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ABSTRACT

An investigation of the effects of condensible vapors on the
calibration of a thermal conductivity presswre gage has been made.
A theoretlieal study is mode of thermal conductivity under low
pressure and rarified gas conditions. A method using a transfer
standard is described for the calibration of thermal conductivity
gages in a condensible vapor environment over the pressure range
of 105 to 15 torr. Calibrations are made, using this method, in
dry air, water vapor, and acetamide vapor. The gage is also
calibrated in the Echo II canister to domonstrate the usefulnesa
of the method in e prectical application. The data given in this
report show significant differences for the various gas compositions.
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normalizing factor for a Maxwellian distribution of velocities

thermal accommodation coefficient

specific heat at constant voliume

rate of change of the aveyage energy per molecule along X,
dmm/molecule

average ensrgy per molecule at the walt surface, ergs/molecule
average energy per molecule as a function of x, ergs/molecule

net heat transfer per unit area per unit time, ergs/cusecc
net heat transfer per unit area per unit time, ergs/cmaaec
coefficient of thermal conductivity

molecular mean free path, cm

molecular weight, gn/mole

mass per malecule, gn/m:ﬂ.ecu.le

Avogedro's number, molecules/mole

number of molecules per wunit volume, molecules/cm
pressure, dynes/co”

ergs mole
universel gas constant, &

gn molecule K

absolute temperature, K

absolute tempersture of surface 1, °K
absolute temperature of surface 2, %K

average velocity per molecule, cm/sec molecule
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average of the squared velocity, eme/aecg
distance fram the unit surface, ocm
mmber of molecules crossing unit area in unit time, molecules/cmPgec
Maxwellian gas constant, sec/ca
ratio of gpecific heat at constant pressure to specific heat
at constant volume
thermal-conductivity gas canstant
gas density, gm molecules/cmd
molecular diameter, om



IRVESITCATION OF THERMAL CONDUCTXVITY
GAGE CALIBRATINS IN CONDEREIBIE VAFORS



JITLRODUCTION

The requirements of in-flight and groundefacillity research programs
frequently require pressure measurcments o be made in the renge of 1072
to 15 torr. In the majority of cases the use of gages sensitlve to gas
camposition is required since the fow gages that are insensitive to gae
canposition are, in general, too large for this type works

The callbration of these gas~capositionesensitive geges ls normelly
determined by comparison with & primary stendard (Mcleod gage). These
calibrations are more difficult if the test gas is a condensible vapor,
since the Mcleod gage is a compression instrument and cannoct be used for
this type gas. The calibration of gages in a condensible gas can be
accanplished by the use of a gage that is insensitive to gas composition
which has been calibrated by & Mcleod gage using a noncondensible ges.

In this case the gage that is insensitive to gas coauposition acis as a
transfer standaxd. In a typical procedure the transfer standard is
calibrated against a Mcleod and the gage to be used ic then calibrated
against the transfer standard in the gas in question. Three transfer
standards were selected to cover the 1072 to 15 torr range.

Because of ite vide use In flight and facility work, the gage chosen
for calibration was a thermsl-conductivity-type vacuum gage system?,

The output of this thermal-conductivity gage is not a linear function of
pressure and has asymplotes at approximately 101 and 10 torr. Its sensie

tivity to gas camposition, therefore, must be deternined over the entire

PTESHUre range.



If thermal conductivity is consldered as a trangsport of kinetic
energy between two surfaces at different tamperatures as in the kinetic
theory of gases, then its varlance with pressure can be divided into three
reglons. The first reglon is a pressure reuge in which there are enough

molecules to suport & temperature gradient. In this reogion
H= K grad T
In the one-~dimensional case

H = QK‘é; (1)

If a surface of unit ares is placed between two plates, then the number
of moleculeg that cross the surface in unit tine is

I, = %‘- av (2)
A derivation of T, 1s given by Kemm«i% The energy at station =x
(x = 0 talen at the unit surface) for positive x 1is

Kx) = B, + x &

If no persistence of veloclty and no transfor of mass are assumed, then
the average energy per molecule that crogses the surface in the positive

X-direction is

EQEE"'I% (3)

Bince Eg is fixed st x = 0 and % is constant then

til
&
+
wl
K&



Hence the total flux of encrgy that crosses wnlt area in unit time in

the positive x-dircction is

%‘» n:»?(“& +x %)
Simllarly for partlcles crossing in the negative x-direction, the energy
flux 1is f‘;n?(ﬁla - X %). The negative sign appears in order to keep X
on essentially positive quaatity.
The net flux for all wolecules per wnit area in wilt time is
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however, if we assume that the mean free path is not 8 function of speed
and the collision rete is Maxwellian, then after Kennard”

¥=51 (5)

Wi

Using the value of X 1in equation (5) and the chain rule of differention,
equation (4) becomes

By definition



Thercfors

ML = ar
b5 Bvlcv&x

But for & Maxwelllan gas Kennard® shows that
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Tharefore
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In order to correct for molecular collisions, vibrationel, and rotational
energy of camplex molecules, a canstant 1s needed vhich 1s derived by

Euclwn:’.
sgﬁlf_ﬁ.
Therefore
1/2
) 9.7-5).1..(%“) o @
. ( T /Ho\ = e (6)



It can be seen from equation (6) that the net heat transfor is independent

of pressure. Cogparing equations (1) and (0) leads to

1/2
- 5] 1 (RJM) " Gy .
K==<ZZ-3—', )ﬁg(x ) poun -4 (1)

which is the well-lnown coefficient of thermal conductivity.

The second region is a pressure range in which the gas between the
surfaces is so rareflied that no interactlon between molecules exists;
therefore, there can be no tenperature gradient. Then the auaber of

malecules of velocity v per unit area per unit tine is
1
an =T n,v

The energy of these is

If a Mexwelllen gas is assumed, then the average enera;“ per unlf area

rer unlt time is

p B 1
"5 =% (8)

8ince



where
Ralal
#-(23
Then
P=2 /2.3.:.
3 7\2 62
-
2p°
and
- 2 (1\
Vo =)
[ \8)
whence

vhich is identical to equation (8); in consequence, the average energy per
unit aree per unit time for the second region is

i
O {4+
H

If we assume the energy of the molecule adjusts to that of the surface, then

PV
AR = e
2

IR
]
© |3,

or

P/ )
Mﬂﬂé‘-eﬁl\'rl-'ra



where

o P\ L2
?gai?‘ﬁﬁ\
\a@d/
Therefore
\l/e/
AE = Pl \ :w
\ )\ T2,

If the energy does not adjust, then & correction factor must be included.

Thiz constant "a® i1is called the thermal accormodation coefficient. Then

: 1/2
DE = a/i_&fﬁ\ (f};_?.’%\ip

; | o (9)
NE . VAN -

where the slope is

i/2,
o282 Py - 1)

8 ;
v Ta

(10)
It cen be seen from equation (9) that there is a linear relation between
heat trensfer and pressure.

The third reglon is & transition pressure range that exists between
the first and second regiong. No successful attempt at a theoretical
treatment has been made for tﬁiﬂ region because of the difficulties involved
in defining the transition. The net flux is usually represented by fitting
a smooth curve taken from the experimental date between the flrst and
gecond regions. Since this is the region in which the thermal conductivity
gage operates with maximum sensitivity, the need for an experimental method
of calibration becames readily apparent.

The theoretical curves for the first two regions are given in figure 1.
Since no adequate theory of the third region exists, the experimental data

for thls reglon are also glven.
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Figure 1.- The three theoretical regions of thermal conductivity
for low pressures.



EXPERIMENTAL BQUIPMENT

The equipment consists of a high~vacuum pumping system; a Mcleod
gage, as a primary standard; three diaphragmn-type pressure transducers,
a8 the transfer standards; and the gas-seasitive thermale-conductivity
eage system.

A standard vacuum Bystem7 conteining a 2-inch oil-diffusion pump
and o mechanical forepump was used to attain a pressure in the 10‘1* torr
range. This system (figs. 2 and 3) can cover a worksble pressure range
of 10®° to 17 torr, with an ultimate pressure for outgassing of 10*7 torr.
An air dryer and a mercury Mcleod gage are included in order to camplete
the gystem as a calibration unit. The system 1s protected from the
Meleod gage mercury vapor by & ligquid-nitrogen cold trap. Suitable
connections are avallable for connecting the gages to be calibrated.

The Mcleod @.ges used in this study was a multiple~-range instrument
having one quadratic scale from 3 x 1072 to 1 torr, and three linear
scales covering the range of 0.3 to 1.6 torr, 0.8 to 5.0 torr, and 3.5 to
17.0 torr.

In order to read true pressure in a test gas enviromment, it is
necessary to choose pressure transducers vhich are not sensitive to gas
camosition. A resistance strein gage, 0«50 torr transducer’ ; & variable
reluctance, 0«5 torr transducer®; and a variable-capacitance micramanométertt
wvere chogen. These gages allowed operating ranges of 5 to 50 torr, 0.1 to

5 torr, and 0.001 to 0.125 torr, respectively. The gages use a thin metal

10



VALVE

Figure 2.- Block diagram of the calibration unit.
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diaphragn which move with a change in pressure, wunbalancing an a-c
bridge and giving an output that was proportional to pressure.

The opermtion of the thermal-conductivity gege' is based upon the
changes in thermal conductivity of residual geses in a vacuum. The noble
metal thermocouples, which are directly heated by a 20-kc power supply,
are cooled by an amount which variecs with the pressure of these gases.

The output is a function of the tenperature of the thermopile and is
anplified and recorded. The instrument (figs. 3, 4, and 5) consists of

a control unit, a thermopile gage tube, a low pass filter and a d«c
amplifier. The coatral unit provides the thermoplle gage tube with 20-kc
heating voltase. It receives its power from a highly regulated 28-volt
d=c power supplys. The thermopile gage tube contalins the noble metal
_thermopile and gives an output of approximately 10 mv below 1072 torr and
1 mv at atmospheric pressure. The output of the gage tube is returned
through the balance circult in the control unit. The lov pess filter was
used to filter out the residual 20-kc heater voliage appearing on the

d-c output. The d-c amplifier was used to give an output of approximately
5 volte below 10™° torr and 0.5 volt at atmospheric pressure. The thermal
conductivity gage has an opersting range of 0.010 to 10 tory in air.
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Figure 5.- Electrical block diagram for the thermal conductivity

THERMAL CONDUCTIVITY
GAGE
POWER SUPPLY POWER SUPPLY
28 v dec CONTROL UNIT
LOW  PASS
FILTER
AMPLIFIER
POWER  SUPPLY AMPLIFIER
28 v d-c

OUTPUT 5- 0.5 v

PROPORTIONAL TO PRESSURE

gage system.
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EXPERDMENTAL PROCEDURE ANID HESULRS

The experimental work has been divided into three parts: water vapor,
acetanide vapor, and the practical epplication. A procedure and a dis-

cussion will be given for each part.
Water Vapor

Procedure

A system (fig. €) was designed to compare water-vapor and dry-air
calibrationg of the thermal-conductiviiy gage. This system was built
around the calibration unit and contained & cylinder of water, the 050 torr
resistance strain gage treansducer, the neceassary plumbing and valving, and
the sas-gensitive thermaleconductivity gage.

Vith valve 2 closed end valve 1 open, & ecalibration of the reslstance
strain-gage transducer (£ig. 7) aad the thermal-conductivity gage (fig. 8)
in dry alr vas made by using the Mcleod gege as the standard. To calibrate
the thermal-conductivity gage in water vapor, a mechanlcal puup, through
valve 3, was used to lower the pressure above the water below lts vapor
preseure. Sufficient pumping time was allowed to ilnsure that all the
absorbed alr was removed fram the watcr. Valve 3 was closed and the pressure
above the cylinder was allowed to rise to its liguid-vapor equilibrium.
After outmmssing the gage at 10~ tore , & mumber of date points were taken
by bleeding water vapor into the gages through vaelve 2. Using the diaphragn
transducer as a transfer standard, the output of the thermsleconductivity

gage vas then coupared to pressure. This calibration (fig. 8) is displayed

16
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' | VACUUM VERCURY
DRY AIR (§§i CALIBRATION e LEOD
INBLEED VALVE UNIT
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Figure 6.- Water vapor calibration system.
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on the same flgure as the dry-alr calibration to show a comparison between
the two geses. A plot of true pressure versus indicated pressure (f£ig. 9)
was umade from figure 8 for water vepor, using dry air as a standard.

Discussion and Results

In arder to run water-vapor calibrations it was necessary to take
extrene care in meintalning a constant temperature in the entire vacuum
systen. Any suall decrease in temperature can cause a condensation of the
vater into its ligquld form.

Calibrations in water vapor were made fram 17 to 0.5 torrs Froa the
indicated-true pressure curves, it can be seen that the sensitivity of the
thermml-conductivity gage is affected by the presence of water vapor. The
following table glves the percentage error for water vapor in the sbove

range assuning dry alr as the standard:

Indicated pressure Percent error,
in wvater vapor, dry alr as

torr ~Etendaxd
0.3 54
1.0 47
340 %6
6e5 0
3.0 -32

It can be eseen that for water vapor at 0.3 torr there will be an error of
+54 percent and at & torr an error of -32 percent, as calculated from the

following relation:

(Trus pressure - Indicated pressure)
True pressure

Percent error = » 100 percent
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These calibrations also show a crogsover at 6.5 torr where the sensitivity
for water vapor and dry air 1s the saune.

If the gas constants for alr and water vapor are substituted into
equation (6), the net heat flux can be calculated in the area in which
it is independent of pressure. If we assume that the temperature graedient
is the same for alr and water vepor, then a comparison can be made between
each gas. In the second region vhere a linear pressure dependence exists,
the slope of this dependence cetn be calculated from equation (10). These
values are tabulated and plotted in the following tables end figure.

: " P ey
Ratio ?;f.‘ Mole | Specific heat M mol
Type gpecific cular ! at constant Mean ecular
; heats, 7 ve ) B j volume, Cy ! ter, g, ca
s T o e m [ S - e .;_ e e e — v e = “V‘<T" S p————— Y
Air 1.k 28 0,171 | 3.72 x 1079
z |
Vater vapor 1.32 18 355 | b.60 x 1079
M H
{
AQ@"&EHDIL&E - J 59 l - i - -

Ny - Avogadro's number - 6.021 3 10P2 CefleBe
Ry = Universal gas constant - 83.15 X 106 CefeSe
T; - Temperature of the valls - 300° X

T, - Temperature of the thermopile in region I - 575° K

Net heat flux in region I : Slopa of net heat flux i

Gas ! versus pressure in region II
) (gromegmtion (6)) " (rrom equation (10)) |
Alr 339 x 107 grad T | 10.9 % 10° &y,

Water vapor 3.63 x 10~° grad T i

T S PSVIU AP NGNS, S

1.306}(103&820

B
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Region IT | Region IIX Region I

Air = 3.89 x 1072 grad T

Water = 3.63 x 1072 grad T

AN
|

—_—
-

A

Heat flux ]/L

’&if Slope = 13.6 x 10° 8'1{20

R

= Slope = 10.9 x 102 apqpe
Pressure

It can be seen from this figure that the net hest flux in region I is
higher for eir than for water vapor and that the slope in region IX
(assuming the thermal eccommodation coefficient of water vapor is greater
then 10.9/17.9 for air) is smeller for air than for water vapor. If these
areas are comnected by & smooth curve, as experiment verifies, them a

croggover should be expected.
Acetamide CHzCONHp

Procedure
For comparigson of acetamide vapor' to dry air, the gystem (fig. 10)
wvas modified to contaln a variable capacitance gage as the transfer standsxd.
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L 1
DRY AIR Cgi:::::::ﬂ VACUUM MERCURY
INBLEED VALVE CALIBRATION ]
UNIT MC LEO
L‘ ——d
VALVE 2 GQ @Q VALVE 1
i o
(28]
(&
O
s
g
= | GAGE TUBE
r
VARIABLE CAPACITANCE
PRESSURE TRANSDUCER
|
VALVE 3
VALVE 4
ACETAMIDE
CHAMBER MECHANICAL PUMP

Figure 10.- Acetamide vapor calibration system.



25

Since the sample side contained the capacitance plates, it was necessary
to reverse the sldes for these ftests before calibretion in acetamide. For
the rest of the report all reference to these sides will be opposite to
that recommended by the menufacturer.

To begin the test procedure the transfer standard was calibrated
against the Mcleod in dry air. The acetamide was cured in a vacum oven
at 80° ¢ for a period of 48 hours and then was placed in an evacuated
chamber for 24 hours by pumping through vaelve 4 with valve 3 closed (fig. 10).
This wes done to insure as pure an acetanide vapor as possible. With
valve 2 open end valves 1 and 3 closed (flg. 10), the pressure was raised
with dry alr in the reference slde of the gage to 0.150 torr. Valve 2 was
then closed and dry air was bled in through valve 1 in 0.025 torr steps.
The outputs from the micramanoneter balance circuit and the thermale
conductivity gage were recorded to glve a dry-sir calibration of output
versus pressure for both gages. The pressure in the chamber (fig. 10) was
reduced through valve 4 and acetamlde vapor was bled into the gages through
valve 3 in 0.025 torr steps as determined by the calibrated micromanometer.
The thermal-conductivity gege output was then recorded. All data for the

acetanide vapor portion are recorded in the following table:

Thermal conductlivity gage

output, volts Variable capacltance
pressure transducer, Mcleod pressure
Dy air Acetamlde vapor torr torr
6.02 6402 o o
2495 5.9 +025 0255
5.83 5.81 050 0501

5472 5¢7H 0886 0387
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Discussion and Results

It can be seen from this table thmt there is no readable difference
in output between dry air and acetamide vapor, the small variations in
output belng wall within the accuracy limits of the gage. We can therefore
conclude that the iatroduction of acetardde vapor in any vecuua system,
measured by the thermal-conductivity gage, causes no approciable error.

It was not expected that the output of gage for dry air and acetamide vapor
generally would coincide. The apparatus far the test was checked and the
test was repeated giving ldentical resulis. Bince the test dala were
apparently accurate, it followed thai the ressons for the similsrity in
responge for air and acctamide vapor should be investigated.

The following 1s offered as a likely explanation: The gage tube
dimensions asre small campared with the mean free path of dry air and acetae
mide ‘}in the pressure range in viich the dota were taken. The second region,
therefore, is chosen to calculate the data. It is cbvious frou equation (10)
that the slope varies as the square of the molecular weight if we assune
that the thermal accamsodation coefficlent is the same, which would make
the sensitivity for air larger then thst for acetamide vapor. This,
however, is not the case. A nmusber of factors can account for this discrep-
ancy. First, the gage 1s cperating on its lower asynptote vhich males its
semaltivitles to pressure a small part of its output in this region. Second,
the thermal accammdation coefficient could Just balance out the difference
in slope. The table of eccamodation coefficients given in referencel?
indicates that, for a given geametry, the coefficient increases with
molecular welght. It is the opinion of the author that this increase in
"a" for acetanlde corrects the slope of acetamide vapor calibration just

encugh to cbscure the difference in the asymptote of the gage.



a7
Practical Application

Procedure

In order to show the applicability of the method to a particular
problem an actual test will be discussed. It should be noted that this
test was not done under laboratory conditions, and the problems involved
are not necessarily typical but are shown to give some idea of the com=-
plexity of making such measurements.

Since flight pacinges are minimized in weight, it vas necessary to
choose a physical small gage for measuring the pressure in the BEcho canister.
The gage chosen was a& thermml-conductivity gage and a transfer standard was
used in order to give true pressure in the wnknown vapor enviromment of
the canister. 6Since the canister contalned acetamide powder as an infla-
tion material, and since the canister could not be baked, the presence of
water vapor and acetanide vepor was strougly suspected.

The transfer standard chogen wvag a variable reluctance pressure transe
ducer. The thermal-conductivity gege and the reluctance gage were calibrated
in dry air against tbe Mcleod gage (figs. 11 and 12) on the calibration
unit. Since the tests involved & number of days in which the transfer
standard could not be calibrated, it was necessary 1o determine its shifts
in zero and sensitivity on a day-by-doy basis. DExperiments showed that
when the gage wes balanced before each run, the sensltivity 4id not change
during the tests. In order to accamplish the calibrastions in the canlster
and balance the gage at the same time, a valving system was designed. The
two gages and the valving system (fig. 13) were moved to the canlster and
the entire system was evacuated to 0.2 torr. The gystem had a pressure rise
of approximately 0.2 torr/day, and it wes not known if this was caused by
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leakage or outgassing. It was, therefore, necessary to perforn two
calibrations to determine the causes of the pressure rise. First, the
canister was allowed to rise in pressure and data points were taken for

T days. This gave & calibration of the thermaleconductivity gage using
the reluctance gage as a standard. This curve, called the outgassing
calibration, is shown in figure 12. The {hermaleconductivity gege wes
then calibrated in the canister by bleeding in air. This is shown in

the same Tiguwre 8s the outgassing curve (fig. 12). In order to compare
the aerror due to gas camposition a true pressure versus indicated pressure
curve was plotted using dry air as a standard (fig. 14%). This figure con-
sists of the dry-alr curve, the water-vapor curve, the outgaseing curve,
and the inbleed curve.

Discussion and Results

It can be seen from figure 14 that there is very little difference
between the inbleed and cutgasaing curves and that these curves lle between
the dry-alr and water-wmpor curves. Also, the two curves approach the
water-vapor curve at low pressure. Since water is a known component of
unbakad vacuun gystems in this pressure range, it is safe to state the
gas in the canister at the lowest pressure 1s mainly water vapor and
approsches dry aelr as the pressure increases. 8ince the inbleed and out-
gaasing curves are the same, this indicated thet the canister pressure rise
vas due to leakage. The percent difference between the unknown gas and dry
air is appreciable, and these errors are given in the following table:
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Figure 1l4.- True versus indicated pressure curves for the Echo II canister.
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Indiceted pressure in
Echo II canister Percent arror,
environnent, dry air as

tory
0.3

1.0
2.0
3.0

ONGQ\OSE

6.5

It can be seen fram this table that that error veries from & +20 percent
error at 0.3 torr to a O percent error st 6.5 torr. HNo theorstical
approach will be taken in this section since the unknown gas is & come
vination of gases. It should be noted, however, that the cowposition
of the gas changed with pressure. The gage wmust therefore be calibrated
under the conditicns in the container in which it is used.



CONCLUSIONS

An investigation of the effects of condensible vapor was made using
dry air, water vapor, and acetamide vapor. The results were compared to
the theory of thermal conductivity as a transport phenomenon in kinetic
theory of gases. In comparing water vapor and dry air, a crossover
occurred at approximately 6.5 torr. This crossover was quantitatively
explained by s similar crossover in the low pressure and rarified energy
transport condition in the theory. The effects of acetamide vapor were
minimized because of its low vapor pressure equilibrium at room temperae
ture. These results were explained in the rarified gas condition. The
application in the Echo II canister indicated appreciable error and the
presence of water vapor. The data given in this report show significant

differences for various gas compositions.
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