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Abstract:

An experimental investigation was conducted in which velocity profiles were measured directly in
laminar, turbulent, and laminar pulsating flow. Air was the working medium, and the flow conduit was
aluminum pipe, 1.9 inches in diameter. The non-steady pressure gradient was caused by rhythmically
increasing and decreas ing the volume of a cylinder.

Velocities were measured with a hot wire anemometer which could be positioned within the pipe along
a diameter by means of a microscope slide. Radial distance could be measured to within .0001 inch.

Laminar flow profiles were measured in a range of Reynolds numbers from 1000 - 20,000. For plots at
Reynolds numbers below 5000, typical parabolic distributions were observed.

Turbulent flow profiles were measured in a range of Reynolds numbers from 10,000 to 25,000. Best fit
curves were calculated by an IBM 1620 computer. They are for the buffer zone: (Formula not captured
by OCR) and for the turbulent core: (Formula not captured by OCR) The flow was divided into three
zones, Laminar Sub-layer (Formula not captured by OCR) 5

Buffer Zone (Formula not captured by OCR) 27

Turbulent Core (Formula not captured by OCR) Laminar pulsating flow profiles were measured over a
range of a, parameters from 1.4 to 3.56. At an o of 3.56 definite, ,flow re versal was observed, with a
magnitude of approximately 25% of the mean flow. No turbulence at any time during a period was
noticed. There was a maximum phase lag of the velocity relative to the pressure pulse at the pipe
centerline of about 33° with a equal to 3.56. The profiles seemed to follow the theoretical curve
reasonably well, except that four inflection points were noticed instead of two.
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ABSTRACT

An experimental investigation was conducted in which velo-

.\city profiles were measured directly in laminar, turbulent, and

laminar pulsating flow. Air was the working medium, and the flow

.conduit was aluminum pipes 1.9 inches in diameter. The non-stendy

pressure gradient was caused by rhythmically 1ncrea51ng and decreas-

ing the volume of a cylinder.

Velocities werefmeasured with a hot wire anemometer which
could be positioned within the pipe along a diameter by means of a
miceroscope slide. Radial distance could be measured to within
+»0001 inch.

Laminar flow profiles were measured in a range of Reynolds
numbers from 1000 - 20,000. For plots at Reynolds numbers below
5000, typical parabollc distributions were observed.

Turbulent flow profiles were measured in a range of Reynolds.
numbers from 10,000 to 25,000. Best fit curves were calculated by
an IBM 1620 computer. They are for the buffer zone: :

% = 4h5 + 430 1n (fxey

and for the turbulent core:
8- 5.25 + 2.55 1n (I8

The flow was divided into three zones,

Leminar Sub-layer 0 < (EE_K__) <5
Buffer Zone 5 ¢ (K%d?-) < 27
Turbulent Core ' (E%JFil) < 27

Laminar pulsating flow profiles were measured over a range
of & parameters from l.4 to 3.56. At an « of 3.56 definite .flow res .
versal was observed, with a magnitude of approximately 25% of the
mean flow.- No turbulence at any time during a period was noticed.
There was a maximum phase lag of the velocity relative to the pres-
sure pulse at the pipe centerline of about 33° with «£ equal to
3,56, The profiles seemed to follow the theoretical curve reason-

. ably well, except that four inflection points were noticed instead

of two.




I. IﬁTRODUCTION AND STATEMENT OF PROBLEK :

With the rabid.advances in medical sciencé it has become in-
creasingly.important to find and define the flow characteristics of
blood through the human.artery. Therg have been a number of re-

. searchers who'have,attempted to investigate blood flow, with vary-
ing deg;ees of success. Investigation has been divided £n£o fwo
distinct classes; one iﬁ which a live subject,'(i.e. rabbits 6r
dogs) is gsed,and bloéd flow is directly’observed, and the sécond.
where blood flow is simulated by mechanical meané. There‘are'dis-
advantages connected with both methods 6f research. When a live
subject is used,-it is difficult to duplicate experimentai:obéer—
vations and the instrumentatien is, by necessity, limitgd. Con-
sequently observations are usually made over a‘combarativeiy'short'
period of time. - With the seéond method, usiné simulated ;food_
-flow, the disadvantage is obvious, this being just how cldsé the

- simulated flow is to‘real blood flow. Another problem with
‘meghanicaily simulated flow arises when the qﬁestidn of Qiécosity '
is brought up. It is generally assumed that viscoéity is A.con-
sfant, however, in researcﬂ performed by Taylor (2) there is evi;-
‘dence that in actual blood flow tﬁe viscosity vérieé in a radial
direction. There-héve Béeﬁ a number of investigations concerning
pulsital t&pe flow with often'contradictory findingé. The mgjority
of research has been carried but using an incompfessible fluid and
inferring from pressure measﬁrements tﬁe configuration'of the velo-
city profiles.

As a first step to the more complete‘understanding of
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pulsital type flow this investigation was concerned with the difect
measurement of velocity profiles. Air was the working medium and
hot wire anemometry téchnics were employed for velocity measure -
ments. In this, the first part of a two part study, a fldw syétem‘
was deéiéned and constructed. This system allowed éccurate velo=-
city measurements to be made. Using thé recorded data‘varification'
“of theorétioal velocity profiles was made for laminar, turﬁulent,.

and laminar pulsating flowv.




I1I. REVIEW OF LITERATURE

There has been a considerable amount of research done in the
area of pulsital flow in recent years. Much of the work has been
carried out in medical schocls and hospitals ‘with emphasis on arter-
ial blood flow. McDohald (7) viewed blood flow through the aorta
of a rebbit by injecting a.blue dye in order to define the flow
profiles. -The resultiug flow outline was filmed at.1500 frames per
second. He observed a typical laminar parabolic profile during the
early part of systole (rhythmical contraction of the heart).
Toward'the peak velocity some turpulence‘was noted, and then a
brief period of flow reversal. Velocity was measured by timiug the
movement of dye in the axial direotion. A critical Reynolds num~
per ofwapproxiuatelQFBOO to 550 w%e celculatedlueihg the standard

formula of:

Y xDxPp
o,

Velocity -profiles were caloulated from observed pressure

Re

gradients in the femoral artery of a dog by McDonald'and WOﬁereley '
(S)t' No turbulence was observed et any time dufing.a systole. TA
marked difference in phase angle between the pressure gradient and
the flow across the artery was observed with the maximum lag at

the centerline. In-a study by Help and McDonald (6) similiar to
the previous two, a vortex ring of‘semi-turbulent flow was seen to
exist with 1am1nar flow on both s1des of this turbulent vortex.
ring. It was postulated that turbulent flow in the human artery

would develope at a Reynolds number of approximately 2000. Using

mechanlcally produced flow in a l cm diameter glass tube, Stehbens
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_(10) observed the various flpﬁ regions. The study was aided by'
injecting dye to illuminate fhe streamlines. . At_velécities which
‘produced Reynolds nuﬁbers‘in the vicinity of 2000 turbulent flow
was seen £o exist thrbughouy the é&étem. During flow reversal. a
ériticél Reynolds number of about 200 - 900 was observed in models
of various configurations; (%ee. S shape, T shapej; -

From the review of‘lite¥ature.it becomes increasingly clear
that a ﬁuﬁber of contradictions concerning observed phenomehdn
‘existed, Also, although velocity profiles had been assumed, none
héd been.measured directly. In the simulation of blood flow some

simplifications are é6bviously necessary. TFor this stud& they in-

"clude:
1. Rigid pipe walls,
2. Constant viscosity,

3. The working medium, air, is considered incompressible

at low wvelocities,.




III. EXPERIMENTAL AéPARATUS

The pulsating flow éystem was desiéned and built with’
several design critexriae in mind. They were: |

l. Frequency pérameter =ET§§E Tos

2. Ease in making velocity and pressure meésurements,

3., Ease of changing Reynolds number, frequency of,puléation,

and amplitude of pulsation, . | | |

4. The necessity for clean, dust free éir’when operating

hot wire anemometers.

With these criteiia in mind, the system was designed and
consisted of the following components, 2/3 hp fan, 2 inch diameter
alumihum pipe, pulse generator, entrance seation,.test sectioh;'
pressure taps, cooling coils, and an orifice. (See‘figure 1).

Pipe for the flow system was selected foi economy, availa-
bility, ease of handling and reference to the alpha paraméter (see
section on pulse-generator). Aluminum irrigation pipe wi£h an 0.D.
of 2,0 inches and an I.D. of 1.9 inches satisfied the design cri-
teria and was chosen. Tétal,lepgth of run was 62 feet (372 dia-
meters) which assured fully developed fiow-at the tesf section.

The test section.was 43.6 feet (281 diameters) from the entfancé of
the'pipe. |

The entrance sectiontwas designed to eliminate thq incoming‘
turﬁulence from the orifice énd provide.iaminar flow At the en--
trance to the 2'indh aiamefer pipe. The'entrénce section'consisted
of two parts, a filter section and area reductioﬁ'sedtiona The

filter section was 12 inch diameter aluminum tube with fiberglas
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furnace filters and 24 and 48 mesh- copper screen. There were six
goreens, the first three were 24 mesh and the next three were 48
mesh. Filters were piaced in front of each 24 mesh screen.' A

fiberglas reducing sebtion was fastened to the back of the filter

. sectioh to reduce;the floﬁ areg from that of the 12 inch diameter

screen section to the 2 inch diameter pipe. The area ratio between
the 2 inch diameter pipe and the filter section was 36:1. The area |
reduction section tapered from a 12 inch diameter cylinder to a 11%

inch diameter cone. The cone decreased from a 11% inch diameter to

a & inch diameter in 9 inches and then in a smooth curve from a 4

inch diameter to a 2 inch dlameter in & total distance of 3 inches.
A mandle was cut'to these speclflcatlons and llquld flberglas was
used to fabricate the area reduction section. The section was then
fastened to the filtef section and the junction sanded to ahémOSth
inner surface. The end 2 inches of the transition section was
machined to an outSidg diameter of 2.100 inches with an inside dia=-
meter of 1.9 iﬂches. Schedule 80 aluminum pipe was used as a

coupling between pipe sections. (See figure 2). 4All inside joints

‘were smooth in order to eliminate turbulence. f

The coupling sections were also sanded smooth. A picture of

"the completed entrance section is shown in figure 4. Design speci-

>

fications -are shown in figure 3.
The pulse gegerator was designed using the alpha pargmeter
to determine frequency. A paper by J. R. Womersley (8) indicates

that this parameter, which is dimensionless, is approximately 3.5
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for a human artery. A short computer program was written giving
the o factor and frequency as outputs (see appendix, program 1);
. The desién frequency indicated was betwsen .0l and .05 cpS. The
stroke necessary to provide the c&rreét amplitude for the pulse was'
an unkﬂown quantity, so itfwaé decided to ﬁée the volume of % the
~system which was 1.38 ft.?. A 16 inch diameter bore with a one
foot stroke gives 1.39 cubic feet of displacement which is approxi-
mately % the volume of the system. To obtain the necessary speed
‘reduction a motor was connected to a speed redﬁcer through a series
oflpulleys‘and then to a 12 inch diaméter driving wheel. The driv-
ing wheel was drilled at one inch intervals éo the stroke could be
varied froﬁ two to tweivé inches; and connected to’a bellows.'
.Frequency couldﬂbe varied from .009 to .07 cps. -

Bellows of 16 inéh diameter flexiﬁle ducting were fastened _
to a»plywood frame, and a‘2 inch hole was drilled to allow oonnéc-.
tiop to the flow system. A éross head was used to convert circu-
lar motion to vertical motion. The bellows were then connected to
the system just upstream of the entrance section (see fiéure 5)e

An orifice that gave an area reduction of 16:1 was installed
upstream from the pulse generator to dampen any pulseé that ﬁossi-
.bly traveled upstream‘in the flow system.

The instrumeﬁt‘section consisted mainly of a hot wire aﬁemo-'
metér probe traversing mechanism. This‘travérsiﬁg ﬁechanism raiéed
and lowefed the hot wire pfobe as little as .00l inch and.was able

© to repeat within I .0001 inch. 4 used microscope base was modified
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by adding fiberglas blocks to the slide to hold the prbbe‘and then
fastened to a flattened piece of aluminum 2)% inch bar stock which
~acted as a pipe couplihg. 4 dial micrometer was mountgd on top of
the microsbope slide to measure probe travel.
‘The probe entrance into the test section was through a .bSO
~inch drilled and reamed hole. (See figure 6). .
| The inside of the coupling was machined and sanded in place
providing a smooth inside surface throughout thé test section.
' (See figure 9). | (
| Pressureg within the pipe were measured by a series of -
static pressure‘taps. These were positioned 6.0, 25.1, 43.6, and
_ 62.0 feet from the entrance. Each tap consisted of four holeé,
.050 inch in diameter, drilled 90 dégrees apart; Bach hole waé
covered by a one inch square Plexiglass block drilled and‘tapped
fbr.a % inch bfass pipe fitting. The four blocks at a given loca-
fion were connected together.tgﬂgive the average static pfessure ;t
the location. The. four average static pressures were then.ducted
to a manifold by % inch plastic hose. (See figure 8). |
A 2050 inch 0.D. pitot tﬁbé was installed in the pipe one
foot down stream from the test section. The fip,was made to.coin-'
cide with the centerline of the pipe; The total dynamic’ head prés-A
sure from ﬁhis pitot tube was also run to the pressure tép manifold
by é A inch plastic tube,‘and used to détermine thé.centerline
velocity. (See figure 7).

" The mean‘flow inthe sgystem was provided‘by a varible speed,
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2/3 hp fan connected on the down stream side of the test sect£on.
Two coils of ¥ inch copper tubing approximately 30 inches long and
% inch in diameter wefe installed at the inlet and outlet of the
fan for temperature control. Cooling.liqui§‘for air temperature -

. controi was water.at'approximatély 50° F. Upét;eam from the fan a
section of .pipe one foot 1oné was vented to atmosphére and covered
with fiberglas filter to filter incoming air. (See figure 10).

Two ineh black rubber exhaust hose was used to éonnect the
méin apd return lines and also to connect the puléeigenerétor to
the mainline. |

The main f;ow'pipe was insulated with % inch armflex rubber
pipe insulation to limit heat transfer.

Two thermometers were installed; one inside the flow‘system
and one to record room temperature. These thermométers pré?;ded

the basis for temperature control in the pipe.




IV. INSTRUMENTATION
The instrumentation neceséary for recording the velocity
profiles and pressﬁfe changes can be dividéd into two mdain areas
depending on the flow tjpe. They are: | |
l. Steady flow
~a. Laminar
b. Turbulent .
2. DPulsital flow
&+ Laminar ‘
Thé’instrumentation used to'record éteédy laminar and turbu-
lent flow was basically the same, except in turbulent flow it was
- necessary to average the fluctuating velocity to obtain a meaﬁ velo~
city. (See figures 11 and 12.) . |
Thé following-instruméntation wa.sg uséd for.steady'fIOW'velo-
city profile measurements:
| le Thermo-Systems model 1010A constant tempefaturé anemo-
| meter,
2. Thermo-Systems model 1005B lineérizerr
3 MKS Baratron.Type 17 pfessure ﬁeter,
Lk, Tektronix oscilloscope, '
5. Hickok digital voltmeter.
A brief discussion of the anehometer,_linéarizer, and pres-
sure meter is included for the readef's clarification.' The hot

wire anemometer is used to measure the velocity of a flowing fluid

(in this case air) by measuring the heat transferred from a small
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heated wire, to the fluid. A small tungsten wire or sensor (dia~
meter .Q0015 inch) is placed across a probe tip. (See figure 13).
This probe or~sensor is part of a feedback loop of the ahemémeter.
Changes in environmental conditions around the probe result in-in-
: creasea or decreased heating current from the anemometer bridge,
which in turn produces a change in outpﬁt'voltage from the anemo-i
meter. This change is caused by changes in the sensor heat trans-
fer rate which increases or decreases the current necessary to
maintain a constant wire temperature. . Any pafameter‘which then
affects the heat transfer rate between the fluid aﬂd the seﬁsor
would affect the output voltage, i.e. both the'fluid density and
velocity, and any changes in surface conditions of'the sensor. . By
maintaining all the systems parameters, except the felocity, rela-
tively constant, it is then possible to obtain a.relation beﬁween
fluid velocity and the current through the hot wire sensor. TFor
the case when the velocity is considered to be the only variable,
the relation between br;dge output and velocity is governed by an

“equation known as Kings Formula, written as follows:

CEi = (4 +.3B ul/n)

Power outpuf from the hot wire sensor is governed by the
‘probe temperaturq'ﬁhich in turn is governed by the operaéing-resis-
_.tance. Cold reéisténce ofjthe anemometer is determined (résistaﬁce
of sensor.at ambiént temperature), and the running resistance is

calculated and set\on the anemometer.

\
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R = Re [1 + @(ts—te)]

This equation if often eliminated by defining an overheat ratio.

overheat ratio = .
o Re

so that: R = Re (overheat ratio)
An overheat ratio 6f 1.7 was used to obtain all experimental data.
It was noficed that the coid resistance would vary approximately z
10% from run to run. This could possibly be attributed to the
large temperature varlatlons within the lab. '

Since the anemometer output EA varies as thé Sné'fourth
power of the Yeiocity, it is.necessary to square the oufput'twice
to obtain a voltage which is linear with velocity éaét the -hot ,':
wire; The linearizer accomplishes this by meéns of three analog
function circuits. A linearizer is basically an analog device con=-
sisting of one sduariﬂg c&rcuit, a difference circuit, and ‘a vari;
able power circuif. The linearizer can provide én‘output voltage
which is an average or instantaneous wvalue of an impﬁt s;gnal which
has been squared, depressed by a constant voltage éﬁd raised to a
variablé power between 1.95 - 3.00. | |

| This satisfies the‘following equationss

EA = anemometer output

cl (E ) = squaring circuit 1 output = (A + B ul/n)

.91/ = (c1 (EA) - 8)/ B

2

U = 62 (C1 B, - AY* = squaring circuit 2 output.

¥
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If the variable power n is set at the correct value, the
- output from squaring circuit 2 'is linear with the velocity past the

hot wire sensor.
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A. Linearizer Calibration

The value of l/n was taken as .45 (22) which gave n a vaiue
of 2.22. Sinde it wéé-impossible to set'the power of squariﬁg cir=
cuit 2 directly to a predetermined value, it was nécessary to find
the véiue of the variable power setting which gave a power of 2f22'
This was- accomplished by trial and error as follows: |
(imput Sqg2)% (constant)

c(x)™

output Sq2

It

or ¥y
Variable power settings were selecfed in steps of 100 from O.
to 1000. Imput was supplied by a D-C source over the range of the
anemometer output of 1.8 to 3.0 volts. Imbut and output.were re-
corded. Taking thé natural log of bofh sides giveé the. following
eéquation which is a straight line:
lny =1nC +n In (x) _
The power is then the slopé of the straight line. Using the
theory of least squares to fit the curves (see appendix, program 2)
the ﬁ power of'each run was determined.
It was found that a variable power setting of 575'oorres-

ponded to a-~value of 2.22., A check of the assumed n value was also

‘made by:

' assuming:‘ . u = 02 (Cl Ei - A)2°22
but: o S_TN P}‘{
so: P =c3(2 Ei - A)2'22 = u

For different velocities through a calibration unit the
L : §
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dynamic head (P) aﬁd linearizer output (u) were recorded aﬁd
plotted. (See figure 14).. | _

From the plottéd results it wae concluded that'n = 45 gave
a linear velocity output.

'The MKS Baratron Type 77 pressure meter is a very accurate
'pressﬁre_meqsuring device with a maximum pressure capability of 1
millimeter of mercury and with eight full scale ranges. These
ranges are .0003, .003, .,001, .03, .0l, «3, .1 and 1 millimeter of
mercury. The pressure measuring system consists of(a measﬁring
head, pressure indicator and connecting cables. The head contains
a diaphfagm which moves under pressure and unbalances an AC
bridge. The voltage thch is.proportional to the pressure is am-
plif@ed and used to deflect the meter. Read-out céﬁ be in one of
_threé ways, directly from meter, from an external AC or'DC-vpth
meter or by nulling (rebalancing the bridges). |

In addition to the above mentioned equipment, &dditionai
equipment was ﬁecessary for measurement of pulsital fléw. Included
was:

‘8. An 8 track Sanborn ?M‘tape recorder,

9. Héwlefﬁ-?ackafd model RMS voltmeter,

10. RC filter, : : | oo v

11. Timing light, ° |
12, Stop watch,

13..DC source.




V. EXPERIMENTAL PROCEDURE

Experimental procedure differences between laminar and tur-
bulent flow ﬁnd laﬁinar rulsating flow were primarily in the
methods ﬁsed to record data. In both cases the instrumentatidh and
fan were turned on at least one hour before any testing Qas.done to
allow adequate warm-up and instrument stabilization. The fan speed
was kept relatively constant by selecting orifices of different
sizés_depending on the flow region under consideration, i.e. small
orifice forllaminar flow. After allowing adéquaté varm-up time,
the various instruments wefe adjusted to their optimum operating
‘conditiong. At frequent intervals it was necessary to check ana
. re-adjust the instruments. Variations were caused primérily by
‘changing temperatures within the test area. |

Fof non-pulsating laminar flow the Reynolds number was
varied by changing the fan speed and profiles of the velocity were
‘obtained starting at the pipe center and moving toward the wall in
«050 inch steps. At each step the linearizer output was recorded.
The finél step was .010 inch from.the pipe wall. ‘The‘centeflinev
dynamic pressure for each run was recorded, 36 a relﬁtion between
thellinearizer output and the actual velocity could be célculated;A
Pressure difference between the second and third pressure tap was
recorded, and also the static pressure at thg third fap. Opéra;
ting conditions witﬁin thé test area were recorded at the begin;_
ning of each test session. Included were barometric pressure,
ambiant air temperature and the temperature of the flowing air. At

all times the linearizer output was monitored on an oscillosc0pe td
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" verify the laminar flow conditions.

Nonpulsating tufbulent flow was recorded in & similiar
mannexr, except the linearizer output was put through a large RC
filter to average the velocity fluctuations. To obtain turbulent
flow, 1t was found necessary to ﬁfovide a trigger in the form of a _' "
wire just downstream from the entrance section.

For laminar pulsating flow; test data was somewhat'moré
difficult to obtain. After turning on the pulsé generator, it was
necessary to monitor the oscilloscbpe output to varify that the air .
flow reﬁained laminar at all times during each period. As in lam;
inar flow the probe was lowered in 050 inch steps.

On.tape recorder.channels 1l and 2 the noﬁrsfeady,‘preésure
meter 5nd linearizer,'voltage.outéuts were fecofded.' On channel 3
Za Ane volt pulse was récorded each time the pulse generator passed
top dead center. A fourth channel was used for voice comment. The
data recbrded_on.magﬂetic tape was converted to a useful form by an
analog to digital.conﬁerter coupled with an IBM 1620 computer. The
output values were punched on cards. Sihée the input to the conver-
ter was limited-to one volt, and the linearizer outpuf had a maxi-
mum magnitude of about 2.5 volts, it was necessary to use a voltage
divider to limit the ‘output' t0 1 volt or less. A background level
of about'BQ millivoltg Qas a characteristic of the“taped material.

A églibrafion procedure wés devised whereby the digitizéd
6utput couid be corrected to the originai instrﬁmentétion oﬁtput.

Before each run the following calibrations were carried out.
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A zero input (ground) waé recorded on each channel for about 30
seconds. Directly.following, a one volt input from a DC source was
recorded.for about the same time period. The O aﬁd 1 volt signais
were averaged after being digitized to obtain levels correspon@ing
~to the O and 1 volt input. The following correctiom was then
applied to each:digitized value. (See appendix, prégfam 5)

Tape input = A + B (OP)

So for O input: 0 = A+ B (0PO)

and for 1 volt input: 1 = A+ B (OP1)

Sol;ring: A = -B (0PO) |
B = 1/(0P1 - OPO)

Therefore: corrected (velocit& or pressure) = A + Bl(diéiti#er velo-
city or pressure).

Two'complete oscillations were recorded at each probe posifion.

.After each pulsating run was completed, the pulse generator was

turned off, and a standard laminar test was performed.




VI. RESULTS

Extensive use was made of the IBM 1620 computer and plotter
during this ihvestigation. Comprehensive prégrams were written to
correct and reduce reéorded data to 'a meaningful form. (See appen-
dix). As an example,'with pulsating flow as many as 20,000 A
points:were recorded during one d;ta run of approximately 40 min-
'utes. The results are divided into the following sections:-
A Laminar flow,
B. Turbulent flow,

-C. Pulsating laminsr flow, ,
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A. Laminar Flow

. As explained by Pao (15) in laminar flow the flui@ appears
to move in layers, wifh one-layer sliding overianothgr. Por lami-
nar flow the Hagen-Poiserille theory for incomprésible fluids in
round ﬁipes-;s presented by Pao (15) as follows: assuming steady

flow and a concentric éylinder as a free body, the momentum e@ua-

tion is:
P]Trz - (P + —g—% dx)'rr r2 -T(2mr)dx = O
Simplifing: SR -% (3) o (1)

Newton's law of viscosity states (15):
du : . .
(el o (@)

Substituting equation 2 into 1 and substituting for ¥ give:

>u P /r
u *r Tax (2>
Solving: . o u = %ﬁé jtg (ri -x) (3)

Equation 3 is the equation of a standard parabola.  For a circular

pipe the maximum velocity occurs at the centerline, therefore:

w=u - & O

max

-Experimental data is shown in gréph form.in figures 15, 16, 17.
(See ;ppendix, program 3)° The ﬁlots afe in a dimensionleés form
with r/r6 and % as the abscissa and orainant respectively, and
show the theore?iﬁal curve as well as the experimental data.

Figures 15 and 16 cover the range of Reynolds.numbers expected in

pulsital laminar flow. Tests were conducted offsetting the probe

1
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- 5, = 10, = 15 and - 30 from the vertical to check for flow pro-
file similarity. The offset profiles were indistinguishable from

the vertical profiles., Laminar flow was maintained in thé flow

system to a Reynolds number greater than 20,000 with turbulence

occurring only 1f trlggered externally.
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© B, Turbulent Flow e

Turbulenthflow is characterized by very erratic ﬁbtion of
the fluid particles with large momentum exchanges b@fween-particlés.
Turbulent flow is believed to commence at. a poiﬂt, usually defined
by the‘ReynOIAB number, wh;n the ratio of the inertia forces to the
:viscous shear férces are about 2500 (145. The Reynolds number is
a good indicator of thé:flgw region, since it is the ratio of the
inexrtia force over the viacéus shear force. The larger the rétio,
the more the ineftia fbrce‘predominates, and the more apt fhefe is
to be turbulent flow. At the present time there is no completely
satisfactory theory explaining turbulent‘flow, however, a number of
semiempifical theories have been presented'which séem to agree.
fairly well with experimentai e&idence# Prandtl's mixing length
theory is probably. the most useful of the sémiémpirical theories
developed for turbulent flow and is preseﬁted by Pao (15) as’
follows: Ybased on the coﬁcept‘of momentum exchange, a mixing
length L is postulated which is similiar in concept to the ‘mean
free path in the kinetic theory of gases. A particle is assumed
to travel its entire mixing length with its original momentum and
-suddenly acquire new momentum at the end of its path. tSeé figure
19). The fluctuating velocit§ component w’ has the same‘ﬁagnitude
ag the differenée in x- direction meaﬁ Qelocities.

. : / _ 1p.2u ' '
So: . | u 1‘Ly : . (%)
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Multiplying both sides by L gives:

.pu:x,ggw - C(6)

Rate of mass transfer in the y direction is ﬁ>v'dA and ™ is equal

t
to the rate of momentum exchange in the x~- direction per unit area.

"4 1( 2u/ary)

3 ° . = A4 u J. = ! %'E ’
Giv1ng.‘. . 5 = "y v L 5y (1) ) .
The combinations of equations 6 and:7 gives:

v = W’ ‘_ - : (8)
Which is known as Reynolds shear stress equation.
-Assuming: u & v are of the same magnitude:
> u
uasv =1L (B—y
‘the final equation is:
2, »u\2 - .
S A (9)
Also assuming that near the pipe wall,
L = ky
) 2 2 ,du\2 . R
We have: : v, o=k v (7F;) . : (10)

Solving for du gives:

dy

L@=-rﬁ7L
dy © ky

Defining: '%é = V¢ (shearing velocity) and ‘solving the equation
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for u results in the equation:

u =L in(y) + o ' (11)

. Using the boundary conditions u = LY.

@y = r, to solve for C,

. ) :
u = u +g Ve ln(%;)

or: RS Ymax -3 1n(lo) o (12)
Ve Yy 5 '

Equatioh 12 for the turbulent core of a smooth pipe becomes:

2=4+3 In (THI2 (13)

‘Three flow zones exist dependihg on the modified Reynolds number
(E%§¥fl). They are: -

l. laminar sub-layer,

2. bgffer zZone,

3.' turbulgnt core.
The pafameteré (%Q and (Eézgli) are uéually used to define u' and
y+ respectivelf. The parameters u’ and y+ are dimensionless numbers
that characterizé'thelveloci%& and distance from the pibe wall.

Equation 13 was ;olved using the method of least squafes to
find con;tanté A and B. (See appeﬁdixg ﬁrogram_#). The'expected

pius or minus deviation was also solved for. The following table

A




&ives the experimental resultss
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It is noted that insuffipient

points were recorded in the laminar sub~layer for a curve to be

fitted.

TABLE 1

" Results of Turbulent Flow Tests

Reynolds Number Buffer Zone Turbulent Core

A B A B
27,228 Yohlkx ,100 | 2.5%3 +.096
2% ,487 5.02 % ,078 | 2.47% 077
16,366 409 £ .097 | 4.13 % .188 | 4.79 £.057 | 2.60 £ .067
11,206 63 & .16 4026 £.299 | 5.77 £.097 | 2.51 & .12
10,658 2296 %.108 | 4.53£.19 | 6.11%,027 | 2.56 «.037

A typicdl example of the turbulent plot is shown in figure 20. The
variation withiﬂnfhe.curves from the mean at the 95% confidence
level was about © 5%.in the turbulent core and about tilo%'in the
.buffef ZONe, | |

The final equations using average values were:

buffer zone: %# = 445 + .30 1n (Ijj¥ii) (14)
turbulent core: %; = 5.23 + 2.53 1n (E%;¥ﬁl)_ . (1%)

The flow zone divisions observed were as follows:
l. laminar sub-layer: O < y+ < 5
5 ¢y < 27

+
y o> 27.

2. buffer zone:

3. turbulent core:
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The zone divisions are shown in figure 28. The general shape of
the plotted data points appears to agree very well with the results
of Nikuradse and Reiqhardt as published by Pao (15). In figure 18§,
the accepted empirical formula derived by Nikuradse and Reichardt

1s plotted. The plotted equation is:
u . Veye
Ve~ 5°5 + 2.5 In (—555)

Also plotted on figure 18 are experimental data points for a

Reynolds number of 27,220.
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Ce Léminar Pulsatigg,Flow

The results obtained from laminar pulsating flow consist

, primafily of computer.drawn velocity profiles ghowing fhe relation
(phase angle) between' the velocity profile and pressure puises.
'(See abpendix, programs 5 & 6). The « factor was varied so Qelo-_
‘city profiles would exhibit both flow reveréing andnnon~flow re-
versiﬁg characteristics.liThe pressure and velocity tape channéls
were sampled at a rate df 10 times pe; ;econd to obtain thé-pres;
sure and velocity profiles. A typical profile shdwing flow réver-
sal is shown in figure 21, and bne with no flow reversal is shown
in figure 22. 'Plots were al%o drawn  of Qeiocit& veréus cénterline
diétance at specific points on each period (every 18°). Figure.23
'showé a complete cycle_inciudingvflow-reversal and inflection C
péints. Shown in figure 24 is a plot siﬁiliaf.to 2%, however,
"there is no flow reversal. 4 theorétical solution for lémina¥ pul-
safing flow is presented By Sarpkaya (11) and is reproduced in part
as follows. From thé Naﬁigf-stpkes equation of métion for aﬁ_ |
axiallj symmetrical fiow the'diffarentiél eduation forla-nan-sfe;dy~

pressure gradient is:

ww_ L, 2% L By
t - P ix "‘<ar2 r xr’’
Assuming: u=0@r=r and - % %%% = K cos (nt)

gives the following equation:

o) el () -V - X )

\
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where u(n, t) has the. form f(r) 18t

The solution for this differential equation has the following form: -

. -_L_VL * .
(- et 5_; ) e

s

Lo (%) = i % @i?t
When sélving this equation (14) several important parameteré.are
defined. -Included is the « pafameter.mentioned preéioUsly and a
parameter A . ‘The pafameter Nis defined as ZEa A graph of «
versué A'Qas drawn by Sarpkaya (11) sﬁowing d’anéssary far flow
reversal ét a pipe wall (see figure 25). Figuré 25 shows the -
theorétical curve with the data points from table 2 drawn in. The
-Ifollowing table gives the calculated « and A values for the test

" runs éerformedo \ |

TABLE 2

& Values for Laminar Pulsating Flow Tests

Run 1 ‘2 6 8 9 10
X | 2.18 2,18 3,56 3.56 2,95 | - 1.97
A .65 .« 302 1.24 1.17 119 | 1.035

In table 3 the phase lag between the pressure and vglocity'ié shown
for runs 6, 9, and 10. Distaﬂceé are measur@d-starting at the'ﬁipe,
centerline and mo?ing towarduihe wéll. Pareﬁfhgsis indiéate inter-
polated values. | o | | ’

The magnitude of the pressure differences measured between

pressure taps 2 and 3 had a mean of about .1 mm of mercufy, while

'
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the amplitude of the fluctuating component varied from oOélto.¢O47
mm of mercu%ye

At anof factor.of 3,56 and 2.95 definite flow reversél is
observed. The reverse flow was approximately 25%:of the maximum
flow aﬁa occurred. at the centerline of the pipe. No turbulence was

'noticed‘at any time during flow reversai. Flow reversal was seen
to be dependent to a large extent on fhe frequency as shown by runs
9 and 10. Pressure in runsg 9 and 10 was apéroximately the same,

" but the frequency of pulsation in 10 is decreased by ¥%. No flow

reversal is obserwved in 10, and a very definite reversal is ob=-
served in.9. Phase lag also appears to be dependent on the fre-

' quenéy as seeﬁ in'éableAB with the ma#imum lag_dbsérved at the

.centerline as éxpected.':A phase lag 6f about 30 degrees was ob-

‘served with & = 3.56 and:)\ = 1.17.
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TABLE 3
Phase Angles for Pulsating Laminar Flow
Distance Rum 6 of = 3,56 | Run 9 X = 2.95 | Rua 10 of = 1;97
.00, (53) 21.6 9.0
.05 30 19.8 8ok
010 2é.8 18.0 6.0
.15' 25;; 16.7 (6.0) |
.20 2512 16.7 6.0
.25 24,0 (16.0) . (6.0)
,ﬁo 22.8 (15.2) (6.0)
35, 210 bk 6.0
40 : (éoé?) 13.8 (4.8)
A5 - 20.4 10.8 (3.6)
950 . 16.8 - (10.5) (2.4)
;55 (14.9) (10.2) | 1.2
,66 (1é.8) ‘ (9.9) Q'
.65 (10.9) 9.6 0
.70 9.0 (8.1) 0
<75 (7.0) (6.6) 0
.80 4.8 (5.1) ¢
.85 3.6 3.6 0
.90 NA NA- NA
« Ok NA NA NA

' NA = not measured.




VII. DiSCUSSIONlOF RESULTS -

In an analysi§ of the results produced by this investigation
it is necessary to discuss and speculate about the following items:

1. Performancg of flow system,

2°‘ Laminar flow profiles,

3. Turbulent flow profiles,

T Pulsital -laminar flow profile.
_bver-allsthe flow system pfoduced the results expected of it,
There were, however, some good as well as poor p&ints. The entrance
section performed beyond éxpectation, which is shown by Reynoldé
numbers for laminar flow in excess of 20,000, The pulse generator
produced a pressure wave which was somewh;t uneven at times shéw-
ing fhe need fﬁr a more rigid cylinder. Some difficﬁlty was ex-
perienced with velocity profile shift from the centerline, due to
temperafﬁre variations. This non;axial flow was-minimizea ﬁy care-
ful temﬁeratufe control.

Laminar flow profiles were as expécted. They exhibited the
tybical parabolic velocity profile predicted by theory. An en-~
trance length of 28l diameters proved adeéuate to préduce fully
developed laminar flow to‘a Rejnolds number of about 5000. With
higher Reynolds numbers the flow.was obviously not fully developed.
This couid easiiy be seen in the hsquaréd of f" wvelocity profile of |
figure 17L

Turbulent flow profiles followed the experimentally_derived
émpdrical equations for turbulent flow very Qell. The turbulent

flow equation given by Schlichting (21) has the form:
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u+ = A + Biln y+
The accepted values for A and B are 5.5 and 2.5 rqspéétively. (15)
Experimental data varified B within 5% at all times, however; the
intercept A seemed somewhat dependent on the Reynolds number. The
lower thé Reynolds.number the higher the B value seemed to be.
This could posaibiy be due to the extremely smooth flow character-
istics of the entrance section and pipe. This possibly could cause
the buffer zone to shiff'close: to the wall, thereb& causing the y
~intercept to shiftlupward. Also, the buffer zone was seen to.b;
leés by a factor of approiimately iO% thén the usually éccepted
valﬁe.'.This also could possibly shift the curve upward. |

The results from pulsital laminar flow were not quite what

had been predicted by several researchers. Sarpkaya (ll).mentions

the importance of inflection points and flow reversal as a'criterié'

for determining thé'stability of the flow,.

Definite flow reversél was evident and also four iﬁfiection
points during each c¢ycle, however; no turbulence was observgd.
This could possibiy béxdue.to the Eharactegistics of the flow sys-
fgm, or the inflecti§n pdints and flow reversal do not necessarily
cause transitioen: -of the flgw'from laminar to turbulent.

Two laminar inflection rings (&4 inflection boints per dié-
.métgr) were observed to exist during flow reversal. This is con-
trary to the theofetical development by McDonald #nd:WOmersley (5),
‘which shows only one ring. MeDonald (7) in previous work'on live

subjects noticed the existance of ringé during flow reversal.




~3%-
A theoretically predicted phase lag of about 60 degrees
-should have been noticed with «£ = 3.5, however, the maximum lag
obser%ed.was'only 30 degrees, which occurred at ﬁhe.centerline of

the pipe. Theres is no reasonable explanation for this phase dis-

érepancy at this time.
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VIII. SUMMARY

The purpose of this investigation was to measure velocity

.profiles in three flow areas. They were laminar, turbulent, and

pulsating laminar flow. To accomplish this it was necessary to

design and construct an experimental system that could cause a

varying pressure gradient to be superimposed on a sfeady_flow. Air
was selected as a working fluid;aﬁd ; hot wire anamométer was used
to measure £he velocity.

Laminar flow velocity profiles weré dr;wn with Reynolds num-
bers varyiﬁg_from abouf 1000 to 20,000. With Reynolds numbers be-
low BOOO'thg velocity profiles seemed to follow within 4% of the
predicted parébolic shape;. |

Turbulent profiles were plotted and the eéuations of the

lines computed. The equations were close to the emperically pre-

S

dicted ones, however, the buffer zone was noticed to run from y+

of 5 %0 a y+ of 27, which is somewhat less than the accepted

[RRS R

limits.
Lamina¥ pulsating profiles were drawn and definite flow re-
versal was noted at an &« of 3.56 and a A of 1.17. No turbulence

was observed during peak or back flow. A maximum phase lgg of 30°

also occurred at an « of 3,56 and «of 1.17.
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LIST OF SYMBOLS AND ABBREVIATIONS

Constant used in King's law, universal velocity'profile, and

the 4 to D converter correction equations.

Constant-uéed in King's law, universal velocity profile, and

the A to D converter correction equations.

Constant used in King's iawa

Constant usea in Xing's law.

Constant uéed inNKing's 1aﬁe

Constant used in linearizer caiibra’cion°
Diameter.

Velocity gradient. -

{

Anemometer output.
Bessels fﬁnction9 lst kind, O order.

Cénstant used in universal velocity préfiles.
Prandtlt's miiing length.

Variable power in linearizer equations.

A té D converter oﬁtput.

A to D convérter output at O volt-input.

A te D converter oﬁtput at 1 volt input.

. Pressure.

Radius.

Any point.aiong radius.

Running resistance of the anemometer.

'Cold resistance of the anemometer.
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%  Time.

ts . Hot wire temperatureel

te Ambient temperéturen

u  Velocity .at any point in x~ direction.
w’ 'Fluctuating velocity in x- direction.
o Dimensionless vélocity9 ut = %$

vy Dimensionless distance, y' = (lé%¥f¥)
v Mean velocity.

Vi 'Shearing velocity, Vs = 1527;1

Vp Ampliﬁude of fluctuating veloecity component. .
v’ Fluctuating:vélocity ;n y~ direction.

Greek Letters:

ot Frequency parameter.

g’ Temperature coefficient.
AL Dynamic Qis;osityo

N Kinematic viscosity;

P :Density.,

w Angular velocity.

Shear stress.

K3

Wall shear stress.

R

Turbulent shear stress.

2




COOLING COILS

XHMm

{
AR VENT-a N

273 “HP
§ T FAN

TEST SECTION
<e— RETURN A
LINE
PRESSURE
TAPS
43.6'
FLOW
DIRECTION
PIPE  COUPLING
e B
ENTRANCE
SECTION
] ORIFICE
PULSE
GENERATOR
THERMOMETERS




-38-

l‘:___ 2!! _qu_ ln‘"i'a".[<:' 6" o
id Yol = = z = z
) |
| |
INSIDE 19" | 2:0"
DIA. I
PR, o 47
) ///7 I & 4 T T £
STANDARD  SECTION —=
5"
<< INSTRUMENT SECTION -
Fige 2 ketch of Pipe Coupling
FIBERGLASS
FILTER
24 MESH 48 MESH
SCREE SCREEN p/——ALLiJDM!PI\éUM
‘ I |
(P \ﬁ?/ P FIBERGLASS

%
B

[

24"

Fige: 5.

Design Spe

cifications of Entrance Section

-




N

AR i ” AR i
@ -
P
v § %
e 4 o = i
A
|
|
- i
e .
&
s

 Fig. 4. Picture of Eatrance Section



Figo 5v

B S U T R

TR

Picture of Pulase fenerator



PROBE
D i ENTRANCE (.050")

j,—O"RING
7
<— PIPE

et | WALL
< FLow g
—_—C
7l PIPE
WALL

Fig. 6. Sketch of Entrance to Test Section







Celaitein il &

%gzﬂ.ﬂnﬂxu&.««n«k’@ﬂﬁ

B R

B s S

[ S T
N i G R

e

ol

g SalPRely
S5 P

icturs of Test Section

e Qe

Fa

Pigture of Coils and Vent

Fig. 10.



WA

SPEAKER[ |

—_—

INPUTS TO A TO

CONVERTER
RC FILTER
TAPE
432 | RECORDER
VOICE COMMENT |
OSCILLOSCOPE
# INPUT LINEARIZER
PROBE ANEMOMETER
DIGITAL
VOLTMETER
MANIFOLD
o
PRESSURE
: L3 ""HEAD
e ]
RMS PRESSURE
VOLTMETER METER
Fig. 11 Instrumentation Layout

)




‘5'

i
e b

Picture of Instrumentaiion Layout

Fig. 12.

e )
!
e N
;\is.(.,.g
et (3
et
oy

i

o uni

{
i
§
i
i
o

.

o
H
;
§
g

robe

Picturs of I



wlif

JP VERSUS LINEARIZER OUTPUT
VARIABLE POWER SETTING = 575
ns222
84
— 0T
()]
o
=
E
LA
ok i
() ; : L i
| 2 S 4

LINEARIZER  OUTPUT (VOLTS)

T

Ve 3 ~ o~ T 32 v awe - qe 4+ 1 T 1T -
Fig. 14, JP  Versus Linearizer Output (P = Total Head)




_47_

EXPERIMENTAL POINTS
THEORETICAL CURVE

Re = 2588)

'._I
’.vJ
D
7 e
=]
o

sy d - P 4
aminar rroi




-48-

1.0
i = EXPERIMENTAL POINTS
| —— = THEORETICAL CURVE
|
|
:
54
i
! r u
f /vo VERSUS “u MAX
i

O ot e
(&)

u
4 MAX

Fig. 16. Plot of Typical Laminar Profile (Re = 4340)




~49-

EXPERIMENTAL POINTS
THEORETICAL CURVE

e - f Hioh R nold Tuambar T.amina ys) T i e e PG R R
Plot of High Reynold Number Laminar Profile (Re = 11,555




-50=-

TURBULENT FLOW  PROFILE

DATA POINTS
BEST FIT CURVE

NIKURADSE AND REICHARDT
EXPERIMENTAL  POINTS

- - A
: m Bl + Mow Profi) ( - D 2556 )
Fig. 18. Turbulent Flow Profile (Re = 27,2: 0)




w51

FLUD |LAYER | o :y §

FLUID |[LAYER 2 o | o

Fig. 19. Sketch for Prandtle's Mixing Length Development




252

25+ ut

VERSUS "

TURBULENT
CORE

BUFFER
ZONE

LAMINAR
A TSUBLAYER l

i Plot Turbulent Profile Qh i ) z T T
Fig. 20. Plot of Turbulent Profile Showing 3 Flow Zones (Re = 16,560)




18 -+
VELOCITY & PRESSURE
VERSUS
DEGREES
15+
S -.05+
£ ~PRESSURE
w 12
Lj
n O+
)
Ll
e
.
oo o
o PHASE LAG30
+ 05—+ ~ ’
5 MEAN  VELOCITY i
S
Ee+
Q
b
28 el VELOCITY
>
3T CENTERLINE
DISTANCE = .05"
a = 356
0 : | } |
72 144 216 288
DEGREES
._3--
Fig. 21. Plot of Velocity Profile for One Period
Showing Flow Reversal




o
!

+

(@)

i
i

PRESSURE (mmHg) .

-5«

VELOCITY & PRESSURE
VERSUS
DEGREES
21
o
7
<OT
-
L
> ///,’* ‘—<\\\\\\\\\\\\\\\\/// //X(
==
S MEAN  VELOCITY
6
> PRESSURE —,
3l _—VELOCITY
CENTERLINE
DISTANCE = .05
a = .97
0 90 180 270 360
DEGREES
Fig. 22. Plot of Velocity Profile for One Period
Showing Flow Reversal Just Starting




-55=

DEGREES

PIPE 536 72 216 252 288 324
\/

N

0 12 14
V:LOC!TY (FT/sEC)

wa z & ) R . €8 20 s et B
Fig. 23. ’lot of Velocit rsus Centerli istance
bl 4 .
\t 36 Degree Intervals ( & = 3.56).




WELR

DEG REES
216 252288,324

1

Sl o 4 6 -8 0.5 "4
VELOCITY (FT/SEC)




-57=

(0] 9 6,8

THEORETICAL  CURVE

/_)‘MIN VERSUS «

FLOW REVERSAL

©2

A Sh et o SN 20 e e A w1 it Dae neoa
18« 25. Graph Showing Theoretical Flow Revers:

5 X : -
and Fvynerimen+ . Ng +
ana mxXxperimental Data.




APPENDIX




10
20
30

Program 1

HUMAN FACTOR '

PRINT 20
DO 10 1=100,1000510
Al=1

X=Al%,1 : _

Fz= (X¥%#2)%2604E=5%144,0/1109%2.%3,14)
PRINT 30sXsF
CONT INUE

FORMAT (5X s 12HALPHA FACTORs3Xs8HFREQ CPS//)
FORMAT (5XsE15.85E15.8//)
CALL EXIT
END
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80
81

10

11

14
16

13

Program 2
LEAST SQUARES REGRESSION CURVE FIT

CARD NUM ‘COLUMNS INFORMATION

1 1-2 THE NUMBER OF CURVES TO BE FITTED (I2)

2 1-72 DISCRIPTION OF THE CURVEDATE+ETC.
3~-POINTS 1-15 AND16-30 THE DATE (E15.10)

LAST 1 THE TYPE 'OF CURVE TO BC FITTED (I1)

1 STANDS FOR A STRAIGHT LINE FIT

"2 FOR A POWER FIT Y=AX*%B

3 FOR A EXPONENTIOAN FORM Y=A%(B%#C)
DIMENSION X{100)sY(100)sDISC{18)sT(100)
DO 80 I = 1,30

READ 81, T(I)

FORMAT (1F10.5)

READ 10+NCURVE

FORMAT (12)

DO 99 I1J=15sNCURVE

"READ 9 ¢DISC

FORMAT (18A4%)
READ 75NPTS
FORMAT (13)

DO 1 I=14NPTS
READ 25sX(1)sY(I)
Y(I)=SQRTF(Y(I)) %53, 8
CONT INUE

FORMAT (2F15,10)
READ 119IFIT
FORMAT (I1)

IF (IFIT=2) 12,1314
DO 16 I=1,sNPTS
Y(I)=LOGF(Y(I))
GO TO 12

DO 8 I=1sNPTS
X(I)Y=LOGF(X{I))
Y(I)=LOGF(Y(I))
SUMX=OOO
SUMY=0,0

DO 3 I=1sNPTS
SUMX=SUMX+X( 1)
SUMY=SUMY+Y(1) .
AVERAGE VALUES
ANPTS=NPTS
XAVG=SUMX/ANPTS
YAVG=SUMY/ANPTS
A=YAVG
SUMXM=0.0
SUMSQ=0,0

DO 4 I=13NPTS

SUMXM=SUMXM+( (X (1) =XAVG)#(Y{I1)=A))
SUMSQ=SUMSQ+ ( ( X{ 1) =XAVG) %%2)
B=SUMXM/SUMSQ

(2
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~

6]~

BETA=8B

ALPHA=YAVG~ ( B¥*XAVG)

THE EQUATION IS Y=ALPHA+BETA*X
COMPUTE THE CONFIDENCE INTERVALS

" SUMS=0.0

DO 5 I=1.NPTS

~SUMS= SUMS+(X(I)*(X(I)~XAVG))

SXSQ=SUMS/ANPTS

SIGM=0,0 ,

DO 6 I=19NPTS . ’

SIGM= SIGM+((Y(I)—ALPHA—(BETA*X(I)))%*2)
SIGMSQ=SIGM/ANPTS

COMPUTE THE VARIANCE

VARBET=SIGMSQ/ (ANPTS*5XSQ)
VARALP=({SIGMSQ/ANPTS)*¥ (1,0 - +({(XAVG*¥2)/SXSQ)) )
FOR THE CONFIDENCE LIMITSs DEPEND ON LEVEL AND NUM OF. POINTS
CALCULATION OF SE IN PREDICTION EQUATION

SUMX1= 0.0

DO 53 I= 1, NPTS

SUMX1l= SUMX1 + X(I)%%2
SUMX2 = SUMX#%2

. SXX = ANPTS#*SUMX1- SUMXZ2

54

55

82
83
85

98
200
2000

201

SUMY1=0,0

DO 54 I=1s NPTS : : :
SUMYl = SUMYL + Y(I)%%2 o ‘
SUMY2= SUMY#%2 :

SYY = ANPTS¥ SUMY1-SUMY2

SUMXY1l= 0,0

DO 55 I=1,s NPTS .

SUMXY1 = SUMXYl+ X(I)% Y(I)

SUMXY2 = SUMX#* SUMY

SXY= ANPTS#* SUMXYLl = SUMXY2 :

SE =((SXX % SYY = (SXY#%2))/ (ANPTS#(ANPTS-2.0)% SXX))¥¥.50
30 VALUES FROM TABLE : '

1Z = NPTS -2

IF(1Z-30)82,83,83

GO TO 85

1Z= 30

CONTINUE . _ ‘ ,

AA =T(1Z) * SE % ({{ SXX + ( NPTS* XAVE) ¥32) / { ANPTS®*SXX) ) ¥¥.5)
BB = T(IZ) * SE *(( ANPTS /SXX )1#¥,5)

PRINT 98, DISC

FORMAT (18A4)

PRINT 200¢SE |

FORMAT (5H SE =5 E14.8)

PRINT 2000 (X(I)sY(I)sI=1,NPTS)

FORMAT (1H +s10F10e4//) '

PRINT. 2015 ALPHAs AAs BETA, BB '

FORMAT (6H Y = (sE14.8y 7H + OR —9E1l4.854H ) +,2H (El14.8,8H + OR
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l-gEl4e894H ) X ) |
PRINT 915 VARALP :
PRINT 925 VARBET '
91 FORMAT (1HOs1Xs17HVARIENCE ALPHMA =,El4.8)
92 FORMAT (1HOs1X»16HVARIENCE BETA = sE14.8///)
. PRINT 89
- 89 FORMAT (1HOQ)
99 CONTINUE
CALL EXIT
END

VAN
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Program 3

DATA REDUCTION FOR 2 INCH PIPE
CALCULATION AND PLOT OF VELOCITY BEST FIT CURVES
INPUT DATA FORMATS

'"CARD NO. COLUMNS  FORMAT VARIABLE MEANING
1 1-5 F563 .0 Tl MERCURY BAROMETER TEM= +4++
1 6-10 ) F56.3 H1 BAROMETER HEIGHT INS HG
2 1-5 . F5.3 T2 TEST SEGCTION TEMP DEG F
2 6~10 ' F503 T3 -~ AMB TEMP DEG F AT TEST SECTION
3 1-2. g2 NUMBER OF CURVES
ABOVE DATA FOR EACH SERIES OF CURVES .
&4 1-80 20A4 DISCRIPTION OF THE DATA TO BE RUN
5 1-10 - Fl0.5 o P3 CENTERLINE DYNAMIC PRESSURE
: K MM HG AT 0 DEG C
5 16-20 F10.5 " H2 - PRESSURE DIFF BETWEEN ATM AN+
: ; THE TEST SECTION MM HG

& . - 1-2 12 NDP THE NUMBER OF PRESSURE
i DIFFERENCES MEASURED BETWEEN
STATIC PRESSURE TAPS

7 1=2 12 I NUMBER OF THE UPSTREAM PRESSU~E

- | TAP

7 3-4 12 . J  NUMBER OF THE DOWNSTREAM TAP

70 5-14 Fl0.3 PD(IsJ) PRESSURE DROP STATIC BETWEEN

' THE GIVEN TAPS IN MM HG

8 - 1-15 F15.5 uer) VELOCITY

8 "~ 16-30 ~ Fl5.5 ° R(I) DISTANCE FROM WALL IN

8 31-36 15 . ICHECK - 1 IN COL 31-36 TO INDICATE LAC
DIMENSION X(100J)s Y(100), , T(40)sR(100)s U(100)
DIMENSION UPLUS(100}), YPLUS(100)

DIMENSION A(6,100) B1(100)sDISC(20)5ALI100)sB(65100),
lTHETA(ZO)eEPB(ZO)9PD(797)9II(7)9JJ(7)9DL(7¢7),PDF(7g7) :
NOW WANT THE ATMOSPHERIC CONDITIONS

Tl = TEMP OF MERCURY COLUMN, DEG F A )

H1 = HEIGHT OF MERCURY BAROMETER - INCHES OF HG AT TEMP T1
READ595T1sH1

" 59 FORMAT (2F5.3)

CHANGE T1 TO DEG C
T1=(T1=32:0)%5,0/9.0
Tl IS NOW DEG C
CORRECT THE HEIGHT OF THE MECURY COLUMN FOR TEMPERATURE

" Hl= (H1%(100-16634E-05%T1/(10+18018E~05%T1)))*25.4
H1l=H1/25.4 .
H1 IS NOW IN MM HG AT 0 DEG Cs LAST EQ FROM ESCHBACH
NOW WANT THE CONDITIONS IN THE TEST SECTION
T2 TEST SECTION TEMPERATURE DEG F - '
T3 AMBIENT TEMP AT TEST SECTION DEG F _ d
H2 = PRESSURE DIFFERENCE BETWEEN ATM AND TEST SECTIONsINCHES H20
READ584T2,5T3

58 FORMAT (2F5463)
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READ 10s NCURVE
10 FORMAT(12)
DO 99 IJ= 1,NCURVE

READ61,DISC
61 FORMAT (20A4)

READ 373P33H2
37 FORMAT (2F1043)
H2= (H2%#(1.0=16034E~05%T1/(1.0+18.18E~05%T1)))
H2 1S NOW IN MM HG AT 0 DEG C
P1 =TEST SECTION PRESSURE MM HG
Pl= Hl + H2
P1 IS NOW IN MM HG AT 0 DEG C
NOW WANT THE TEST SECTION FLUID PROPERTIES
CHANGE THE TEST SECTION PRESSURE TO LBF/ FT#%2
P2 = Pl * 2,785
P=p2
USE THE PERFECT GAS EQUATION FOR THE SPECIFIC 'VOLUME
V = SPEC VOL CUFT/LBM
RR= 53,36
G = 32,17
T2= T2+459.7
T2 IN DEG R
V= RR#T2/P2 -
DEN IN LBM/CUFT
DEN= 1.0/V
NOW COMPUTE THE VISCOSITY
VMU =ABSOLUTE VISCOSITY LBM/FT*SEC
T2=T2-459,7
VMU =(1134+0,001396%T2)%1,0E~05
DYNAMIC VISCOSITY SQFT/SEC
VNU=VMU/DEN
NOW PRINT OUT THE OPERATING CONDITIONS
PRINT 14
14 FORMAT(1H1)
PRINT 15 : :
15 FORMAT (1Xs32H TWO INCH PIPE DATA REDUCTION//)
PRINT 1645DISC '
16 FORMAT (1X520A4/)
PRINT 43,H11

1)
PRINT 17572
17 FORMAT (21H TEST SECTION TEMP = ;F5.146H DEG F!
~ PRINT 443DEN,VNU :
44 FORMAT (1X»1OHDENSITY = 4 F80654Xs20HDYNAMIC VISCOSIfY
1H SQ FT/SEC//)
NOW TO GET THE FRICTION COEFFICIENT AND PRESSURE DROPS
P3 = MEASURED CENTERLINE DYNAMIC HEAD IN MM HG
CHANGE P3 TO LBF/FT#%2
P3 = P3% 2.785

43 FORMAT (1Xs25HATMOSPHERIC PRESSURE IS sF8.1417H IN HG AT 0 DEG C/

= ’E1003910
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VEL =CENTERLINE VELOCITY FT/SEC
VEL = SQRTF (2.0%G*P3/DEN)

'NEED THE PRESSURE DROPS FROM THE STATIC TAPS

NPD = NUMBER OF DIFFERENTIAL STATIC PRESSURE DhOPS MEASURED

READ 18+NDP

FORMAT ( 12)
PD(I1sJ) = PRESSURE DROP BETWEEN I AND J NUMBER TAP
DL (IsJ) = LENGTH IN FT BETWEEN I AND J TAP '

DO 19 K=14NDP

READ 57915J5PD(1sJ)

FORMAT (2124F1063)

IT(KY=1

JJ(KI=J

PD IN MM HG

NOW DEFINE THE DL{IsJ) IN FT
DL(152)=194.125
DL{253)=18..500

 DL(354)=18.580

56

24

22

23

25

DL (153)=370625
DL(1s4)=566205
DL(254)=374080

NOW FIND PRESSURE DROP/FT

DO 56 K=1,NDP

I=1T(K)

J=JJ(K)
PDF(15J)=PD(1sJ)/DL{IsJ)
PDF ARE NOW IN MM HG/FT
PRINT 24

PRINT OUT THE DATA

FORMAT { 38H PRESSURE DROPSs MM HG/FT BETWEEN TAPS//)

DO 22 K=1,4NDP

I=1T(K)

J=JJ (K)

PRINT 2351sJsPDF(I+J)sPD(I4J)sDL{IsJ)

FORMAT (1XsI1s1lH=~9sI11+3XsE1063510X92(2XsE106 3))

AVERAGE DROP SPD

XNDP =NDP

SPD =040 .

DO 25 K=1sNDP

I=11(K) '

J=JJ(K)

SPD=SPD+PDF(1,J)/XNDP .

PRINT SPD THE AVG PRESSURE DROP

" PRINT 265SPD

26

"FORMAT (1X 30HTHE AVERAGE PRESSURE. DROP IS

D= 1690/ 12,0

SPD=SPD% 2,785

SPD NOW IN(LBF/FT#%2)/FT
VEL=MAX OR CENTERLINE VELOCITY

9E100359H MM HG/FT/7)




28
1

29

1

49

34

" 76

75
77

79

78
11

101

102

92

VM=MEAN VELOCITY

VM = o5%VEL

RE = VM3 D/VNU

F= 64 /RE

P3 = P3 /2785

TO = SPD % D/ 4.0

PRINT OQUT

PRINT 28+P3,VEL

FORMAT
2Xs

PRINT 29sVMyF

FORMAT {

EFFICIENT sF7.5)

(1Xxs23H CENTERLINE DYN PRESS
20H CENTERLINE VELOCITYsF6els

15H MEAN VELOCITY

66

sF6e25

5HMM HG

= 3F10e392Xy -
TH FT/SEC)
TH FT/SECy2Xs 22H FRICTION/COK

COMPUTE REYNOLDS NUMBER AND PREDICTED FRICTION COEFF
"PRINT 495 RE

FORMAT ( 18H REYNOLDS NUMBERsE10.1)

PRINT 345TO . -
FORMAT { 26H THE WALL SHEAR STRESS ,IS $sE10e3 s10H LBF/FT%%2//)
DO 75 1=1,200 : . :
READ 76sU(I)sR(I) sICHECK

FORMAT (2F15.5, 15 )

IF (ICHECK =1) 7557777

CONTINUE = =

NPTS=1

FIND MAX VELOCITY

UMAX =U(1)

DO 78 I=24NPTS

IF (U(I)—UMAX)78,78979

UMAX =U(TI) -
CONTINUE

CONTINUE

XMIN =0,

XMAX = 1l

XL=50

XD = 1lo

YMIN = Oo

YMAX = 1.

YL = 5

YD = 1o "

CALL PLOT (1s XMINsXMAXsXLs XDsYMINs YMAXsYLsYD)
CALL PLOT (903=0lsab) : :
CALL CHAR (0j501s1)

FORMAT (4HR/RO)

CALL PLOT (905059=01l)

CALL CHAR (0s0150)

FORMAT ( 4HV/VO)

CALL PLOT (90503505)

CALL CHAR (1501505RE )

FORMAT ( 6H RE = 4E12.2)

RAD =

95




40

45

99
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DO 40 I=1, NPTS

VELL = U(I) JUMAX

RADE =R(1) /RAD

CALL PLOT (9,VELL ,RADE)
CONT INUE

CALL PLOT (99)

DO 45 I=15100

Al =1

RA = AI/100.

UA = (1o =RA #%2)
CALL PLOT (90s UAsRA)
CONT INUE

CALL PLOT (99)

CALL PLOT (7)
CONTINUE

CALL EXIT

END
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Progfam 4

DATA REDUCTION FOR 2 INCH-PIPE
CALCULATION AND PLOT OF VELOCITY BEST FIT CURVES
INPUT DATA FORMATS

CARD NOo COLUMNS FORMAT VARIABLE MEANING
1 1~5 F5a3 Tl MERCURY BAROMETER TEM= A+
1 - 6=10 F5e3 H1 BAROMETER HEIGHT INS HG
2 1-5 F50.3 T2 TEST SECTION TEMP DEG F
2 6~10 F5¢3 T3 AMB TEMP DEG F AT TEST SECTION
3 1=-2 12 NUMBER OF CURVES
ABOVE DATA FOR EACH SERIES OF CURVES _ -
4 1-80 20A4 ‘DISCRIPTION OF THE DATA TO BE RUN
5 1-10 : F10.5 P3 CENTERLINE DYNAMIC PRESSURE
. ‘ . MM HG AT 0 DEG C
5 16-20 . Fl10.5 . H2 'PRESSURE DIFF BETWEEN ATM AN+
' THE TEST SECTION MM HG -
6 1-2 12 - NDP THE NUMBER OF PRESSURE

DIFFERENCES MEASURED BETWEEN
STATIC PRESSURE TAPS

7 1-2 12 I NUMBER OF THE UPSTREAM PRESSU-E
' TAP
7 3=4 I2 - J NUMBER OF THE DOWNSTREAM TAP
7 5-14 F10.3 PD(IsJ) PRESSURE DROP STATIC BETWEEN
: THE GIVEN TAPS IN MM HG

8 1-15 . F1565 uer) VELOCITY

8 16-30 F15.5 R(I) DISTANCE FROM WALL IN

8 31-36 15 ICHECK 1 IN COL 31-~36 TO INDICATE LAS
DIMENSION X(100), Y(100), , T(40)sR(100)s U(100)

DIMENSION UPLUS(100}s YPLUS(100)
DO 80 I =1530 '

80 READ 81, T(I)

81 FORMAT(1F10.5) .
DIMENSION A(65100) B1(100)sDISC(20) sAL(100)sB(65100),
lTHETA(ZO)sEPB(ZO)9PD(797)9II(7)9JJ(7)’DL(797)9PDF(797)
NOW WANT THE ATMOSPHERIC CONDITIONS
Tl = TEMP OF MERCURY COLUMN,s DEG F
H1 = HEIGHT OF MERCURY BAROMETER INCHES OF HG AT TEMP Tl
READ59,T1sHL"

59 FORMAT (2F5.3)

' CHANGE T1 TO DEG C
T1=(T1=-32.0)%5:0/9.0
Tl IS NOW DEG C
CORRECT THE HEIGHT OF THE MECURY COLUMN FOR TEMPERATURE
Hi= (H1%({100~16634E~05%T1/(10+18¢18E~ O5*T1}))*25 4G
Hl1l=H1/25.4
Hl IS NOW IN MM HG AT 0 DEG C» LAST EQ FROM ESCHBACH
NOW WANT THE CONDITIONS IN THE TEST SECTION
T2 TEST SECTION TEMPERATURE DEG F
T3 AMBIENT TEMP AT TEST SECTION DEG F
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H2 = PRESSURE DIFFERENCE BETWEEN ATM AND TEST SECTION» INCHES HZO
READS58,5sT2,T3
58 FORMAT (2F5.3) :
READ 10s NCURVE : :
10 FORMAT(I2) :
DO 99 IJ= 14NCURVE
READ61,DISC
61 FORMAT (20A4)
READ 373P34H2
37 FORMAT (2F10.3)
' H2= (H2%(100-16034E-05%T1/({1a0+18.18E~05%#T1)))
H2 IS NOW IN MM HG AT 0 DEG C
Pl =TEST SECTION PRESSURE MM HG
Pl= Hl1 + H2 '
P1 IS NOW IN MM HG AT 0 DEG C
NOW WANT THE TEST SECTION FLUID PROPERTIES
CHANGE THE TEST SECTION PRESSURE TO LBF/ FT##2
P2 = P1 # 2,785
“ p=P2 - : :
USE THE PERFECT GAS EQUATION FOR THE SPECIFIC VOLUME

V = SPEC vOL CUFT/LBM
RR= 53,36
G = 32,17

T2= T2+45907
T2 IN DEG R
V=RR#*T2/P2
DEN IN LBM/CUFT
DEN= 1,0/V
NOW COMPUTE THE VISCOSITY .
VMU =ABSOLUTE VISCOSITY LBM/FT#SEC
T2=T2~459,7
VMU =(16134+0.001396%T2)%1.0E=05
DYNAMIC VISCOSITY SQFT/SEC
VNU=VMU/DEN
NOW PRINT OUT THE OPERATING CONDITIONS
PRINT 14
14 FORMAT (1H1) .
PRINT 15 . : . ‘
15 FORMAT (1Xs32H TWO INCH PIPE DATA REDUCTION//)
PRINT 165DISC
16 FORMAT (1X320A4/)
PRINT 434H11 .
43 FORMAT (1X325HATMOSPHERIC PRESSURE IS +F8.1517H IN HG AT 0 DEG C/
PRINT 17572 -
17 FORMAT (21H TEST SECTION TEMP = 4F5.1s6H DEG F)
PRINT 44 ,DEN,VNU . . ,
44 FORMAT (1Xs1OHDENSITY = 3 F8o654X520HDYNAMIC VISCOSITY = 5E1003,10
'1H SQ FT/SEC//) -
NOW TO GET THE FRICTION COEFFICIENT AND PRESSURE DROPS
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P3 = MEASURED CENTERLINE DYNAMIC HEAD IN MM HG

CHANGE P3 TO LBF/FT#®%2 "

P3 = P3#% 2,785

VEL =CENTERLINE VELOCITY FT/SEC

VEL = SQRTF (2.0%#G%P3/DEN)

NEED THE PRESSURE DROPS FROM THE STATIC TAPS

NPD = NUMBER OF DIFFERENTIAL STATIC PRESSURE DROPS MEASURED

READ 18¢NDP .

FORMAT ( 12)
. PD(IsJ) = PRESSURE DROP BETWEEN I AND J NUMBER TAP
DL (IsJ) = LENGTH.IN FT BETWEEN I AND J TAP -

57

19

56

24

22

23

25

26

DO 19 K=1,NDP

READ 57519JsPD(IsJ)

FORMAT (2125F1043)

II(K)=1 '

JJ(K)=J

PD IN MM HG

NOW DEFINE THE DL({T14J) "IN FT
DL(152)=19.125 . ‘
DL(2+3)=18.500
DL(394)=18,580

DL{193)=370625

DL(1+4)=560205
DL(254)=37,080

NOW FIND PRESSURE DROP/FT
DO 56 K=1,NDP

I=I1(K)

J=JdJ(K)
PDF(1sJ)=PD(TsJ)/DL{15J)
PDF ARE NOW IN MM HG/FT
PRINT 24

PRINT OUT THE DATA

FORMAT ({ 384 PRESSURE DROPSs MM HG/FT BETWEEN TAPS//)

DO 22 K=143NDP

I=11{K)

J=JJ (K)

PRINT 23¢1sJsPDF(15J)sPDUIsJ)sDL(I4J)

FORMAT (1XsIlolH=5I143X9E1063510X52(2XsEL063)) "

AVERAGE DROP sPD
XNDP =NDP

SPD =040

DO 25 K=1,NDP
I=17(K)

J=JJ(KY
SPD= SPD+PDF(19J)/XNDP

PRINT sPD THE AVG PRESSURE DROP

PRINT 264SPD
FORMAT (1X 30HTHE AVERAGE PRESSURE DROP 1Is
D= 1090/ 12,0

3E10e35s9H MM HG/FT//)
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SPD=SPD%* 2,785
SPD NOW IN(LBF/FT%%2)/FT
VEL=MAX OR CENTERLINE VELOCITY
VM=MEAN- VELOCITY

- VM=VEL=-1043%SQRTF(2.0%G*D*SPD/DEN)

27

28

29

i
1

1,

45

46

47

48

49

34

VM IS IN FT/SEC

FOR THE FRICTION COEFFICIENTs F

F =((VEL/VM=1,0)/1,43) %2 :

PRINT 27

FORMAT (1HO)
. CHANGG P3 BACK TO MM HG

P3=P3/2,785

PRINT OUT

PRINT 285P3,VEL

FORMAT (1X»23H CENTERLINE DYN PRESS = »E10¢352X, SHMM HG's
1 2Xs 20H CENTERLINE VELOCITY;F6.2, TH FT/SEC)

PRINT 293VMsF , 3

FORMAT (  15H MEAN VELOCITY sF6.25 TH FT/SECs2Xs 22H FRICTION CO
1EFFICIENT 5F765)

COMPUTE REYNOLDS NUMBER AND PREDICTED FRICTION COEFF

RE = VM*D/VNU

FOR THE F1 USE FIRST BLASIUS,THEN PRANDTL

F1 =003164/ (RE#¥0025)

PRINT 45,F1

FORMAT (25H BLASIUS FRICTION COEFF 4F7,5)

C1=2.0/LOGF(10.0)

RF=SQRTF(F1}

Q1 =Cl#LOGF(RE*RF)=0.8

Q2=1.0/RF

IF (Ql-Q2) 4748546

F1=F1-0,00001

RF=SQRTF(F1)

Q1=C1l%LOGF(RE*RF)=0.8

Q2=1.0/RF

IF (Q1=~Q2)48548446 , _
F1=F1+0,00001 = . _ o
RF=SQRTF(F1) ‘ |
Q1=C1¥LOGF (RE*RF)=048

Q@2=1.0/RF

IF(Ql=Q2) 47,48548

CONT INUE

PRINT 495 RE,F1 .
FORMAT ( 18H  REYNOLDS NUMBERsE10.153Xs 22HPRANDTL FRICTION C—++
1F3F7e5) . :

FIND THE WALL SHEAR STRESS

TO = SPD¥*D/4.0

PRINT 34,70 , :

FORMAT (  26H THE WALL SHEAR STRESS IS 3E10e3 10H LBF/FT#%2//)
DO 75 I=1,200

READ 76sU(I)sR(I) »ICHECK
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76 FORMAT (2F15.5% 15 )
IF (ICHECK =1) 75477577
75 CONTINUE
77 NPTS=1] .
C FIND MAX VELOCITY
UMAX =U(1) -
DO 78 I=24NPTS
IF (ULI)=-UMAX) 78578579
79 UMAX =U{(1)
78 CONTINUE
C =VEL/UMAX
DO 300 I=1sNPTS
300 U(I) =Ccxutl

C TNOT = WALL SHEARING STRESS
C SHEARING VELOCITY = (TNOT/DENS) %%, 5
UTAU = (32.3%TO /DEN ) *%,5 :

DO 301 I=1y9 NPTS
R(Iy =R{I) /12,

: UPLUS(I) =U(I) s/ UTAU

301 YPLUS(I) =R(I) *UTAU/VNU

C PLOT DATA

XMIN 1,
XMAX 8o
XL =5,
XD= 1s142
YMIN = 0o
YMAX = 25,
YL = 5,
YD = 5¢ . ’
CALL PLOT (19XMIN9XMAX9XL9XD9YMIN9YMAX9YL9YD)
CALL PLOT (909=625156)
CALL CHAR (050151}

307 FORMAT (5H U/v*)
CALL PLOT (909.30 9"'10)
CALL CHAR (054150)

308 FORMAT  11H LN(V*YP/U))
CALL PLOT (90556554)
CALL CHAR (1s0.19505RE)

309 FORMAT ( 5H RE = 4E12,2)
DO 60 I= 1sNPTS
C= UPLUS(I)
AB= LOGF( YPLUS(I})
CALL PLOT- ( 95AB5C)

‘60 CONTINUE
CALL PLOT(99)

c SPLIT OF DATA INTO 3 FLOW REGIONS
DO 30 I=1¢NPTS
IF( YPLUS(I) =5,)31531,432
31 IL=1]
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GO TO 30
32 IF(YPLUS(I) ~270)334533,30
33 IB=1I -
30 CONTINUE
" N= - (1)
M= - (1)
IX=1

40 GO TO 35
12 CONTINUE 4
DO 304 I= IXsIL

Y(I) = UPLUSI(I)

304 X(I)=LOGF({YPLUS(I))
SUMX = 0.0
SUMY = 0.0

42 DO 3 I = IX,IL
SUMX=SUMX+X (1)
© 3 SUMY=SUMY+Y(1)
AVERAGE VALUES
ANPTS = (IL =(IX~-1))
XAVG=SUMX/ANPTS
YAVG=SUMY/ANPTS .
AB = YAVG
SUMXM=0,0
SUMSQ=0,0
DO &4 I= IXsIL
SUMXM=SUMXM+ ( (X{ I)-XAVG)*(Y(I)=-AB))
4 SUMSQ=SUMSQ+({ X( I)=XAVG) %%2)
BA =SUMXM/SUMSQ
BETA=BA
ALPHA=YAVG—(BA*XAVG)
THE EQUATION IS Y=ALPHA+BETA*X
COMPUTE THE CONFIDENCE INTERVALS
SUMS=0,0
DO 5 I= IXsIL
5 SUMS=SUMS+(X({I1#{X{I)~XAVG))
SXSQ=SUMS/ANPTS
SIGM=OOO
DO 6 I= IXsIL
6 SIGM= SIGM+((Y(I)—ALPHA-(BETA*X(I)))**2)
SIGMSQ=SIGM/ANPTS
COMPUTE THE VARIANCE
VARBET=SIGMSQ/ (ANPTS#SXSQ) :
VARALP=(SIGMSQ/ANPTS)* (1,0 +{ (XAVG*%2) /5SXSQY)
FOR THE CONFIDENCE LIMITSs DEPEND ON LEVEL AND NUM OF POINTS
CALCULATION OF SE IN PREDICTION EQUATION
SUMX1l= 0.0
DO 53 I=IXsIL
53 SUMX1l= SUMX1 + X(I)#%2 )
SUMX2 = SUMX#%2
SXX = ANPTS#SUMX1- SUMX2




54

55

51

52
82
183
.85
100

200

1201

91.

92

89

65

66

67

69

68

7=

SUMY1=0,0
DO 54 I=IXsIL
SUMY1 = SUMY1l +
SUMY2= SUMY#%2
SYY = ANPTS#* SUMY1l-SUMY2
SUMXY1= 060

DO 55 I=IXsIL

SUMXYL = SUMXY1+ X{(I)% Y(I)
SUMXY2 = SUMX¥* SUMY

SXY= ANPTS® SUMXYl -~ SUMXY2
SE ={(SXX ¥ SYY —.(SXY®%2))/
12 = IL=-2
IF(1Z=2)51551552
1z=1

GO TO 85 .
IF(12-30)82+834583
GO TO 85

17=30

CONT INUE

FORMAT ( 4F15.5)
AA =T(1Z) * SE % {
BB = T(IZ) % SE *{
PRINT 200,SE
FORMAT (5H SE =5 E14.8)
PRINT 2015 ALPHAs AAs BETAs

Y(I)#%2

{
{

(ANPTS* (ANPTS=200)% SXX))¥*#*.50

( SXX + ( ANPTS#* XAVE)##2)/(ANPTS*SXX) ) %*%4,5)
ANPTS /SXX )%%,5) ‘

-

FORMAT (6H Y = (sE14.85 7H + OR —3El4.844H ) +52H (E14.858H + OR

1-9E140804H ) X )
PRINT 91, VARALP

PRINT 925 VARBET

FORMAT (1HO91Xs16HVARIENCE BETA

PRINT 89

FORMAT (1HO)

IF (N)65966567

Z= 4o

S = 1.

GO TO 69

Z =76

S=50

GO TO 69

Z =13,

S =12.,0

DO 68 1=1450

Al= 1 '

YA = { Al / 50.) ¥ Z +S
XA = { YA = ALPHA) / BETA
CALL PLOT (90sXAsYA)

CONT INUE

IF (M) 354364596

FORMAT (1HOs1Xs17HVARIENCE ALPHA =5,E14.8)

sE14.8///)




35

71
.72

36

96

99

IX=1L+1

IL =1IB
IF(IL=IX) 71,71+572
GO TO 36

CONT INUE

N=0

M=0

GO TO 12

IX = IB+1

IL = NPTS

N=1

M=1

GO TO 12
CONTINUE
CALL PLOT (T)
CONTINUE
CALL EXIT
END
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26

60

21

23

51

25

52

53

50

65
61

Program 5
Bl IS VELOCITY CONSTANT FROM LAMINAR PLOT PROGRAM
B2 IS THE PRESSURE CONSTANT"
TIME = PERIOD OF OSCILATION
Bl COL1-10s B2 COL.11-20, TIME COL 21-30 ON CARD 1
DIMENSION XVEL(1330)9XPR(1330)9XPULSE(133O)9IPNT(3)
DO 27 1J=1510
READ 265 Bls B2, TIME
FORMAT (3F10.3)
SENSE ON CALC CONSTANTS FOR EACH RUN
IF (SENSE SWITCH 1) 605 61
DO 50 J= 1,2
READ 21,NCARDS
FORMAT{ 36Xs15)
NPTS= NCARDS#*19
READ 23, (XVEL(K)sK 1 NPTS)
FORMAT (19F4.0)
READ 21 4NCARDS
READ 235 (XPR(K)s K=13NPTS)
READ 21 ,NCARDS ’
READ 23, (XPULSE(K)s K=1,NPTS)

"GO TO (51552)5J

V1SUM= 0

P1SUM= O

DO 25 I=14NPTS

VISUM = VISUM + XVELI(I)

P1SUM P1SUM + XPR{(1I)

POINTS= NPTS

VIAVG =(V1SUM/ POINTS ) /1000

PLAVG =(P1SUM/ POINTS ) /1000,

GO TO 50

V25UM=0

P2SUM=0

DO 53 I=14NPTS

V2SUM = V2SUM + XVELI(I)

P2SUM =p2Z2SUM + XPR(1I)

POINTS = NPTS

V2ZAVG =(V2SUM /POINTS) 7/ 1000.
PZAVG ={P2SUM /POINTS )} / 1000,
CONTINUE

Cl= lo/ (V2AVG~ V1AVG)

C2= ~C1l%#V1AVG

C3= 1o/ (P2AVG- P1lAVG)

C4= =-C3 % PLlAVG

PRINT 659 ClsC29C3,5C4

FORMAT (4HC1 =F9e395Xs4HC2 =F9.345Xs4HC3 =F9.3 45X s4HC4
DO 27 L= 1,20 . -
READ IN DATA FOR 1 POINT

DO 7 J=1,3

READ 1,ICODEy ICHNALSNOPTS

FORMAT (T7X91559Xs15510X515)

.=F903

)




86

85

83
84
82

91
92
90

94
95

10

11

"GO TO 14

12
13
14
15
16

17

74

NOPTS = 1330

"READ 45 (XPR(K)s K=14NOPTS)

=77-

PRINT 24 ICODES" ICHNAL»NOPTS

FORMAT (6H CODE=1595Xs8HCHANNEL=1555X,20HTHE NUMBER OF CARDS=15)
NOPTS = 19% NOPTS

NUM =0

IF ( NOPTS - 1330 ) 85,85,86

MI = NOPTS = 1330

NUM = MI / 19

GO TO ( 345546) 5J

READ 45 {XVEL(K)s K=1sNOPTS) ,

FORMAT (19F4.0) < . -
IF ( NUM ) 82,825 83 ’

DO 84 I= 1sNUM

READ 44 DUM

GO TO 7

IF (NUM ) 90590591
DO 92 I= 15 NUM

READ 45 DUM

GO TO 7

READ 4o (XPULSE(K) sK=15NOPTS)
IF (NUM ) 757594 -

DO 95 I= 1,NUM

READ 49 DUM -

CONTINUE .

TOTAL =0,

SUM =0,

IPNT(3) =0

N=1

DO 14 I=1,NOPTS

GO TO (8512,8) 9AN :
IF( XPULSE(I)+999.) 999514
J=I+1 ,

IF (XPULSE(J) +999.)10,10514%
IPNT(NY= 1 '
IF(N=3) 11915411

N=2

IF ( XPULSE(I) + 800.) 14513,13

N=3 '

CONT INUE

IF (IPNT(3)) 17516417

M=1 _

Ml= TIME % 10,

GO TO 74

M=IPNT (1)

M1=1PNT(3)

CONT INUE _
RENUMBER POINTS STARTING AT 1 4PTS BETWEEN PULSES




30

31
75

39
27
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Iy = M1-M+1
DO 30 I=151Y

K=M+1I~1
XVEL(I)= XVEL(K)
XPR(I) = XPR(K)

CORRECT EACH POINT AND CHANGE TO VELOCITY FT/SEC
DO 31 1I= 1lslY

XVEL(I)= B1l*(Cl¥ XVEL({I)+ C2) /1000»

XPR(I) = B2*{C3% XPR(I) +C4) /1000,

PUNCH CORRECTED VALUES OF VELOCITY AND PRESSURE .
PUNCH 755ICODE, 1Y

FORMAT (6H CODE=1695X921HTHE NUMBER OF POINTS I6)
PUNCH -39, ( XVEL(I1)5I=1,1Y)

PUNCH 39,( XPR(I) sI=1s1Y)

FORMAT (13F602)

CONTINUE

CALL EXIT

END




Program 6

DIMENSION XPR(lOOO)sXVEL(lOOO)9PROFIL(2092O)
DO 99 1J=1+10
DO 27 L=1520
READ 1, 1Y
1 FORMAT (38X516)
READ 2{XVEL(I)s I=1s1Y )
2 FORMAT (13F6.2 )
READ 2y (XPR{I})s I=151VY )
FIND AVERAGE VALUE OF PRESSURE AND VELOCITY
DO 11 I=1,1Y

SA= 0,
N1 =I
N2=1+13

IF (N2=1Y) 143514,15
14 DO 12 J=N1sN2
12 SA =SA +XPR(J)
AVE = SA/13.
K= I+6
11 XPR(K) = AVE
15 CONTINUE
DO 4 I= 1,1y

55 =0,
NN = 1
NM =I+5

IF ( NM =1IY)54556
5 DO 7 J=NNsNM
7 S5 = S§S +XVEL(J)
AVEV = §S/6s
K= I+2
4 XVEL(K) = AVEV
6 CONTINUE
SUM =0,
TOTAL =0.
18 DO 19 1I=1,1Y
SUM = SUM+XVEL(I)
19 TOTAL=TOTAL+XPR(I)
- U=1vy
AVGVEL= SUM/sU
AVGPR = TOTAL/U
PRINT 20y AVGVELs AVGPR
20 FORMAT({21H THE AVG VELOCITY IS E12.6510X921H THE AVG PRESSURE 1s E -
112.6)
MAKE VELOCITY AND PRESSURE AXIS SAME
DIFF = AVGVEL —(AVGPR #%60.)
DO 43 I=1,1Y
XPR(I) =60o. ¥XPR(1I)
43 XPRUI)=XPR(I) + DIFF
- FIND MIN PRESSURE AND MAX VELOCITY
PMIN = XPR(1)
DO 44 I=2,1Y
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. IF( PMIN=XPR(I)) 44544445
45 PMIN = XPR(I)
Al= 1
44 CONTINUE
AMP =AVGVEL-PMIN
VMAX & RVEL{1)
DO 70 1=2,1Y
IF(XVEL(I)=VMAX)T70570472
72 VMAX=XVEL(I)
BI= 1I
70 CONTINUE
AMP1 =VMAX - AVGVEL
AMP2 = AMP/60,
PRINT 8 s AMP2, AMP1 : .
8 FORMAT!( 5Xs 19H THE VELOCITY AMP = E12.,6513Xs19H THE PRESSURE AMP
1= E12.6) ‘
IF PHASE ANGLE +,PRESSURE LEADS VELOCITY
XX= AI-BI
ANGLE = XX/U #3600
PRINT 73 sANGLE
73 FORMAT(5Xs16H PHASE ANGLE Is F12.3)
IF(SENSE SWITCH 3). 78579
78 CONTINUE
"PRINT 175 L
17 FORMAT( 5Xs16H POINT PLOTTED = 12 )
PLOT DATA
CALL PLOT(140, 0910 085,05 2 590 0150350 093 0)
DO 32 I=141Y
DI=1 .
X= 10, * DI/ U
32 CALL PLOT ({ 90sXsXVEL(I))
: CALL PLOT(99)

NI =1Y ~1
DO 80 I= 191Y sN1I
DI= 1

X= 10, % DI sU
80 CALL PLOT (90sXsAVGVEL)
: CALL PLOT!(99) '
DO 55 I=1s1Y
Di= 1 :
X= 10.% DI /U
. p= XPR(1)
. 55 CALL PLOT{90sXsP)
©° CALL PLOT(99%9)
IF (SENSE SWITCH 1 19516
9 DO 46 I= 1,1Y+3
Di= 1 .
THETA = ((DI/U) % 2% 33,1416 + 351416 /16.)
Y= (SINF(THETA)%* AMP ) +AVGVEL




46

10
16

79

64

96
27

T 62

101
102
100

99

-8] -
X= 10.%DI / U
CALL PLOT (90s5XsY)

CALL PLOT(99)
DO 10 I=1451Y43

DI =1 | .
THETA = ((DI/U) % 2.% 3,1416 + 301416 #15./16.)
Y= (SINF(THETA)%* AMP1 ) +AVGVEL

X= 10.%DI / U
CALL PLOT {90sXsY)
CALL PLOT(99)

CALL PLOTI(7 )
STORE PLOT VALUES.
CONTINUE :

DO 96 M= 1,20

" SUMVY=0,

AM =M
N= AM % U / 20,
N1l= N-4
DO 64 I= NI1sN .
SUMV= SUMV + XVEL(I)
VAVE= SUMV /5.

PROFIL (ML ) = VAVE
CONTINUE

CALL pLOT(l9OoO915095° 930 90009200 950 9500)
DO 99 I=1,20

DO 62 J=1,20

S= PROFIL(IsJ)

T=21-J

CALL PLOT( 90457}
CALL PLOT(99)

IF ¢ I . =5)99,1005101
IF (1 © =10) 99451005102
IF (1 -15) 995100599

CALL PLOT(7 ) .

CALL PLOT(190609156950693690060920095455540)
CONTINUE

CALL EXIT

END




10.

11l. -

12,

-82-
BIBLIOGRAPHY

Attinger, E. O. Pulsatile Flow Patterns in Distensible Tubes.
University of Pennsylvania, 1966.

Taylor, M. G. The Influence of the Anomalous Viscosity of
Blood Upon its Oscillatory Flow. Medical College of St.
Bartholomew's Hospital, Londodn. :

Robertson, J. M. Transition From Laminar To Turbulent Flow
in a Pipe. Montana- State University Library, Bozeman, Montana.

Womersley, Jo Re Oscillatory Flow in Arteries. II: The
Reflection of the Pulse Wave at Junctions and Rigid Inserts
in ‘the Arterial System.. Aeronautical Research Laboratory,
Wright-Patterson Air Force Base, Ohio.

Haley, J. F., McDonald, D. A., Womersley, J. R. Velocity
Profiles of Oscillating Arterial Flow with Some Calculations
of Viscous Drag and the Reynolds Number. Medical College of
St. Bartholomew's Hospital, London, 1955.

Helps, E. P.; McDonald, D.-A. Observations on Laminar Flow
in Veins. Medical College of S+t. Bartholomew s Hospital,
London, 195%4.

McDonald, Do A. .The Occurrence .of Turbulent Flow in the
Rabbit Aorta. Medical College of St. Bartholomew's Hospital,
London, 1952, ' :

Womersliey, J. R. Method for the Calculation of Velocity,
Rate of Plow -and Viscous Drag in Arteries When the Pressure
Gradient is Known. Medical College of St. Bartholomew'
Hospltal, London, 1954,

Yellin, E. L. D1551pat10n of Turbulence in Oscillatory
Tube-Flow: The Relaxation-~Time. Montana State University
Library, Bozeman, Montana.

Stehbens, Wo. E. Turbulence of Blood‘Flow. Department of
Pathology, University of Sydney, 1958.

Sarpkaya, Turgut. Experimental Determination of the Criti-
cal Reynolds Number for Pulsatlng Poiseuille Flow. Univer-

sity of Nebraska.

Womerlsey, J. R. QOscillatory Flow in Arteries: - the Con-
strained Blastic Tube as a Model.of Arterial Flow and Pulse
Transmission. Wright Air Development Center, Dayton, Ohio.




—-8Fm

13, Daugherty, A. B., Franzini, J. - B. Pluid Mechanics with
Engineering Applications. ©New York: McGraw-Hill Book
Company, 4th ed., 1966,

14,  Streeter, V. L. Fluid Mechanics. New York: McGraw-Hill
Book Company, 4th ed., 1966. ‘ :

15. . Pao, Richard H. F. Fluid Mechanics. New York: John Wiley
& Sons, Inc., 1965.

16. Operating Instructions, MKS Baratron* Type 77 Pressure Meter .
using Type TT7H Pressure Head. Mechanical Engineering Dept.,
Montana State University;, Bozeman, Montana, 1967.

.170 Dreyer, ¥. F. Calibration of Hot-Film Sensors in a Towing
o Tank and Application to Quantitative Turbulence Measurements.
U. 3. Naval Academy, Engineering Dept., Annapolis, Maryland.

18f . Heat Flux System, Model 1010A Instruction Manual, Thermo-
' Systems, Inc., 2418 E. Hennepin Ave., Minn., Minnesota.

19, Linearizer, Model 1005B Instruction Manual, Thermo-Systems,
Inc., 2418 E. Hennepin Ave., Minn., Minnesota. -

20. Kreyszig, Erwin. Advanced Bngineering Mathematics. New
York: John Wiley & Sons, Inc., 1962.°

21, Schlichting, Hermann. Boundary Layer Theory. New York:
McGraw-Hill Book Company, Inc., 4th ed., 1960.

22, Collis, X« D., Williams, M. J., "Two-Dimensional Convection -
. from Heated Wires at Low Reynolds Numbers," Jour. Fluid
Mech, Vol. 6, pt. 3, 357-84, 1959.




)INHIIIIHNIJIIIJIINIIUIJIllllil!lllﬂi!lllfﬂlllllllﬂﬂll |

762 10015043
’
N378 Mower, M.G. .
Ma72 Veloecity profile '
"l eop.2 measurements of lamid

rar, turbulent and

\ laminar pulsating
flow
e Tonels 4
dﬁ?i&f S ﬁ:mwa

Y ,
j{{ { ’ U&fmz»f Wawlf?/‘(
AR

NVNZT78

METR
C‘a/o.;z



