRESS(1)sPRESUP(!]

1) sHEAD(I) s TEMPUP(I)s I = 1sN)
30FORMAT (14X 9129 7XsFTabstXsFTe396XsFTe398X9F6e299XsF60234X9FTe394Xs
31FTe495XsF6e2)

WRITE(394) NyORDIAMPIPDIA .
40FORMAT {18HO ADDITIONAL DATA /26HONUMBER OF OBSERVATIONS = 12/20H O
41RIFICE DIAMETER = F6s4/25H ORIFICE PIPE DIAMETER = F6e4 )

PAGE TWO
WRITE(395)(P(I) » I = 1s2) .
S0FORMAT (32H1RESULTS OF REGRESSION ANALYSIS ///8H K(1) = El&4e5 ///
518H K{2) = El4e5) .
PAGE THREE

WRITE(3+66) ‘
660FORMAT (54H1 FLUID PROPERTIES EVALUATED AT MEAN FILM TEMPERATURE //

661/104H READING MEAN FILM WATER DENSITY
662 SPECIFIC THERMAL vISCOSITY /

663 104H NUMBER TEMPERATURE COMPOSITION

664 HEAT CONDUCTIVITY /

665 106H (F) {MOLePCoe) (LB/CUFT)
666(BTU/LBF) (BTU/HReFTeFe) (LB/FTeHR) )

WRITE(3s6) (1sFILTEM(1)sCOMPWA(I}yDENSMF(I)sSPHTMF(1)eTHCOMF(I)sVI

ISCMF(I)s I = 1sN) -
60FQRMAT (6XsI29TX9FTa3910XsF



NoOn

[aNa¥s)

(aNaNa]

NN

-112-

L}
6186251?X’F70509XoF7.599XvF7.5010X0F7.5)

= 19N ) he
VELOS(I) = VELO(I)/3600.
9 CONTINUE
PAGE FOUR
WRITE(3+88)
880FORMAT (53H1 FLUID PROPERTIES EVALUATED AT ORIFICE TEMPERATURE /7
881 104H READING TEMPERATURE WATER DENSITY
882 SPECIFIC THERMAL VISCOSITY /
883 104H NUMBER COMPOSITION
884 HEAT CONDUCTIVITY : /
885 106H (F) (MOLePCo) (LB/7CUFT)
886{(BTU/LBF) (BTU/HR4FTeFe) (LB/FTeHR) )
WRITE(3+8) (IsTEMPUP(1)sCOMPWA(I)sDENSUP(I)sSPHTUP(I)sTHCDUP(1) VI
1SCUP(I) s I=14N) )
80FORMAT (6Xs1297X9FT7e3910XsF
815.2vlOX'F705o9X-F7.599X9F7.5!10X$F705Y
PAGE FIVE
WRITE(39110)
1100FORMAT ( T5SH1CAL IBRATION CHECKOUT = .COMPARISON OF EXPERIMENTAL AND C
1101ALCULATED VELOCITY /////74H READING AIR TEMPERATURE AT WA
1102TER . EXPERIMENTAL CALCULATED 7 - ’ )
1103 . T4H NUMBER -PROBE WIRE FILM COMPO
1104SITION VELOCITY VELOCITY /
1105 T4H . o (F) . (F) (MOL
1106ePCoe) (FT/SEC) (FT/SEC) )
WRITE(3,10)(19AIRTEM(I)oFlLTEM(I)pCOMPWA(I)’VELOC(I)'VELOS(I)OI 1y
IN) )
100FORMAT (5Xo12o6X’F6.294X0F65205X’F50
107299X9FTe496XsFTets)
PAGE SIX
WRITE (39120) .
1200FORMAT ({28H1 SUPPLEMENTARY INFORMATION /1777 33RH : RUN
1201 GAGE  TEST /7 33H NO. {0=L0) DIAM /
1202334 (1=sHI) (IN) ’ . )
WRITE(3922)(1s GAGE(I)sTESTDI(I)sl = 19N}
12 FORMAT(13X91295X91295X9F4e2)
PAGE SEVEN
DO 1000 I = 14N

1000 VHALF(1) = SQRT(VFLOC(I))
WRITE(351001)
1001 FORMAT( 65H1 I SQUARED R LOSSES AS A FUNCTION OF SQUARE ROOT OF VE
10011L0CITY //7)
WRITE(3+1002) (DISIP(I)sVHALF(I)s I = 1sN)
1002 FORMAT(10Xs 18H ISQR/DELTA T = F1045410Xs 9H VHALF = F1l0e7 )

RETURN
STOP
END
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SUBROUTTINE VELOCI( X))

SUBROUTINE VELOCX(AIRTEMsCURRSDENSMF sNs SPHTMF s THCOMF s VELOVISCMF s
. OR

SUBROUTINE VELQC (AIRTEMyCURR9DENSMF sNs SPHTMF s THCOMF s VELOSVISCMFy

IWIRESsWIRTEMsP)

THIS SUBROUTINE USES THE ANEMOMETER EQUATION TO
CALCULATE THE VELOCITY OF THE FLUID STREAM FLOWING
OVER THE HOT WIRE

10DIMENSION AIRTEM(50) sCURR(50)+sDENO(50) sDENSMF(50)sDISIP(50)sRAD(50
11)»SPHTMF(50) s THCDMF(50) o VELO(50) sVISCMF (50) sWIRES(50) s WIRTEM(50)»
12P(20)

DIMENSION PR({50)
2 D0 71 = 1eN
3 DISIP(I) = CURR(I)*#2%¥WIRES(I)/(WIRTEM(I) = AIRTEM(I))
SODENO(I) = DENSMF(I)*SPHTMF(I)**O.667*THCDMF(I)**1.333/VI$CMF(I)**O
514333

PR(1} = SPHTMF(I)*VISCMF(I)}/THCDOMF (1)
60VELO(I) = (DISIP([)%##2 = Q0 76%THCOMF(I)#DISIP(I)*PR{I}##Qe24P (1) +
61THCOMF (1) ##23%# (04 1444%PR( 1) ##044 = 04002809 )%P(1)%#2)/(DENO(T)*P(2)
62)
7 CONTINUE
8 RETURN
9 END

VEL

VEL

VEL
VEL

VEL ..

VEL
VEL
VEL

VEL
VEL
VEL

TP W

OO~

14

15
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D. BSample Calculations

1. Calculation of Temperature and Velocity

The wire temperature is calculated from Eq. (16)

t =mR + ¢ (16)

For run D-2-1, reading number 18, the measured quantities are

I = 55.292 mA
R = 13.00 Q»
Ra = 6.95¢9

partial pressure of water = 9.34 mm, Hg

barometric pressure = T4h.20 mm. Hg

Values of the slope and intercept-determined by least squares analysis

Abf calibration data are

B
I

46,3508 © ¢/a

o}

c = -297.345 ° ¢

Substituting equation constants and resistance into Eq. (16)

t, = (46.%508) (13.00) - 297.345 = %05.22° ¢
£ = (46.3508) ( 6.95) - 297.345 = 2Lh.79° ¢
Vs ’ .
The mean film temperature is given by
' ot 4+t :
W a _ 305.22 + 24,79 o
to = > = 5 = 165.01° C
Fluid properties evaluated at the mean film temperature, tf are .
Pp = 0.0k4o2 1b./ft3
k_ = 0.0211 Btu/hr ft °F v

f
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Y : o
(cp)f = 0,245 Btu/lb. ~ F

b = 0.0594 1b./hr ft

Velocity is calculated from Eq. (13),

(IQR 2 (IQRW'
x| -0 7ok

[ (é )2/5 IL/E/MIB]

? (13)

2({6 38(re)] 212 {o.zs[ker)f(Pr)f]l/8 +0.45((a ae) (7x) ]1/4}2) 2
L

where the values of the equatipn constants determined by a verified

library digital computer program are

0.59755 x 10"

.
! 3
0.38756 x 10

X

Therefore, evaluatihg‘the groups found in Egq. (lB),f

IR, (55 29é)2(15 oo) o
A TS - e T e W
_ CH -

_ Tpf _ (0.245)(0.059k) " _
(Prie = = = (0.021T) = 0.6
A DB'At

(4 l?Ble (0. ou92f%2 083x10”5)528o uj)(l 8)
(0,0594)° (438.01) (1.8) -
1;656x10"

Al
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Substituting these values into Eq. (13),

u = 10108.8 ft/hr = 2.808 ft/sec » - L

' . 4w + :
2. Calculation of Dimensionless Distance (y ) and Velocity (u ) .

Dimensionless distance and velocity are defined as

e
i

y uT/v B B .  (QO)V

)

o
i

R

The value of the friction velocity, uT is.determined from the

where v 1is the kinematic viscosity of the fluid and (du/dy), is the

relation,

velocity gradient at the pipe wall. For Reé = 9,500, from Fig. 17,

(/o)

max’
W—l5.6
but - Wy = 3-148 t/sec .
and . r =0.3125 ¢t
o (15.6)(3.188) o
thus | - du/dy G 3155) = 157.15 sec "
and -~ u, = V/(0:0001693)(157.15) = 0.1631 ft/sec

For run D-2-1, point 18,

1.409 in. = 0.117h £t = v
2.808 ft/sec S : : L



o

447

| 4 (0.1174)(0.1631)
ehus Y T "T6.0001695)

' (2.808)/(0.1631)

115.10

i1

=
1

17.22

5. Calgulation of Friction Factor

 The friction factor may be’related'td:the'frictiqn veloclty by

£=2(u/u (23)

avg'

The average velocity for Reynolds number of 9,500 is 2.596 ft/sec, thus

£ = 2(0,1651/2.596)° = 0,00789
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Fig. 30. Traversing mechanism assembly.
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%
Thermocouple _wel|
74"id
JFnd plate A
(3" thick Al) “ |
| 24 —r | |
%" diam . °
- - " o o
3 " Wy AN Ln ' : : Station-
2 74%d. x 6§"x § 7z id. 3y | Pzero
i ‘o ring 8 od. " :
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spaced on 10" circle | N —1683" : v :)eribz l;;o'rts
© MU-34427
Fig. 31. Calming section.
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' o o
O rings= Li
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O 37 7 a4 |
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Fig. 32. Assembly drawing of test section.
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Manual control secnon

-

control unit

55 S B 1
T I _ r K$| \52 \53 l
208 | iB B B3
Vac- | o . I . .
[ s ’ I H $H2 I
“1“__°I°*" — - __4
rﬁ_.-__.___. . N . . .
! } Bt
|
|
1|V T
! 'l Automatic
o
| |

|

|

l .

{ Automatic Control Section
|

|

|

1

i_._._.__._._.__.___.__

MU.34425

Fig. 33. Circuit diagram of air heater control and power supply.
B B B Indicator bulbs for heaters 1, 2 and 3

2 2

Bi e 3 Red indicator bulb-—controlled heaters off
5 : Green indicator bulb—controlled heaters on
l to'H? Air heaters

M ' _ Motor

Sl, SE’ S5 Switches for heaters 1, 2 and 3

Su v Motor switch

S Overheating cutout switch

S 12 SD2 Solenoids

v Variac
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' This report was prepared as an account of Government
2 sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






