CONSTRUCTION AND TESTING OF A

RAREFIED GAS FLOW FACILITY

Thesis by
Arnold H. Henderson

Lieutenant, United States Navy

In Partial Fulfillment of the Requirements
For the Degree of

Aeronautical Engineer

California Institute of Technology
Pasadena, California
1967

(Submitted September 22, 1966)



“iie
- ACKNOWLEDGMENTS |
My sincere thanks go to the United States Navy for providing
the opportunity for post-graduate education; to Dr. Eciwa.rd E.
Zukoski for initiation of the project and consultativé assistance; to
Dr. Frank E. Marble for research assistance; to Mr. Frank T.
Linton for assistance with facility construction and thesis drawings;
to Mrs. Roberta Duffy for typing of the final manuscript; to my wife,
Ardis,for encouragement during the blackest hours; and to my fear-
less leader and fellow conspirator, LCDR James A. McGill, fér his
major contribution to the project. |
Thanks are also due to Dvr. Hans W. Liepmann for the usé
of the vacuum vessel which he designed and used to investigate ori-

fice flow.



-iii-
ABSTRACT
A low-density gasdynamic facility, suitabie for measurement |
of mass flow through small (approximately 1 mm diameter) nozzles,
tubes, and orifices, was designed and constructed. The system is
capable of producing and measuring mass flows at 100:1 upstream/
downstream pressure ratios for the entire spectrum from continuum
to free molecular flow.
Results of preliminary tests on an orifice are shown and
compared with the work of previous investigators. The regime of
itra,nsition flow is apparently shown to exfend to higher Knudsen num-
bers than previously postulated. The ratio,bf actual mass flow to
theoretical free-molecule mass flow is shown to increase smoothly
from a lirﬁiting value of 1. 0 at high Knudsen numbers to an apparent

limiting value at very low continuum-flow Knudsen numbers.
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LIST OF SYMBOLS

Kn Knudsen number, ratio of mean free path to characteristic

length of flow channel = \/D

A mean free path, cm

D ~diameter, cm

u viscosity, poise

p density, g/cm3

v, mean molecular speed, cm/sec
R gas constant per gram = R/M_

® - universal gés cons.tant = 8.314X 107 g_z_rl_e_c:_an_

g- K

Mw -. molecular weight, g/mole

T absolute temperature, °k

pressure, dyne/cm

Y ratio of specific heats

a - speed of sound )

Re - Reynolds number

M Mach number

h mass flow rate, g/sec
AT - cross~sectional area, ‘cmzf

H _perirr’leter\_‘of cross section, cm

L klevngth (of tube or nozzle), cm

% Clausing factor

T = W2/Y+l)(y+l)/(\(’l)'

orifice discharge coefficient

Q volume flow rate, cm3/sec
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T non-dimensionalized mass flow rate = rh/(chA)

' L
w characteristic velocity or orifice flow = ((P&'-Pe)/pc)2
I‘K non-dimensionalized mass flow at the free molecular limit

= w/f2n

Subscripts

c stagnation chamber conditions

e exhaust chamber conditions
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I IN'I‘RObUC TION

Considerable interest has been generated recently in the
problem of flow through nozzles at very low chamber pressures, in-
asmuch as lbw sustained thrusts are often desired to cqntrol space~
craft orientation or to make small orbital changes. Rocket motors
‘have in fact been designed to give thrusts on the order of a micro-
pound. Although, understandably, little data are available on the
actual measurgd thrust and mass flow of these motors, it is esti-
mated that gas flow through the nozzle falls in a regime of flow which
is intermediate between continuum gas flow and free molecular flow.

It was thus determined to design and construct a low-
density gasdynamic facility suitable for measurement of mass flow

through orifices, short tubes, and nozzles in this regime.
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II. THEORETICAL BACKGROUND

The characteristics of gas flow through a bounded space .
vary markedly with the density of the gas. Knudsen was among the
first to investigate, both theoretically and experimentally, the case
wherein the gas is rarefied to the extent that the average distance
tfaveled by each molecule between collisions with other moleciules
is of the same order as, or greater than, the lateral dimensions of
the flow channel. Knudsen in fact defined the ratio of molecular
mean free path to some characteristic channel dimension (usually
the diameter for circular cross sections) as a criterion for deter=-
mining the nature of the flow. Utilizing this Knudsen number, we can
define flow regimes ranging from ordinary continuum flow, where the
gas acts as a fluid matrix, to the aforementioned free molecular flow
where the gas exhibits all the characteristics of its coarse molecular
structure.

Tsien1 and others proposed the names for the various re-
gimes and, following Schaaf and Cham’brez and Dushman3, we can

~ divide the regimes roughly by Knudsen number as follows:

continuum flow Kn <.01
slip flow .0l <Kn<.l
transition flow .1 <Kn<l. O.
free molecular flow Kn > 5

The Knudsen number has been defined as the ratio of mean

"free path to flow channel diameter, i.e.,

Kn = \/D . (1)
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From the kinetic theory of gasesz, we obtain:

_ |
A | @)

where:
M = viscosity,
= P/RT = density,
a " '\/m =  mean molecular speed,

gas constant per gram,

H d <
0

absolute femperature, and
P = pressure.

. Substituting for p and Va :

2u/wRT _ um,/RT

P 1/8RT PV o

~ 16y - [RT
o= 5,PCL_D 2 (3)

A

or

e

aﬁ:‘ter Sreekanth4.

Then Knudsen number, based on stagnation chamber con~-

: 16 RTC
Kn:sPD\/zﬂr . (4)
c
The mean molecular speed is related to the speed of sound as:

a = Va‘\/rry/S | | (5)

ditions, is:

where:

ratio of specific heats,

2
1

speed of sound.

o
il

Then:
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_ 24 . 2u[TT8
A oV, o wy/ (6)
Kn = A/D = 1, 26\/73%5 (7)

The Reynolds number based on the same dimension, D, is:

Re = pVD/u = paMD/p

Re/M = paD/p 8)
where M = Mach number.

Substituting this expression in equation (7) gives the funda-~
mental relation:

Kn = 1.26Vy M/Re . (9)

The most significant phenomenon of slip flow is the fact
that the layer of gas adjacent to the wall can no longer be considered
‘at rest as in céntinuuzﬁ flow, ‘but has éome finite velocity. Thus;, the
equations for 90'ntini1urh flow, such as the Navier-Stokes equations,
can still be used in slip flow with certain semi-empirical modifica~
tions.

Free molecule flow is quite rigorously analyzed by use of
the kinetic theory of gases. The assumption can successfully be
made that intermolecular collisions are unimportant compared with
molecule-wall collisions. Then the fluxes of incident molecules and
reflected molecules can be treated independently since fhe re is little
chance that a reflected molecule will collide with incoming molecules.

However, in the transition regime, density of the gas is
such that the mean free path is of the same order as;, or less tﬁan,
the flow conduit diameter. In this case, intermolecular collisions

cannot be ignored, but neither does the gas very closely resemble a
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continuous fluid. The analysis of the flow becomes quite complicated
and no really satisfactory theory has yet been devised to describe
flow in the transition regime. The need for more experimental data

in this area has been noted by She rma.n5 and others.

The flow regimes delineated above of course grade smooth-
ly into each o'chér such that any line of demarcation between regimes
is somewhat arbitrary. However, examination of the theories and
analytic techniques generally accepted or proposed by various authprs
for flow through orifices, short tubes, and nozzles in each regime
will aid in defining the scope of the present investigation. Since de-
termination of mass flow rate through the above conduits is the ob-
jective of the low-density gasdynamic facility, analytic equations for

mass flow ratg will be the objective of the following discussion.

A. Free Molecular Flow

Pre sent6 and Dushman3 give the equation which Knudsen
.deduced from kinetic theory for mass flow through a conduit of vary-
ing cross section. Knudsen considered the walls to be of such rough-~
ness that fhe reflections were completely diffuse, a quite pracfical
assumption si:r;ce surfa:ces of the smo;)thness of a crystal cleavage

plane or better are required for specular reflections . Knudsen's

formula is: |
4
& = §Va(Pc-Pe) (10)
- L
RT f A oaL
2
0 A

where:
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a VB8RT/w = mean molecular speed

<
i

Pc = stagnation chamber pressure

Pe = exhaust chamber or exit pressure
A = varying cross section

H = perimeter of cross section

L = length along nozzle

T = absolute temperature

R = gas constant for one gram |

Substituting for

4 \/8RT/1r (P_-P_)
V8/mRT ——2- S PR
RT | - 4L
73
f: 2

The equation (11) is readily reducible for any nozzle where the cross-~

(P_-P.)

(11)

8
I
Wl

i>N| s

sectional area and perimeter are known functions of L. For a cir-
cular, constant-area tube, equation (11) reduces to:
P _-P )

. 4 4D
th = 3 \/8/+RT R (12)
47DL/AwD '\/ 2wRT

where D = tube diameter. We at once perceive the anomaly that

mass flow thréugh a zero-leﬁgth orifice becomes infinite if we at-
tempt to use equation (12). The theoretical wqu of P. Cla.using7
some years after Knudsen on the problem of free molecular flow
through short tubes and orifices produced the well-known Clausing

factor, which enters as:

WA(P -P )
m= —°<S & (13)

‘\/ 2wRT

where x = Clausing factor.
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Clausing showed that » is 1.0 for a zero-length orifice and
approaches 4D/3L for large ratios of L/D, i.e., long tubes. Dush-
man> gives a plot of Clausing factor versus L/D for L/D ratios from

0 to 23, and tables for L/D ratios up to 500.

B. Continuum Flow

At high Reynolds numbers, continuum fluid flow through short
tubes and nozzles is effected by boundary layers to only a small de-
gree, and that through an orifice to an even smaller degree because
of the very small passage length. However, another problem arises
in the computation of continuum rﬁass flow through an orifice when the
pressure ratio across the orifice is high enough for transonic flow
velocities. As Liepmann8 points out, an S-shaped sonic line exists
for high pressure ratios across an orifice. Analysis by the method
of characteristics in the hodograph plane shows surprisingly high
pressure ratios (PC /Pe = 58.3 for y = 5/3, for instance) required
for choked flow, and indicates a mass flow attenuation from the one-
dimensional isentropic value since the flow at the planeé of the orifice

is not sonic over the whole area. The one-dimensional analysis gives:

m pAV = pAaM

£
RT

P EN[—Y A
c P T
c YRT ——
cTC

1]

YyRT A for M=1.0




m = I —S (14)

where:

P = stagnation chamber pressure

T = stagnation chamber temperature
R = gas constant per gram
A

= cross-sectional area of the orifice
(y+1)/(y-1) '

3
!

2
v(751)
which is a familiar result. However, the S-shaped sonic line re-
quires the inclusion of an additional factor to modify I'' , which will

also be a function of y, i.e.,

m = qlt ——— . (15)

VRTC

The factor @ is normally obtained from experimental data for a giveﬂ
orifice, but Fra,nkl9 has made a numerical computation for gas flow-
ing through a two-dimensional slit. He obtains o = .85 for a gas with
Y = lA. 4. I_.ie:pma.nn8 indicates that the value of a for an axisym-
metric orifice is probably little different from that for a slit.
Analysis of continuum flow through a nozzle is highly de-
pendent on the Mach number. If Mach number is 1. 0 or above, the
Reynolds number necessary for the flow to be considered in the con-
tinuum regime is above 100 and the flow can be analyzed either by
one-dimensional isentropic gasdynamics with thin boundary layer
modifications or by the method of characteristics, considering shock

and expansion waves.
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However, at Mach numbers well below 1.0 » the Reynolds
number can drop below 100 and the flow still be in the continuum re-
gime. Then we get so-called Stokes ''creeping flow, '' where the in-
ertia terms 1n the Navier-Stokes equations can be neglected com-
pared to the viscous terms. Roscoe10 has showh that creeping mass

flow through an orifice is related to the pressure drop as:

‘ D3 : .
m = 24IJ (P -P ) (16)
where:
D = orifice diameter,
Pc = upstream pressure,
Pe = downstream pressure,
M = viscosity, ‘and
p = gas density .
'W'eissberg11 has obtained a similar expression for short tubes:
24y (1 + 5o 16 L
T D

where L = length of tube.

 Doctor F. E. Marble, California Institute of Techﬁology, has
done a theoretical analysis in an unpublished paper entitled "Flow
of Gas through a Nozzle at Very Low Reynolds Number.' By the
definition of the present investigation, for a throat Mach number of
1.0, Marble's analysis for throat Reynolds numbers below 100 would
fall into the category of low continuum, bordering on slip flow. To
quote a portion of the paper,

... For these low Reynolds number nozzles, the vis-
cous effects are no longer confined to small regions near
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the walls but extend over the entire nozzle cross sec-
tion. ... The following analysis attempts to treat the low
Reynolds number nozzle problem by modifying the formu-
lation to include the viscous stresses associated with wall
shear but neglecting the normal viscous stress associated
with acceleration along the flow direction. It is assumed
that the flow is dissipative but locally adiabatic..."

Marble integrates the continuum equations of continuity, mo-

mentum (including a term associated with viscous stress at the noz-

zle wall), and the First Law of Thermodynamics. His result for

‘mass flow through the nozzle is:

where:

1
Ap_m(1 - Y51 pa?yy-1
. c 2
m = 5 =5 (18)
oxp Y (1*) "c
*p v-1 C
P
A = area of throat
P = stagnation chamber density
a, = stagnation chamber speed of sound
® = *
n u /a.c |
uw¥ = average fluid velocity at the throat
Yy = ratio of specific heats
S(n*) = entropy at the throat
S_ = entropy in the stagnation chamber
Cp = specific heat at constant pressure -
S,. 41-S ‘
n*) e _ L ( 1 )
C A -1 2
P L=t g
A = a characteristic length related to viscous stresses
= B
2y
M = viscosity
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¢ = numerical constant depending upon the assumed shape of
the velocity profile

2 for reasonable profile shape

n

We can also consider the Hagen-Poiseuille equation for flow

through tubes 3:
4 (PC+Pe) (PC—Pe)

.« D'nw
™ = TEuL 2 RT - (19

"but with the restrictions that the flow is: (1) laminar; (2) incompres~-
sible (M =< . 33); (3) fully developed (tube completely filled by the vis-

cous boundary layer); and (4) the flow velocity at the wall is zero.

C. Transition and Slip Flow

The Poiseuille formula for long circular tubes with slip

boundary conditions is given by Present6 as:

3
. [ o s519D° o 1
m = [128uRT< =), Pl v =5 — (P, P’e)]L - (20)

Sreekanth4 discovered from his data that the above equation multi-
plied by the factor L/(L—!—D) predicted mass flow fairly well for short
tubes and orifices in the transition regime. His modified Poiseuille

equation is:

o

it

.519D° ®_-p_) L

c (21)
8RT ‘ L(1 +=
w

m

IZBuRT ( )(Pc-Pe) ¥

. Dividing by the cross-sectional area and rearranging:

p.p ‘\/-Z_T?DP (1+--) o
I S +2.076
2(1+5)VzoRT 3Zu'\/RT

m
A
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P -P [1 +P /P
- c e Te'”
2(1+L/D) VZuRT 10 Kn

where:

+ 2. 076] A (22)

>3-

D = _ tube diameter

= viscosity

7o B =
It

gas constant per gram

absolute gas temperature

f

stagnation chamber pressure
exit pressure
= tube length

= mean molecular speed = 8RT/w

w<‘.L‘“’G*U!—3
"

We have theoretical free molecular mass flow as (equation 13}):

mfm K(Pc-Pe)

A VznRT
and we obtain the ratio of mass flow as given by equation (22) to the

theoretical free-molecule flow value :
. ] [1 + Pe/P

y 21+ L/D) | T 10 Kn

C + 2 076] (23)

m
"as was done by Sreekanth4.
There is also the theorevtica.l analysis of Nazrasimhaﬁ.12 for

orifice flow at high Knudsen numbers. He obtains:

n’i _ \
——— = 1+.25R/\; | (24)
frm
where, in this case, R = radius of the orifice and )\1 = mean free path

under upstream conditions, or, in terms of Knudsen number, Kn =

A/D:
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~ = 1 4+,125/Kn . (25)

The fit of this formula with Liepmann'58 orifice data is fair (as
shown by Narasimha's own plot) from free molecular flow to a -
Knudsen number of about 1. 0, but it begins to deviate rapidly at low-
er Knudsen numbers.

Numerical solutions of the Boltzmann equation in the transi-
»tion regime by several authors are discussed by Willism, but none

seems tobedirectly applicable to flow through enclosed channels.
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II. DESCRIPTION OF LOW-DENSITY GASDYNAMIC FACILITY

A. General

A photograph of the apparatus is shown in Figure 1, and sys~-
tems diagrams are shown in Figures 2, 3, and 4. The facility was
designed and built as a continuous flow, open circuit system with pro~
vision for control and measurement of flow over a stagnation pressure
range of 1 micron of mercury to one half atmosphere. Pump capaci~
ties were selected to maintain a pressure ratio of at least 100:1
across the test profile. The downstream pressure can, however, be
roughly throttled by use of large vacuum gate valves between the tank
exhaust chamber and each of the pumps.

Volume flow rate, pressure, and temperature of the test gas
are measured at slightly above atmospheric pressure before the gas
is throttled into the vacuum tank stagnation chamber. Pressure and
temperature of the gas in the stagnation chamber a.r;d gas pressure in

the exhaust chamber can also be accurately measured.

B. Pumping System

Figure 4 is a schematic diagram of the pumping system. On
the basis of nominal test profile diameters of 1 miliimeter, a Con-~
solidated Vacuum Corporation PMCS-2C Z2-inch oil diffusion pump
was selected to maintain at least a 100:1 pressure ratio across the
test profile for exhaust chamber pressures up to 10 microns of mer-
~ cury. The backing pump for the diffusion pump is a nominal 7 cubic
feet per minute (CFM) Central Scientific Company '"Hypervac 25",

slighﬂy larger than the 5 CFM backing required for maximum ca-
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pacity pumping by the PMCS-2C diffusion pump.

Above 10 microns Hg exhaust chamber pressure, the diffusion
pump can be isolated from the system by closing a Temescal 2-inch
vacuum gate valve. In this manner, the diffusion pump oil can be
continuously maintained at operating temperature, precluding delays
for warmup and shutdown of the diffusion pump.

Pumping above 10 microns Hg exhaust chamber pressure is

| accomplished by a 300 CFM Stokes 412H rotary vacuum pump. When
desired, this pump can also be isolated from the system by closing a
Temescal 4-inch vacuum gate valve. Pumping characteristics of the
Stokes 412H pump and the PMCS-2C diffusion pump are contained in
Figures 5 and 6, respectively. |

To the exhaust end of the horizontally-mounted cylindrical
vacuum test tank is welded a flanged, 4-inch steel pipe of approxi-
mately four inches length.. A horizontal 4-inch diameter aluminum
pipe with a 2-inch vertical tee is bolted to the flanged end of the steel
pipe from the tank, with a blank flange containing an exhaust cham- |
ber pressure tap inserted between the two pipe flanges. At the op-

- posite end of the horizontal 4-inch diameter aluminum pipe is a
standard ASA 150 # aluminum flange connecting to a 4-inch Temes-
cal Series 5000 vacuum gate valve. Joined to the other side of the
valve, by another ASA 150# aluminum flange, is a 6~inch diameter
aluminum reversed double elbow with a vertical fall of twelve inches.
This elbow is to prevent Stokes vacuum pump‘oil from backstreaming -
into the system. Between the flanged bottom end of the elbow and the

flanged pipe inlet to the Stokes pump is a steel bellows designed to
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isolate pump vibration from the system.

All joints, with the exception of those at the two ends of the
bellows, are sealed by O-rings with a groove in one flange surface.
The flanged connections at either end of the bellows are sealed by
""Con-O-Rings, " flat, concentric metal rings with an elastomer O-
ring in the middle. |

A 2-inch Temescal vacuum gate valve is connected to a light-
weight a.lumimim flange at the bottom of the previously mentioned 2~
inch vertical tee by six cap screws and is sealed with an elastomer
O-ring. The Consolidated Vacuum Cbrporation I-"MCS- 2C metal-oil
fractionating diffusion pump is mounted vertically below the 2-inch
valve, secured with six cap screws and sealed with a 2-inch Con-O-
Ring.

The outlet of the diffusion pump is joined via a flexible cou-.
pling of ordinary Tygon flexible plastic tubing to‘ a l-inch diameter
copper pipe which, in turn,‘ is soldered to the inlet flange of the Hy-
pervac 25. bacEing pump. Hose clamps seal the Tygon tubing to the

‘diffusion pump outlet and copper pipe.
Pump-down time of the system from atmospheric pressure is .

shown in Figure 10.

C. Test Chamber

The vacuum test vessel is a heavy, cylindrical mild steel
tank, shown schematically in Figure 3, which is separated into stag-
nation and exhaust chambers by an internal bulkhead which contains a

removable O-ring-sealed circular plate. In the center of the plate is
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drilled the desired test profile. Internal diameter of the tank is
about 40 centimeters and upstream and downstream chambers are
approximately 40 cm and 50 ¢m long, respectively. Since the ratio of
tank diameter to the 1 mm‘test profile is 400:1 , the test profile can
be considered as an orifice or nozzle in an infinite plane wall.

An internal bypass around the dividing bulkhead, which is
controlled by a vacuum‘valve ‘outside the downstream end of the tank,‘
can be opéned to allow rapid pump-down of the stagnation chamber |
when a test nozzle is in place.

Either end of the tank is secured to a rectangular stainless
steel plate, 21'""x 21" x3/4" on the upstream end and 24''X 24'"x 3/4"
on the downstream end, by 16 cap screws. Structural support is pro-
vided at each of the four corners by 39-inch long, 5/8~-inch bolts
which are threaded into the downstream stainless steel plate and ex-
tend through the upstream plate, secufed by adjustable nuts on either
side of the upstream pla‘te». ‘

Two l-inch pipe pressure taps (or gas entry lines) extend
from the stagnation chamber througﬁ the exhaust chamber and dbwn-
stream stainless steel end plate, terminating in flange connections
outside the tank. All cutouts in the tank internal bulkhead and down-
stream end plate for passage of these pipes are vacuum Weided to the
pipes.

A removable circular plate allows access to the tank through
the upstream-end stainless steel end plate. The access plate is se-
cured by six flat-headed machine scfews and sealed with an elastomer

O-ring. Two threaded 3-inch diameter ports in the access plate are
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available as pressure/temperature taps or test-gas entry ports. The
present installation utilizes the centerline port for test gas entry and
the off-center port for introduction of a precision mercury—in-glass
temperature measuring device into the stagnation chamber. A lead-
off line from the thermometer tube goes also to a couple of pressure
measurement instruments which are described in the section titled
Vacuum Pressure Measuremént.

The tank is supported to the desired height by a wooden frafne

of 4" X 4" support members and 2" X 4" longitudinal connectors.

D. Gas Fiow and Measurement System

Source of the test gas is a standard 2000-1b gas bottle, re-
search grade, of purity 99. 99 per cent or better.

Pressure reduction is accomplished by two regulators in
- series. The high pressure regulatbr is a Matheson Model 2 with de-
livery pressure from 25 to 650 psig. Low pressure regulation is ac-
complished by a Matheson Model 70B regulator with delive'ry pressure
of 3 to 15 inches water column. |

From the low pressure regulator, the gas flows through a
liquid nitrogen cold trap for removal of any lingering impurities. The
cold trap reservoir is a standard Dewé.r Wide—mouth vacuum flask
packed in insulating material inside a metal container. The glass cold
trap is a standard Pyrex double-tube trap, 30 ém long, 'with 5/8" di- |
ameter top and side -conne;:tions,' manufactured by Greiner Glass- |
blowing Laboratories. |

A constant temperature bath returns the gas to room tempera-
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ture after the cold trap. The bath consists of a 10-gallon Pyrex jar
filled with water, an electrical resistance-type heating element, a
temperature regulator with a precision temperature-setting ther-
‘mometer, and a circulating propeller powered'by a smé.ll electric
motor. Residence time of the gas within the bath is increased by ten
1-ft diameter coils of the 3/8" diameter copper tube feed line.

After the bath, but prior to flow measurement, pressure and
temperature taps are led off from the main flow line. Temperature
is measured by a precision mercury thermometer, an ASTM Sa.ybolt
. viscosity thermometer, No. 17F, with a range of 66 to 80 degrees
.Fahrenheit. It can be read to £ .02 degrees Fahrenheit.

The pressure line connects to a Burton dial gauge, Model No.
2311-001, wifh a range of 0~ 15 pounds per square inch absolute pres-
sure, and a Wallace and Tiernan precision mercury manbmeter,
Model FA135, with a range of 0 - 800 millimeters of mercury. The
dial gauge can be read to + . 01 psia and is accurate to 3 per cent of
full scale.

The flow measuring system is shown in Figure 2. Flow rates
~of about 2.0 standard cc/sec and above are measured by four Brooks
| E/C Purge Meters: (1) R-2-15-AA with stainless steel float, range
.4 - 4.3 standard cc/sec at 760 mm Hg pressure and 70°F ; (2) R-2- |
25-D with sapphire float, range 1.0 - 10. 9 standard éc/sec; (3) R-2-
25-A with sapphire float, range 4. 0 - 36. 0 standard cc./sec; and (4)
R-2-25-B with sapphire float, range 10 - 108 standard cc/sec. The
flow rates quoted are for dry helium as de_fermined by a water dis-

placement calibration of the system as installed. Figure 7 shows the
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calibration curves for all four meters. The extensive overlap was
planned to allow use of each meter only in the upper one-half of its

range where it is most accurate.

The governing equation for the volume flow through: the so-

called "rotameters' described above is, from ref. 14:
' 1

2gVlpgp ) |2
- ' Yw
Q = AWC Afp | (26)
w
where:

Q = volume rate of flow
Vf = volume of float
g = gravitational constant
Ps = float density
Py = fluid density
Af = area of float
C = discharge coefficient, depending on particular test fluid

(varies slightly with viscosity)

AW = -g— [(D+‘by)2 - dzj = area of annular orifice

D = effective diameter of tube depending on position of float
b = change in tube diameter per unit change in height

d = maximum diameter of float

y = height of float above zero position

The rotameters should be recalibrated for each different test gas
used, because of the change in discharge coefficient. However,
design of the rotameter is such that C may be considered a constant

for small variations in other test conditions.

In the case of a gas;, P is negligible in comparison with pi.
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and the volume flow rate can be approximated as:
1

0 - ao[ i) e
w AfpW
The flow rate at any test condition is:
Pw %’ P T % '
ar o) <ol )

where the subscript c is the standard flow rate corresponding to a
given scale reading as determined at calibration conditions. Mass

flow rate is then simply:

[310

m o= Qp_ = Q'C(pwcpw> : 29)

Flow rafes b’elow 2.0 standard cc/sec are measuréd by use of
a Brooks ”Vol:U-Meter, " a primary standard calibrator for flow
meters. The Vol-U-Meter is a precision-bored, constant-inner-
diameter borosilicate tube, 30 inches in length, with a cylindrical
polyvinylchloride (PVC) floating piston inside. The hollow upper por-
tion of the PVC pistﬁn is filled with mercury which is forced out
through a small radial hole intc a perimeter groove by turning a set
screw in the top of the piston. The mercury in the piston groove
forms a gas-tight mercury "O-ring' seal between the portions of the
tube above and below the piston position. A stainless steel scale,
graduated from 0 to 25 cubic centimeters, is mounted alongside the
borosili'cate tube. Precision of the tube is . 2 per cent of indicated
volume as shown by the scale. The tube is mounted in a modified
algminum flow meter case and is sealed top and bottom by elastomer

gaskets.
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With reference to Figure 2, the Vol-U-Meter bypass valve is
open while the flow stabilizes at a particular variable leak setting.

To measure a flow rate, the bypass is closed, which causes the piston
to move up the tube. Volume displacement rate of the gas is deter-
mined by timing'the piston travel between two graduations on the scale
alongside the tube. Since temperature measurements upstream of the
Vol-U-Meter and in the tank stagnation chamber showed negligible
difference for most tests, the temperature of the gas in the Vol-U-
Meter was taken as the gas input temperature. Gas pressure imme-
diately downstream of the Vol-U-Meter was measured by a pressure
tap from the flow line to a Wallace and Tiernan Model FA-233111 dual
range dial gauge (0 - 25 psig and 25~ 50 psig). Thus, from measured
volume flow rate, pressure, and temperature, mass flow rate fhrough
the Vol-U-Meter was readily determined.

The pressure drop across the Vol-U-Meter piston was deter-
.mined to be approximately 1 inch of water column or less than . 3 per
cent of the absolute gas pressure at that point. However, to preclude
even this small error, and to provide quicker response of the piston
at low flow rates, the test gas was routed through one of the rotame-
ters, with the rotameter inlet needle valve set to provide a pressure
drop equivalent to the weight of the Vol-U~Meter piston. Then,
simultaneously with the closing of the Vol-U-Meter bypass valve, the
rotameter bypass valve was opened and the pressure drop Propa-
gated downstream to the Vol-U-Meter piston.

Usable range of the Vol-U-Meter is about . 003 cc/sec to 2.5

cc/sec. In actual fact, the lower limit is a function only of the
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stamina and perseverance of the operator, since the positive dis~
placemeﬁt piston would measure 1 cc/year flow rate, if pressure and
temperature conditions could be successfully averaged for the test
period. The upper rate is an accuracy lihlitation due to the reaction
time of the operator. Care must also be exercised at higher flow
rates to stop.thé piston prior to the top of the tube and to lower it
gently, else the mercury '""O-ring'" will break and leave mercury
droplets on the tube walls. This necessitates the tedious task of dis- .
assembling the Vol-U-Meter, cleaning the tube and piston, and re-
setting the mercury "O-ring. "

Downstream of the flow measurement devices, the flow passes
thrdugh, and is ultimately controlled by, a Granville-Phillips Series
203 Variable Leak. Specifications state conductance is variable from
10_10 standard cc/sec t;) 100 cc/sec with 1 atmosphere pressure dif-
ferential across the valve. The valve handle is conhected to a counter
which increases one number for each 1/10 handle turn. With the
clutch properly adjusted, the handle slips at a counter reading of 10,
corresponding to gas-tight shutoff (conductance no greater than 10-13
cc/sec) and is fully open at a counter reading of 270. The higher flow
rates are quite reproducible at given counter settings, but the hyster-
esis inheren’c in all mechanical devices precludes anything more than
approximate reproducibility at low flow rates. Figure 8 is a reason-
ably accurate plot of Variable Leak counter setting versus stagnation
chamber pressure from data obtained during tests on the present sYs-

tem, using helium as the test gas and an orifice for the test profile.

Entry of the test gas into the stagnation chamber of the
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vacuum tank is through the stainless steel access plate of the up-
stream end via a i-inch centerline port. Tests were made both with
the gas entering parallel to the flow direction through the test pro-
file and turned 90° by a 3-inch copper elbow. No difference in re-
sults was observed,' indicating little likelihood that straight~through
streamlines near the centerline increased the mass flow through the
test profile over and above that due to the measured conditions in the
stagnation chamber. |

It would also be possible to introduce the test gas through one
~of the off-centerline l-inch pipeé which extend from the downstream
end of the tank through the exhaust chamber and dividing bulkhead
into the stagnation chamber. ‘This would completely eliminate any
~lingering doubts about straight-through flow effects, since the flow
directién into the chamber would be opposite to the flow direction
| through the test profile. |

Stagnati'on chamber temperature was measured by a precision
me rcury-ih- glass thermometer, an ASTM Say;bolt viscosity ther-
mdmeter, No. 17F, ‘range 66 - 80 degrees Fahrenheit, which could be
read to = .02°F. The thermometer was introduced into the stagnation
chamber through an offf'center i-inch port in the access plate of the -
upstream stainless-steel end plate. Sealing around the glasé‘ ther-
mometer tube was accomplished by use of a gauge tube connector
with neoprene bushing.

Accuracy of this method of temperature measurement was

somewhat questionable at very low stagnation chamber pressures, but

the constancy of temperature between the input measurement and this
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stagnation chamber measurement at higher pressures made it reas-
onable to assume such was also the case at low stagnation chamber

pressures.

E. Test Plate

The test plaie occupies the center of the dividing Bulkhea.d
which separates the stagnation and exhaust éhambers of the tank.
Figure 9 shows the plate with a typical test profile. The plate is se~
cured to a recessed cutout in the tank dividing bulkhéad by three flat-
head machine screws equally spaéed near the perimeter and is sealed
with an elastomer O-ring. The flat upstream side of the test plate is
ﬂush with the bulkhead, making the test profile an aperture in an es-~
senﬁally infinite plane wall, since the ratio of tank diameter to test

profile diameter is approximately 400:1 .

F. Vacuum Pressure Measurement

The sole exhaust chamber pressure tap is a 3/8-inch copper
tube which extends from a blank 4~inch aluminum flange at the tank
outlet into the. exhaust chamber, where it bends 90° to the direction
of the gas flow. To the outside of the hole in the blank flange is con-
nected a 3/8finch copper tube line toc a mercury McLeod gauge. A
blind tee from this line terminates in a Consolidated Vacuum Corp.
GTC-004 Thermocouple Gauge Tube, the sensing element of a Con-~
solidated Vacuum Corp. Thermocouple Vacuum Pressure Gauge Type
GTC?IOO, range 0 - 1000 microns Hg, referred to hereafter as the
”thermistorv” gauge.

Two upstream préssure taps are utilized. The first makes
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use of a l-inch pipe extending from outside the downstream end of the -
tank, through the exhaust chamber and dividing bulkhead. To the
flange at the outside end of the l-inch pipe is connected (and sealed
with an elastomer O-ring) a mating flange to which is soldered a 3/8-
inch copper tube that joins the line to the McLeod gauge. Shutoff
valves in the upstream and downstream pressure tap lines, prior to
the point where they join the single line to the McLebd gauge, make it
possible to measure upstream and downstream pressures independ-
ently with the McLeod gauge. ' The McLeod line passes through a -
liquid nitrogen" cold trap prioi to reaching the gauge, not only to con-
dense impurities in the test gas but also to protect the system frorﬁ
mercury vapor emanating frem the MclLeod gauge. The cold trap
reservoir is a Dewar wide-mouth vacuum flask packed in insulating
material inside a metal container.

/Th‘e second stagnation chamber pressure tap extends from the
off-center port in the access plate at the upstream end of the tank, via
a 3/8-inch copper tube, to a 0-50 mm Hg Wallace and Tiernan abso-
lute pressure dial gauge and a 0 - 800 mm Hg Wallace and Tiernan
precision mercury manometer, Model FA-130. Both of these instru-
ments can be isolated by Circle Seal 1/4-inch vacuum shutoff valves.
The manometer was isolated from the system below 50 mm Hg .stag-
nation chamber pressure to prevenf rhercury vapor contamination of
the Granville-Phillips Variable Leak.

The vacuum pressure line from the stagnation chamber is con-
nected to the top of the manémeter with the mercury reservoir open |

to the atmosphere. The manometer mercury column height was sub-
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fracted from a Central Scientific Company mercury-in-glass barom-
eter reading to give the absolute stagnation chamber pressure. The
dial gauge was set to agree with the MclLeod gauge and appeared to
stay in calibration over a period of two months. The ‘dial gauge can
be read to an accuracy of :i: . 01 mm Hg.

A blind tee from the above pressure tap line terminated in a
Consolidated Vacuum Corp. GTC-004 Thermocouple Gauge Tube, the
sensing elemeint of the Consolijdated Vacuum Corp. Thermocouple
Vacuum Pressure Gauge, Type GTC-100. The two-channel ther- -
mistor gauge, with one channel connected to the exhaust chamber
sensing element and one channel to the stagnation chamber sensing
element, was calibrated periodically buf was never used as more than
a rough pressure indication in setting the variable leak or determin-
ing the exhéust pressure when it was necessary to switch from the
diffusion pump to the Stokes 412H rotary pump. In fact, all precisioﬁ |
pressure measurements up to 100 mm Hg were made by the McLeod
ga-tuge, and thoseabove 100 mm were made by the mercury manometer.

The McLéod arréy‘, made by Greiner Glassblowing Laboratory,
consisted of two separate gauges; a non-linear gauge with a range of
0 - 125 microns of mercury, and a "linear' gauge with three initial/
final volume ratios and three respective reading tubes with rahges of
0-1mm Hg, 0-10 mm Hg, and 0 - 100 mm Hg.

The non-linear gauge has a capture volume of 330. 6 cubic
centimeters which is compressed intoc a capillary tube 230 mm in
length until the height of the mercuryin the parallel tube is at the

same height as the closed end of the capillary. The difference in
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mercury column height is read on a mirrored scale to an accuracy of

4+ .1 mm. Pressure is determined as per the following analysis: -

PlV

Py

P2

where:

Vi

Vs

1

-l

= P,V,
PZVZ/V1
Ah+ P,
Ah A
C
1
Ah(AhAC) —‘7—1_

assuming an isothermal compression

(all pressures in Hg column height) but

]E-"1 can be neglected compared to Ah

(30)

unknown pressure to be measured

final pressure of compressed gas

differential mercury column height

area of‘capjlllary tube bore

capture volume (known)

final volume of compressed gas.

The ''linear' gauge has a capture volume of 250. 5 cm3 which

it compresses to three successively smaller volumes which are also

known.

A 500-mm mirrored scale is set behind each of three tubes

with the zero point of the scale at the level of the corresponding com-

pression volume calibration mark. When the mercury level is stop-

ped at any of the three compression volume marks, the differential

mercury column height is read on the scale behind the apprbpriate

tube. Pressure is then determined as follows:

PlV

1

=P, V,

1 i
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P = Ah, + P
i 1

2

i
P1V1 = (Ahi + Pl)VZ-1

. ‘ 1
Py = oy (y7v, 1) (31)
i l .
where:
P1 = unknown pressure to be measured
Pz = final pressure of compressed gas
i .
V1 = initial capture volume (known)
V2 = compressed volume (known)

- i
: Ahi = differential mercury column height

i=1, 2, or 3, corresponding to test sample compres-

sion ratio and scale to be read.

All mer;:ury column heights were corrected to zero degrees
Centigrade and standard gravity before use, except for the W'a.llac‘e
and Tiernan mercury‘ manometers which are equipped with tempera- '
ture-compensating scales.

A gas pressurization system was used to raise and lower the
mercury level in the McLeod gauge. A nitrogen bottle, regulated by
a Matheson Model 1L regulator with delivery pressure from 3 to 80
psig, is connected to a Circle Seal MV90 Series Needle Control Valve.
This needle valve meters the flow of nitrogen to pressurize the vol-
ume above the mercury level in the McLeod mercury reservoir andto
raise the mercury level in the gauge. Precision control of the rate
of mercury level rise is accomplished merely by opening or closing

' the needle valve.: Stopping the mercury level at any point in the
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gauge can be done either by closing the needle valve to gas-tight
shutoff or by closing the individual gauge shutoff valves. A vent valve

in the nitrogen pressurization line is opened to lower the mercury

level.
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IV. RESULTS AND DISCUSSION
Preliminary tests were conducted on one nozzle profile, an
orifice similar to that shown in Figure 9. Helium was chosen as the
test gas by reason of its relatively low density, low molecular weight,
and chemical inertness; To elaborate on the first two points, con-~

sider first equation (4):

Tow RT_

5P D M 2w
c '

Kn

where Mw = molecular weight, and R = gas constant per mole,
which indicates that lower molecular weight is desirable to reach a
given Knudsen number with higher stagnation chamber pressure (Pc )
Higher stagnat;lon chamber pressure helps eliminate the inaccuracies
caused by leaks and outgassing.

To show the desirability of low density, consider a mass flow
near the free molecular regime where we can take theoreticai free
molecular flow\‘ rate as a good approxbirnation to that actuallf obtained.
From equation (13):

. uA(PC-Pe)

mf T e .

m 1/ 2nRT

The volume flow rate is simply the mass flow rate divided by density:
Q = — = 2= — . (32)

Clearly, lower density gives a higher,and therefore simpler to meas-
ure, volume flow rate for a given stagnation chamber pressure.
The preliminary tests were done in order to "shake down" the

instrumentation and to ensure that the system was capable of cover-
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ing the desired flow range from continuum to free molecular. A
typical test pro’cedure is covered in Appendix I

The initial series of tests, spanning a period of about one
month, gave erroneous results at high Knudsen numbers (1 to 10),
indicating mass flows as much as 10 per cent below the theoretical
free-molecular flow rate for the measured stagnation chamber pres-
sure. An exhaustive series of leakage tests finally detected a leak
into the stagngtion chamber of about 1 micron-liter per second. A
leak of this magnitude was negligible at lower Knudsen numbers énd
had no effect on results, bﬁt was sufficient to impair the data near
the free molecular end.

Another possible source of error at low flow rates was the
slight pressure droplbuilt up across the Vol-U-~Meter piston for low
flow rate measurement. Although the magnitude of the pressure
change in the feed line when the Vol-U-Meter bypass was closed was
a fraction of one per cent, an oscillating pressure wave may have had
a much greater effect on the flow rate measurement. The remedy
was to route the test gas through one of the rotameters, with the ro-
tameter inléet needle valve set to provide a pressure drop equivalent
to the weight of the Vol-U;Meter piston. Then, simultaneously with
the closing of the Vol-U-Meter bypass valve, the rotameter bypass
valve was opened and the pressure drop propagated downstream
to the Vol-U-Meter piston. .

Elimination of the leak produced apparently accurate data for
a second series of tests. In‘the subsequently described presenta- |

tions of data, only the results from the second series of tests are



-33-
used at high Knudsen numbers, but botfx sets are shown at Kn = .1 and
below. Each data point at Kn = 1. 0 and above required a period of
five hours or more for system stabilization due to the low flow rates
and low stagnation chamber pressures. The flow measurement pro-
cedure alone often consumed an hour or more for each point.

The pumping system adequately maintained at least a 100:1
pressure ratio across the . 039-inch diameter (or approximately 1~
millimeter diameter) orifice throughout the entire test range. Fig-
ures 5 and 6 show the diffusion pump and the Stokes 300 CFM pump
both tailing off badly in capacity {(from opposite ends) at the cross~
over point of Pe = 10 microns of mercury.. However, no difficulty
was experienced in maintaining at least a 100:1 pressure ratio even
at the crossover exhaﬁst chamber pressure.

Figure 11 shows the test data plotted as Liepnria;nn’s;8 I"/l"K

versus 1/Re , where:

I‘K = n/“\/ 2w = theoretical free molecular value;
. . m 1 RT
T = —wx = T =
p - = ¥ ~ ]
| c pc( c e)?-A A‘\/PC ‘\/PC P_
Pe
' p WD P %
_ e _ _( c 2 1/ 2
Re = u_c = pc( o m e T {33)
The quantity
P -P
W = c e
, Pe

is defined by Liepmann as the characteristic velocity for orifice flow.

The plot of I‘/I‘K versus 1/Re is closely akin, but not identical, to
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rn/rnfm versus Knudsen number. Data from the present investigation
are shown as the solidly~-colored symbols for easy contrast with
Liepmann's data, which are plotted for comparison. It is seen that
the present data plot essentially in the middle of Liepmann's data
down to a. Knudsen number of about . 01 . At this point, although there
is a slight irregularity, perhaps corresponding to Liepmann's sur-
mised "overshoot'' due to boundary layer rounding off the orifice lip
(p. 72 of ref. 8), the present data do not actually show a local maxi~
mum as do Liepmann's data. Instead, after a slight reflex in curva-
‘ture, the present data extend smoothlyv toward an apparenf continuum
limit of I‘/I‘K for lower Knudsen numbers.

If we 'divide equation (15), the continuum expression for mass

flow through an orifice:

P A
m o= alf —<

\/RTC

by equation (13), the free molecular expression:

. "‘A(PC-Pe)
me F Tem————

m w/zquTC‘

we obtain:

m = Oy ¢
e = ST er p—p— (34)
M em | Kn-0 c €

For both Liepmann's and the present investigation, the exhaust cham-
ber pressure (Pe) is negligible compared with PC s the stagnation

chamber pressure. If we neglect Pe s equation (34) becomes:

e = STfar .

M [Kn-0
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- . . ' . (3 ‘ » —
This is the same as Llepmann s T/FK 1/Re=0 since his PK = u/ 2w
— H

From Dushman3 is obtained u = .918 for the orifice of L/D =
. 0895, For helium, y = 1.67, and:
=
Y—

y(ﬁz—i- = .‘725 .

Using Frankl's9 a = .85 for a two-dimensional slit, we finally obtain:

'_E}-—' = —']:- = 1. 682 9
me g0 K |/1/Re~0

| which is almost identical with the value for I‘/I‘K at the lowest 1/Re
(1/Re = .000528) shown in Figure 11. This is somewhat coincidental
due to uncertainty concerning the value of a .

Figure 12 shows the same data from the present investigation
plotted as m/mfm versus Knudsen numbgr and compared with Sree-
kanth's high_;est pressure ratio data (ref. 4), Pc/Pe = 17 . Also
shown is Sreekanth's semi-empirical formula for the transition re-
’gime, equation (23). It is seen that the_z present data agree quite well
with Sreekanth's high pressure ratio data. Sreekantht's semi--
empiric;l equation for m/rnf‘m as a function of Knudsen number ap-
pears to be a vreas onable approximation to the data in the. transition
regime down to a Knudsen number of . 2 , but begins to deviate from

the data at lower Knudsen numbers.
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V. CONCLTUSIONS

The low-density gasdynamic facility described in this report is
quite adequate for tests on small diameter nozzles, tubes, and ori-
fices for the complete flow spéctrum from continuum to free molecu-
iar. The pumping system is capable of maintaining at least a 100:1
pressure ratio across a l-millimeter diameter test profile over the
entire range of flow measurable by the installed flow measurement
system. All flow rate and pressure measurements proved to be ac~
curate within 1 per cent, as designed.

Tests:conducted on an orifice, of length to diametér ratio
. 0895, show an asymptotic approach to a limiting value of the ratio
of mass flow rate to theoretical free~molecule mass flow rate at
both the lowest (Kn = . 00068) and highest (Kn = 8. 16) Knudsen number
tests made, éorresponding to a continuum limit and a free molecular
limit, respectively. A smooth transition from one flow regime to the
next is evident from the gradual change of the mass flow ratio with
Knudsen number,

The current data and the data of Liepmann8 and Srez'el{.au'xth4
all apparently show mass flow slightly greater than.the the-oretical
free molecular rate at Knudsen number 10, previously considered

well within the free molecule flow regime.
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APPENDIX L Typ‘ica.lv Test Procedure

I Initial Pumpdown

A,

Commencing with all valves closed:

1. . Open shutoff valves to vacuum pressure measurement
lines (3 valves)

2. Open tank bypass valve

3. Open 4" Temescal gate valve

B. Start cooling water flow to:

A

1. Stokes pump -~ approximately 2 gal/i’nin

2. CVC diffusion pump -- approximately 1/15 gal/min

- C, - Start all pumps:

1. Stokes pump
a. Check soleﬁoid oil vaive with fgrromagnetic ma-
terial
b. ' If not magnetized, shut down immediately
2. Cencb Hypervac 25 backing pump | |
3. CVC diffusion pump |
Fill McLeod gauge ‘c‘old-trap reservoir with liquid nitrbgen
Open McLeod gauge stopcocks
Close variable leak to a counter setting of 010. o
Open shutoff valve downstream of variable leak .
When exhaust chamber pressure as read by therfnistor 'nda 1
is 10 rﬁicrons: | | |
1. Close 4" Temescal gate valve -

2. Open 2" Temescal gate valve
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3. Shut down Stokes pump

+ I Pump down system to desired ultimate pressure. Note: if

.this is the first pumpdown after the system has been ex- -
'})oséd to atmospheric conditions:
1. Open Stokes pump gas ballast valves (2)

-2, Delete steps Dand E |

' 3. Operate on gas ballast for 15 = 20 minutes

4. Close gas ballast before going to Step H

5., Pump down system for at least 24 hours before pro-
ceedihg (it may be desirable to pump down fof a few
days to minimize outgassing)

6. Execute steps D and E before proce'eding‘

II. Test Gas Flow Setup

A,
B.

E.

Close tank bypass valve

‘Close one of the shutoff valves to the McLeod gauge vacuum

~ line (which one depends on whether exhaust or stagnation

chamber pressure is to be measure&)

Fill feed line cold~trap reservoir with liquid nitrogen

Start bconstarlt-temperature water bath

1. Start motor and heater

2;, Set tempéra.ture regulator after flow rate is es‘tablishéc’i
Open. all‘ valves in the gas feed line except: |
1. Close individual rotameter shutoff valves

2 Clése rotameter outlet valve

3. Close feed line shutoff valve immediately downstream

of the feed line vent valve
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R, dpe’n helium (gas supply) bottle
‘ 1. Set high-pressu;'e regulator to about 100 ési (must be

" below 200 psi) |
2. Set léw-preésuré regulator to about 5" H

2
G. After a few seconds of irenting feed gaé to the atmosphere: k

@.
‘1. Close fee'd—lihe vent valve
2. Open feed-line shutoff valve downstream of the vent
H. 0pen‘variabie leak to the desired counter reading (graph of
| applioximate counter reading versus s'tagnati‘on ﬁressure is
_ helpful for this) .
1; vMonitoz.' exhaust chamber pressure oﬁ thermistor né. 1
2. If exhaust chamber pressu're exceedvs 1;0 microns,’
: ;switch pumps
; a. Close 2" Temescal gate valve
b. Start Stokes pump and wait 30 seconds
g Open 4" Temescal gate valve
-When" gé.tisfied with pump setup, monitor stagnation cham=
ber pféssure on thermistor no. 2, 0 - 50 mm dial gauge,
or manometer. .M: Keep manometer shutoff valve

closed below 50 mm Hg to minimize mercury vapor con-

-

tamination of the varia.ble leak.

‘ Flow Rate Measurement

A. Low Flow Rate -- Vol-U-Meter
1. Open input valve to rotameter no. 1

2. Open rotameter 6utput-1ine shutoff valve
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4

5.

6.
7.

8.

9.
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Close\rotameter bypass valve

Partially open rotameter no. 1 'needle valve tc‘> give
about . 1 psi pAressure‘Adrop between flow measure-
ment system input pressure (0 ~ 15 psia dial gauge)
and Vol-U-Meter output pressure (0 - 25, 25 - 50 psia

. dial gauge) |

‘Stabilize systerﬁ for at least 2 hours

Continually refill cold traps

Close Vol-U-Meter bypass valve and simuitaneously

- open rotameter bypass valve. Note: this procedure

minimizes changes in the gas input pressure to the

.- variable leak‘ when the Vol-U-Meter is thrown into the

system.

Time the piston between any two‘volume'ma;rks '(‘prgf— '

erably 0 to 25 cc at the slower rates, and 0 and 22 cc |

at the faster rates)

Before the pistonr rea‘ches, the top of the tube:

a. Stop the piston by cracking open the Vol-U-Meter
bypass valve. |

b. Lower the piston gently to the bottom of thé'tubé by
carefully opening the Vol-U-Meter bypass valve a |

bit more

By, Moderate to High Flow Rates -- Rotameters

1,

R

Close input.needle valve of desired rotameter

‘Open input valve to rotameter
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3. Open rota;meter.output-'liné shutoff valve
4., Close rotameter bypass valve
s Open‘ rofarr}eter input neédie v.alve‘ carefully to full
.open position. ‘Note: this should be done cgrefully to
prevent damage to the rotameter float.

6. The rotameter can be reaii continuously and will help
indica.'te when the flow is stabilized (the \prima.ry means
of assuring stabilization is stagnation chamber pres-
sure measurements ).

IV. Other Data Measurements
A. Atmoéphéric conditions

1. Pressure - barometer (apply temperature/gravity cor-
rection to’indicated Hg column height) |

2. Tempe réture - thermometer on barometer case

3

B. Gas inlét conditions
1. | Pressure - before flow me.asurement systém

a Low-—pr’eshsure regulator dial gauge (0 - 30 in, HZO)
- this pressure plus atmospheric should equal flow
measurement system input pressure‘

b. ‘ Flow measurement system input dial gauge (0 - 15
psia’)

¢. Flow measurement system input manometer (0 -

800 mm Hg gauge)

3. Temperature - before flow measurement system
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" C. Stggné.tioﬁ Chamber Cdnditions
| 1. Preg;ure
| a. 'The‘rmistor no. 2
b. McLéod gauges |
c. Dial gauge (0 -“50 mm Hg)
”d. ) Manometer (0 - 800 mm Hg) - the scale is é.lread};
; “cor\rected'for temperature and gravity - su‘btr’a\.ct T
scale reading from corrected barometer reading
2.; ':I‘ernperature - thermometer is in protective shroud
protruding from upstream end of tank
D. ‘Exhaust Chamber Conditions - Pressure
1. Thermistor no. 1
2. McLeod gauges.
V. McLeod Gauge Operation"
A, ~.‘X(ﬂ:iv::xte pressurization system
1. Close individual gauge shutoff vaivea
. 2. Open vent line valve
3. Open needle control va.lye
4. Open nitrogen bottle valve
5. Open regulator shutoff valve
6. Set regulator pressure at approximately 25 psig
7. Close needle control valve |
B. Sample measurement
‘l, Capture of gas sainple (either gaﬁge)

" a. Close vent line valve

b. Open desired gauge shutoff valve 1 3/4 turns
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e .~0peh ne‘e‘dlev valve ’sldwlz to bbt#in rat'e' of mercury
rise such that sample cap’ture'ta.kes 15 - 30 sec-
onds | ‘
2. Non-linear gauge
ras After éample capture, increase ré.te ofvmercur}vr
: risé but sléw it drastically near the top of the
large volume to avoid shocking the closed capil~
lary tube |
b. W}'zen mercury is in thé closed capillary, “increase
the rate of rise again
‘c. Slow the mercury rise as the level in the open capil=
| lary nears the top
d. Stop the top' of the mercury meniscus at the bottom
. of the black tape line by either closing the needle
valve or closing the gauge shutoff valve
e. Tap both capillaries a few times tb overcome 'sur-
face tension effects
f. Read the difference in mercury columi;,heights
3, Linear gauge
a. After sample cap‘tufe, increase rate of mercury.
| rise but slow it near the top of each large volume
to avoid overshooting the compression volume cal-
ibration mark
‘b. Stop the mercury meni_scﬁs at the desired scribed

volume mark by closing either the gauge shutoff
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valve or the needle valve
(1) Use lst scribe i'_na.rk and left tube for pres-
‘  sures between 125 and 10 mm -
(2) Use 2nd scribe mark and middle tube for
pressures between 10 and 1 mxﬁ
(3) Use 3rd scribe mark a.ncli right tube for pres-
s‘ures. between 1 ﬁnd .1 mm (pressures below
. 15 mm can also be read on the non-linear
McLeod) |
c. -Read the difference in mercury column heights
4, To lower the me rcury level in either ‘gauge\':'
a:. Close needle valve
b. Open vent iine valve
c. Open gauge shutoff valve
Note: if a slug of mercury hangs up in the closed capil~
lary of the non-linear gauge, carefully heat the tube
with a fuel-rich {yellow) natural gas/oxygen flame until
’c‘hé slug vaporizes. |
5. Cénve rsion from séaie reading fo pressure
a. Apply temperature and gravity correction to all
mercury column heights before using scale factors

b. Scale factors

(1) 0 - 100 micron gauge: P(u) =, 2375)(10"2hmm2

, . - -3,
(2) .0-51 mm gauge: P(mm) = 1, 86X10 hmm
2

- {3) 0-10 mm gauge: _P(mm) = 1.894%x10 hmm
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) ) . (4) 0-100 mm gauge: P(mrﬁ-)".:: 2. 494x Io'lhﬁ'lm- .
VL 'S;rstem Shutdown. " |
| A. Test gas féeci
1. Close valve downat‘ream,of variable leak
2. Ciose feed-line shutoff valve downstream of feed line
vent | |
3. Check Vol-U-Metér bypass and rotameter bypass '( 4
valves open _ | o
4. Turn off helium (test gas) bottle
5. ‘Open feed-line vent valve |
B. CVC Diffusion pump |
1. Close 2" Temescal gate valve
2. Turn off ;iiffusi;)n-pump. heater switch -
3. Let water and Hypérva.c 25 run until heater feels cool
to the touch |
A4. 'furn off water
5. Turn off Hypervac 25
C.‘ MéLeod pressure system
1. Close both McLeod gé.uge shutoff valves
2. Open vent line valve | |
3. Turn off nitrogen bottle
4. Open needle coﬁtrol valve
VI.I." Periodic Checks .
'A. Check wooden shims under the test-tank support stand twicé

weekiy and knock them back into positions marked on the



F.

- -59-

floor if vibration has moved them out.

' Check the oil level in the Hypervac 25 backing pump at

ieast'every 6ther‘dé.y. Add Cenco HyVac oil while pump is
running. ’ | |

Gil lévei in the Stoke;', 412H pump should be haifWay up the
sight glass while the pump is Funning. ‘ |
Temperature of diffﬁsion-pump cooling water taken at the -
outlet should be 110 - 120 degrees Fahrenheit for maxi-
mum pumping rate. Check daily. |
Stokes pump cooling w:;ter should be 70 - 100 degrees
.Fahrenheit at the: outlet. Check during each period of ex-
fended opera.t-ion.' S o | | L

Drain the water out of the Stokes pump and refill with clean

- water twice weekly.



