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experimental part of this investigation, The results indicate that the
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M = 1 and thin down to account for the exit Mach Number of 1.23,
1.21 and 1.06 that were obtained through the assumption of an
isentropic~core flow.
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TOMENCLATURE

"low-tube diameter

Thwaites'! Function

Flow-tube Length

Mach Number

“y
i"

oP%

J

Pressi~-

Pressure -r

Tlow-tube Radius

Temperature

Velocitv

Thwaites' Function

Length measured along flow-tube

£ =

5 = Boundary layer displacement thickness

A) 2 Dinemntic wimane

Becundary layer thickness

© = Momentum thickness

Subscripts

Downstream stasnation properties

3D ITNTPvvwt nlane nreome Co .

'Tpstream stagnation properties



. = INTRODUCTION

[t has been accepted that an infinitesimal pressure pulse

originating downstream of a region where the local fluid speed is

higher or at least equal to that of sound, will not travel upstream

across it. The speed of the pressure pulse is a relative speed

vith respect to the medium in which it travels; if the medium itself

is moving in any given direction with a velocity equal to that of

sound it would seem, to an observer at rest, that the pressure pulse

is stationary; that is, it does not propagate upstream in the mov-

ing fluid.

In the absence oi friction, there would be no forces trying

to retard the fluid moving close to the walls and therefore the

velocity of the fluid, at any cross-section, would be uniform.

However, because of viscocity the fluid next to the wall is brought

to rest; this sets up a velocity profile that grows from zero at the

vall interface to the free stream core velocity at its edge, the

shape of this velocity profile can be approximated by a parabola.

Since the velocities in the boundary layer are considerably

smaller than those in the main stream, there is the possibility

of the infinitesimal pressure pulse propagating upstream through this

ooundary layer even when the free stream core velocity is super-

sonic, This assumes the existence of a boundary layer at all times,

. . . . - . tr 1

vhich is a valid assumption if we confine ourselves to real’

fluids,

[t is the aim of this thesis to investigate this latter effect



and determine whether the strength of the pressure pulse, progressing

1pstream through the boundary layer, is enough to alter the con-

iitions upstream when a sonic or super-sonic region exists in the

‘uct .



(I - APPARATUS DESICN

lhe nozzle block has been designed to produce a laminar com-

pressible flow in the tube; provision has been made to measure the

static pressure along the length of the tube axis close to the exit

plane of the block,

[n a paper by Rivas and Shapiro, it was found that the maximum

length Reynolds number (Re)for the existence of a laminar boundary

layer in a stream with moderate initial turbulence, is about

_ 5

5x(10) , from this, the range of diameter Reynolds number (Re) in

vhich laminar flow can be expected is determined by,

ie, @ VD/u = (OV1/N(N/T) = Re (N/]) = 5 x 10° m/1,)

For design purposes, a maximum diameter Reynolds number of

4
10) © was chosen. Air at room temperature was selected as the work-

ing fluid. To facilitate the basic design calculations, it was

assumed that the behaviour of the boundary layer in the duct could

oe approximated by that of a flat plate, This assumption, as verif-

ied in a paper by Toong and Shapiro, is valid if the ratio of the

&gt;oundary layer thickness to the tube radius is kept small, In this

instance, therefore, we can use the familiar relation cbtained bv

3lasius that related the thickness of the boundary laver to the flow

length, i.e. 5 = 5,2 x / Re ; the tube length necessarv to pro-

Juce a boundary laver of about one-third the radius can be calculated.

After consideration of these criteria and the available laboratory

apparatus, the following physical dimensions and fluid conditions

vere chosen:



Air

n room temperature = 85° Fa

7? psia. or less

Tube Dimensions

2 = tube diameter = L,20C inches

tube length = 3 1/16 inches

The ~*veam i  led into the tube by a converging nozzle

vhich conforms to the ASME specifications for a long-radius flow

nozzle, A more det-i”°ddescription of the flow tube and nozzle

vill be found i = ~vr

A +rranyuan” fey nracalir, Hrohe was use’ measure the static

pressure along the n° flow tube. This method was originally

suggested b- Dvr cman t “eos Shan’*»andhastheadvantage,over

the standard nve~~- Tt error » +n blurs in the pressure

Laps would be the sam Zr - 7 readin- ane that measurements could

ce made at any desired location alone the tube length.

The static pressure probe was constructed from a seven inch

length of hypodermic needle tubing of ,N16 inches outside diameter

and a .004 inches wall thickness, Two holes of .007 inches diameter

vere made in the wall of the tubing. The presence of the pressure

probe in the flow tube will have some effect on the flow pattern and

flow rate, but since the probe area represents only 0.64% of the flow

ube area, we assume that this effect is necligible.,



The following is a description of the apparatus in general and

can be best followed by referring to Figure Z, In the picture we can

see what will be referred to as the test box, which is a steel box with

r&gt;utside dimensions of about 12 x 10 x 18 inches. The flow tube and

the travelling pressure probe mechanisms are enclosed in this box

because the system is designed to operate at pressures much lower than

atmospheric pressure,

The flow tube is attached to the wall that divides the test box

into upstream and downstream stagnation areas, The flow into and

through the test box is from right to left. Air from the atmosphere

is admitted, through a pipe and control valve at the right, to the

Jpstream stagnation area, The air flows through the nozzle and tube,

and exhaust through an opening, in the divider wall, into the downstream

stagnation area, The flow then leaves the test box through a two inch

pipe which in turn is connected to a three-stage ejector through an-~

ther control valve

The two micrometer heads, one at either end of the testbox, hold

the static pressure probe and allow it to pass completely through the

flow tube. These micrometer heads position the probe at any desired

location along the axial direction of the flow tube: the total distance

that the probe can travel is about one inch, The micrometer head at the

bottom of the test box is attached directly to the tube and nozzle block.

this allows a precise location of the flow tube in the vertical plane.

lence the pressure probe is free to move in the axial direction to any

position we want and can be adjusted to take measurements along a

diameter of the flow tube.



All the leads that connect the pressure probe, downstream and

ipstream stagnation pressure taps to the manometer board, pass through

vacuum seal in the wall of the test bcx., The reference pressure for

the whole system is the amount of vacuum that can be obtained from a

vacuum pump and this in turn is measured with a McLeod gauge. The gauge

is shown to the right of the test box. The stagnation temperature of

the flow is measured with a thermometer which passes through the top

»f the test box into the upstream stagnation area,

The vacuum diffusion pump o0il used in the manometers was Narcoil

10, its low vapor pressure and viscocity make it suitable to use in

nanometers, Tables of pressure ccnversion factors for the manometer

fluid and mercury, which is used in the Mcleod gauge, are given in

the appendix,



f oe: EXPERIMENTAL RESULTS

Experimental Procedure

All the data which is presented here was obtained entirely from

pressure readings on the manometer board. Initial test runs showed a

continuous drift of the back pressure provided by the ejector, this var-

Lation of back pressure was not, in any run, big enough to be taken into

account in the calculations, The pressure probe was found to be very

reliable and at no time gave much trouble, although it does have some

serious limitations. The time response of the probe to changes of pres-

sure is slow due to the combination of a 2 inch length and a .C08 inch

diameter flow section (see figure 3); it was experimentally determined

that it took the pressure probe about 45 minutes to give reliabele read-

ings, for every pressure measurement taken. The total travel of the

probe along the axis of the flow tube is limited to one inch and although

this did not hinder our experiment, it might be a serious limit in other

experiments where readings over a length.ofmorethan one inch are to

re taken.

in exnerimental run consisted of setting the stagnation and back

pressure at a desired level, setting the probe at a determined place, and

after 45 minutes move it to the next station, and so on, until all read-

ings for that particular run were taken. Seven readings were taken for

each run, at 0,100 inch intervals starting at the exit plane, The total

length of the flow tube covered in this way was 0.600 inches or three

times the flow diameter, It took about 5 hours to complete the readines

for any one of the runs. After every run the back pressure was set to a



ew level without varying the upstream stagnation pressure, and another

set of pressure measurements taken.

"igures 4, 5, and 6 show graphs of the data that was obtained.

Figure 5 is an amplification of runs 6, 7, and 1 which do not show very

vell in figure 4. In both graphs the pressure along the duct has been

normalized with the upstream stagnation pressure. Figure € shows the

actual value of the static pressure as a function of the flow length,

vhere the zero length corresponds to the exit plane of the flow tube.

3 Comparison of Experiments” NDeta with =

Choked-Constant-£Ave~ Flow in ~ Duct

 3icure 7 car {rhea values gs of ©
Jui

versus » /m , The cor-~-

responding r~° Lamy ew
5

.
-

the e-merimental runs are included in this

ocraph Sla~airnl +heors predicts that there would be no changes in

“he vo Tes f until the critical value of thie ratio is reached

wand the choked condition no longer exists: this results in a constant

value of P (horizontal line in figure 7), until the unchoked con-

dition reoguires that the ratios and P " be equal (45° line).

The plot of the data in figure '' does show a small departure from class-

ical theory. The line that should apnear as a horizontal line is in-

clined at a small angle. In the following paragraphs it will be tried

to find out just how much the flow departs from the predictions of

classical theorv for a choked-constent-area-flow.

or The Theoretical Fanno Line and the Experimental Data

As a first attempt, it was tried to compare our data with the



“heoretical Fanno Line, To do this, it was assumed that the exit Mach

number for runs 6, 7, and 1 was equal to one and that therefore the

oressure at the exit plane was equal to P¥; the Fanno Line was then

drawn through this pecint, as is shown in figure &amp; by the solid line.

The data from runs 6, 7, and 1 appear in this figure as points. The

1i fferences between the data and the Fanno Line are not big enough to

justify a serious departure from this theory. Further calculations with

the Fanno Line were made in the follcwing way, making the length from

entrance to exit of the flow tube equal to L . a value of P/P* was
maz

found from the Fanno Line; from this and assuming isentropic flow

Fhrough the entrance nozzle a theoretical value of P¥ was calculated

and compared with the values obtained from the data. These results are

-aobulated below.

uns pk (data, psia)

£13

740

71%

pk (Fanno, psia)

645

776

ON

These results imply that the behaviour of the flow in the duct

loes not follow the predictions of the Fynno Line, which means that the

flow is not, solely, friction flow, and that further evaluation of the

data is required to be able to find the answer sought.

Tha friction factor for the flow from Fanno Line considerations was

found to be (G,01225 which seems to be a little high, but this is an anp-

arent friction factor obtained only from pressure measurements.



D, Isentropic Core Flow

Agsuming an Isentropic Core in the flow, the corresponding Mach

Numbers were calculated and are presented in figure 9 as a plot of Mach

Number vs. Length. This assumption is justified by the presence of the

pouncary layer. All transfer processes are confined to the boundary

layer leaving, in the central axis of the duct, an isentropic core, this

 f the boundary layers that grow from opposite sides of the tube do not

rome in contact with each other (see figure 12)

Figure9shows a definite departure from theory of fully develop-

2d flow. In theory, if the flow at the entrance of the duct is sub-

sonic, it could not go supersonic at any section of the tube and at

nost it would go sonic at the exit plane in what is known as choked flow.

Jsing the isentropic core flow assumption the exit plane Mach

numbers were found to be 1.23, 1.21 and 1.05 fer yung 1. 6 and 5 respec-

ively, which as was said before, departs seriously from classical

-neory.

Thwaites' Method for Laminar Acundary Layer

finer correlation between our experimental data and the theory

bf boundarv laver growth was provided bv comparing tne results of bound-

1rv laver calculations using some experimental dats with those obtained

by using the method of Thwaites {cee References). A brief outline of

his method follows.

Por
» =eQ 4)

aH: 8 H+ © a9z Tr:

T= 10): where n

©
&amp;i

9 dv
YY
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issuming a linear growth of the core velocity in the form

T= Vv (L + 2 2)

herefore and after inteeration

2.45 LY [+5 £] V
O  EY

‘rom equation nt and equations (8) snd (2).

i.

Dev. _ 0 Yo | _ La L 1 (16)
0 ox 4) = G 2 ¥

(1 + a)

nd m can then be calculated and H and
CH
rim found from figure 10:

his eives a nurerical value ox
1alr

+10 ur
that would maximize Lx. This

72lue was compared to the vslue of



-
vo
 ilmf“Aan

avaluated at M = 1

21

The results were:

av ft/sec
ee hwaites, ——5x (Th i TE )

2000

24106

GV (ex ft/sec
Gi “Pe ft \

13G0

3416

Rotit results acree within less tan an order of magnitude, which

s a very rood agreement if it is taken into account that the assumption

yf a linear increase of the core velocity is only a eross approximation.

5. Flat Plate Results

Figure 1C is a plot of the ratio oa for runs 1 end 6: run 4

vas included in the plot to have something to compare witin. To calcu-

late the boundary layer thickness at each point, the following relation-

ship was used:

0. S _ 5204)

Rvs
foRY

-»

J

Mhis relation is valid in the case of no pressure cracient., If -

sressure gradient exists, as in our case, the boundary layer would be

Sinner.

The results of these calculations show, as is clearly seen in

ficure 11, that the boundary laver displacement thickness may go

through a maximum at M = 1, and thin down to form a kind of convergent-

iivercent nozzle for the core flow which would account for the super-

sonic speeds of the flow near the exit plane.
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Appendix I ~- DATA TABULATION

Run No. 1

= 1.54 iPl 1 0 psia

P = 0.568 psiab vue Pp

p = 0,319b/P. 1

{)

0.0C

3.50

L. CC

D0

2 (G0

2 5G

3.00

P(psia)

0,613

J.691

3.747

J. 788

0.816

0.644

J.554

I = 80°F
oO

T = 80°%n
R

Pe/p - 0.398

D

0,208

J. 450

©Je 488

3. 815

d.524

J. 3552

).5357

“3

1.13

1.07

l , 02

~

26

0.05
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Run No, 2

= «20 igPS 2,20 psia

P = 1.370 ia5 psi

D&gt;
b/P + 0.678

4

J. 06

3.50

1.00

1.50

2.00

2.50

3.00

P(psia)

1.376

1.390

1.4GG0O

1.410

1.418

1.423

L432

p’p
°e

0.678

0,687

3.6€5

G.7C0

0.706

G.710

J. 718Je

. 21°F

Tr OrnTW

P = 0,87C

e/P,

0,770

0.750

0.740

G,730

0.722

0,718

0.7C9



fun No, 3

P= 1.950 psia

P| = 1 709 psia

2 = 0.620

b/P_

nN

0. CC

3.50

1.00

| .50

2.00

2.50

3.00

P(psia)

L.2N9

220

| . £38

L.2R0

Lon

220L.,

200

Pp,’
Pp

C7

0,696

C.0635

U.64

0.657

0.660

3.665

P= 74%

T. : mC

P .. = 0,620
r 5

0.734

0.845

0,531

0.821

3.503

0.793

0.781
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Run No. 4

D I
—  . 887 psia

D&gt; 1 N75 psia

Pp = 04569

&lt; /5 P(psia)

-n0,

*

0
ao

P = 0,569

e/P_

hu.

3,00

1.30

1.00

L. 50

2 + 00

2 + 50

3.00

1.075

1.02

1.120

1.138

1.150

1,173

| 162

Ce D069

0.580

0.585

0.605

0.614

0.625

J).637

6.935

0.916

0.893

0.880

0.865

D.846

0.829
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un No, 3

PJ = 1.840 psia

P = 0,900 psiab psi

D = 0.490
b/P_

27 vy
 em——

3.00

2.30

00

1.50

200

2.50

3.00

P(psia)
rtemm

1.900

3.830

3.970

1.003

1.030

1. 059

 lL, 082

0.450

C.3(CH

0,557

0.545

0.361

0.575

3,588

go

77.5°F

 76.3%

P ne = 0.490

1,068

1.038

1.001

0.872

C.950

0,925

1,905



Bun No, 6

P = 1,815 psia
o

= 0,730 psiaPy P
D

“b/P = 0,402

/5
mei—

1,0GC

3,50

L.00

1.50

2.00

2.50

3.00

P(psia)
rn

3.740

0.850

3.812

(0,955

0,985

1.016

[.045

 rT = 75°F

T = 76%
n

P = 0,06

e/P_

!
. £ A]

GC. 400

0.468

G.,505H

G.526

0.544

2.560

0,575

1,210

1.100

1.036

1.004

0,972

0.950

5,825
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Run No, 7

P = 1.800 psia

P = (0,565
b

&gt;, = 0.314b/p_ 1

4
D

Ormeie ntt.

3. C0

3.50

L. GO

L.50

2 00

2.50

3_0CO

P(psia)
ArerSerre,

0.725

0.815

5.886

3.929

0,976

0.960

 , 020

3, C0

0,459

3.492

0,515

.53143

J. 552

7.070

&gt;

~ 79.5°F

..= 0,400

5

223

1.132

1.060

1.019

0.975

7.961

5 a 032
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Appendix II

PRESSURE CCNVERSION FACTORS FCR MERCURY AND NARCCIL 40

souse, S., William, in his Sc.D. thesis gives the following pressure

~onversion factors and information:

~ Pressure Conversion Factors for Mercury.

Temper~” Conversion Factor

Psi/cm,Hg

G.192¢"

0.19261"

-

73

74

75

[5

17

7

70

30

21

02

23

14

yo)

1H

0.192586

0.192577

0.192557

0.152538

0.192518

0.192429

0.192430

0.192461

0.192449,

0.192427

0.192407

0.105¢

 GC 62364

5. ~¢_"co344

0.192325

0.192306



‘2, = Pressure Conversion Factors for Narcoil 40.-

The following conversion factors were used to convert the

readings from the manometers to psia. Narcoil 40 is a vacuum diff-

u1sion pump oil manufactured by the National Research Corporation,

wy 0
[t has a low vapor pressure of 10 mm,Hg at 77 F and relatively low

7iscocity, which makes it suitable for use in manometers.

Tempe rature
"

-

Conversion Factor

°SL omoN-a0

G.013765

2.013759

0.013754

 wy 0.013747

2,013741

2.013735

7 3 0.013729

0.013724

2.013718

0.013712

yo

1

}

3.3

3.013705

3.013700

7.013694

3.013688

NY. 01368582

0.013677

40

7

0.013671

0.013666

0.013681

3. 013656




