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1. INTRODUCTION

A real vacuum does not exist, but humanity is able to produce fairly good vacuums with the help of high-tech

pressure pumps. In today’s experiment we examine the pumping speed and the pumping time for different

tubes of a specific pressure pump. In the following calculations it is necessary to assume ideal gas.

2. DESCRIPTION OF THE USED METHODS

In the experiment a rotary-vane pump is used to
evacuate the object of interest.

As seen in Figure 1 the two cylinders rotate constantly to
transport the sucked in air towards the outlet on the
left. Springs provide that the cylinders are pressed
against the wall in order not to let the air flow back.
Thus a pressure around 1073hPa or better can be
reached.
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3. EXPERIMENTAL PROCEDURE

3.1 CALIBRATION OF THE PIRANI GAUGE

Before we start the experiment we need to calibrate

the heat-conduction gauge.

The Pirani gauge which is used in the experiment uses

the temperature dependency of the ohmic resistance &
in order to gauge the pressure. It adjusts the current

=o) 771
through the wire to compensate the decrease in N4

adjustable

temperature caused by the pressure decrease. The power suply

aim is to have absolutely no current between left and Piran
irani
the right side, so that the resistances are all the same:
500. (see Wheatstone bridge figure to the right) e

Consequently each pressure has got a unique current

and the Pirani gauge can be calibrated by measuring
the current and noting the corresponding pressure
measured by an already calibrated manometer (vacuum gauge), see figure 3.

For the calibration the following setup is needed:

dosini valve

Pirani gauge
filter D N
4 A4

tube

pump @ @

vacuum gauge
(reference

With the received data for the current and the pressure it is possible to draw a “Pressure — Current —
Diagram”:
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Pressure - Current Diagramm
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As the gas does not behave ideal for high pressures, the calibration data is just taken of the low pressures.
In the following diagram a best fit curve is plotted and used to create the calibration formula:
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In the Figure 2 the potential correlation is obvious and can be written as:

__P_.
I(t) = —4821 ¢ 363 - A+50,6- A

Pressure [mbar]

Furthermore it is useful to draw an electric power as a function of the pressure in a log-log-scale:
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The errors in this diagram are within the dot size. The error is different for each pressure and power.
The errors in the following table are statistical and systematical errors of the instruments.

Pressure interval Error [mbar] Power interval [W] Error [W]
[mbar]

0,020-0,10 0,001 0,0010-0,0100 0,0005
0,10-1,00 0,01 0,010-0,100 0,005
1,0-10,0 0,1 0,10-1,00 0,05

10 - 965 1

3.2 MEASURING OF THE PUMPING SPEED

After having successfully calibrated the Pirani gauge, it is now possible to examine some of the properties of
the pump.
First of all the pumping speed S is measured in the following experiment.

Pirani

dosing The pump is adjusted with the dosing valve to a

valve rubber certain constant pressure with the help of the
|:| % tube piston probe unit  p ooy conduction gauge. In our case the current
P was (26,5 + 0,2) mA. With formula (1) the

@ threc—way cock pressure pg at the pump inlet follows: (0,75 +

pump 0,01) mbar.

FIGURE 3: THE MEASUREMENT OF THE PUMPING SPEED
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The error is calculated with the following formula:

9 2
Dpgeae = 817+ [Z] = 0,01 (2)

The pressure p in the probe unit is 1000 mbar. Then the time is measured it takes to empty a 100 ml piston
probe unit, by reading off the time every 10 ml.

This procedure is performed three times and 30 values for S are obtained. Data on page: 11f. S is obtained with
the following formula:

—_r. av
S = i (3)
m3
> Spean = (298+0,02) ™

For the standard deviation of the pumping speed S one gets:

o5 = \/ﬁ n (S —5)?=0,12 (4)
o5 = %05 =0,023 (5)

3
This value differs a lot from the value given by the product specifications, S = 3,7 mT The difference can be

explained by:
- The frictional force in the piston probe unit

The pressure pywas not the lowest possible pressure the pump can produce. By lowering the pressure pg in
formula (3) S increases

3.3 EFFECTIVE PUMPING SPEED WITH DIFFERENT TUBE SIZES

Another interesting point is the relation between the pumping
time and the size of the linking tubes. This is examined in the
following experiment. Firstly a normal tube with 25 mm
diameter is taken to evacuate a vessel with the volume:
Pirani (304 0,1)I. Over a time interval the time and the responding

PN capillary pressure is noted. In the second step a capillary with 2 mm
diameter and 9,5 cm length is added (see figure 5) and the time
@ is measured again. For the third time a further capillary with 3
recipient mm diameter and 9,5 cm length is added again on top of the big
pump tube and the second capillary.

FIGURE 4: MEASUREMENT OF THE PUMPING SPEEDS 10 examine the data the pressure is plotted as a function of the
pumping time for the three cases by using a semi-log scale.
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The linear fit at low pressure gives an equation for p(t): (p(t) =y, t=x)
s
p(t) = po - exp (— o t) (6)

Experimental evaluation:
For the tube with 25 mm diameter one obtains for S at the pressure 0,3 hPa:

Serf — o

S ,005 i; (see function of the green curve in graph 4)

The volume of the vessel is (3,0 + 0,1) L.
m3
For the tube and the 2 mm capillary at a pressure of 0,3 hPa S.«:

Serr = 0,004% - 0,003 m3; (see function of the blue curve in graph 4)
m3
> S =1(0043 £ O)T
The effective pumping speed at a pressure of 5 hPa could not be calculated as the formulas in the graph 4 just

count for pressures below 1 hPa and there wasn’t enough data to obtain a formula for pressures above 1 hPa.
Although the effective pumping speed is calculated theoretically below.
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For the tube, the 2 mm and the 3 mm capillary at a pressure of 0,3 hPa:

1
Sers = 0,003 - 0,003 m?;

mZ
> Sy =(0,032£0)7-

4. SUMMARY

The experiment clearly showed the relations of pressure and pumping speed.

In case we want to construct a vacuum pump by ourselves we should put great emphasis on the size of the
tubes. As seen in the last experiment the diameter of the tubes is very important for the pumping time and the
reached pressure (it counts with the power of 3 or even 4).

5. QUESTIONS

1. Whatis anideal gas? Why are you allowed to treat air as an ideal gas for the pressure of interest here?

An ideal gas consists of non extended spheres which only interact with each other by elastic collisions. Other
interactions such as Van-der-Waals and electrostatic forces do not occur.
At our range of pressure: 0,02 mbar — 1 mbar, the air can be seen as an ideal gas, as the molecules only interact
with each other when their distance becomes quite small. At low pressure their mean distance is big enough
(0,2 cm - 8 cm), so no interactions take place.

2. Explain the thermal conductivity of a gas!

The thermal conductivity of a gas describes the ability of a gas to conduct heat.
The conduction is done by elastic collisions; one molecule hits another and transfuses parts of its kinetic energy

: . 1 3 .
on the other molecule. Thus, according to the equation AEy;,, = Emsz = ngAT , the temperature of the hit

object increases.
The actual conductivity of a gas between two objects is measured by the transferred energy. The gas molecule
hitting the warmer object receives a bit of energy (kinetic energy) and gets reflected with a higher velocity.
Then if the molecule hits the colder object it transfers some of its energy and the object gets warmer as its
molecules swing faster.

3. Ifthe thermal conductivity of a gas is independent of pressure, why is the envelope of a thermos bottle
evacuated?

At first it is necessary to say that the conductivity at very low pressures (molecular flow, see below) is
dependent on the pressure. Then the conductivity is proportional to the density which is proportional to the
pressure. Thus the thermosflask’s envelop isolates the bottle better if it is evacuated as the conductivity is
lower. Furthermore the amount of the elastic collisions is reduced as there are fewer molecules within the
envelope. Consequently the heat cannot be transported as effective and the temperature within the bottle
changes much slower.
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4. What is the order of magnitude of the thermal conductivities of copper, water, air, concrete? What are
the practical consequences?

Substance Thermal conductivity [ﬁ]
Copper 470

Air 0,025

Water 0,6

Concrete 0,8-1,3

Consequently copper seems to conduct the heat very well and can be used as a conductor, whereas the other
materials are isolators or accumulators. For example buildings are made with concrete to isolate the building.

5. What is the meaning of molecular flow?

Molecular flow exists only at very low pressures (approx. < 0,5 mbar). In this case there are only a few
molecules within a gas. The exact definition of molecular flow is, that the mean free path must be larger than
the tested object itself, consequently the molecules hit the walls more often than they hit each other.

6. You are trying to evacuate a vessel through a 1 mm capillary. What pressure can you expect after 10
minutes of pumping?

After 10 minutes of pumping you should still be in the region where the gas behaves laminar.

_ mad* _  mad* _ . _ mwd* _g m*
DLymm = 2omi P~ Taemi p(t) =a-p(t), witha= e 1,42-10 oS
1 _ Sap(t)

Wlth Slmm = 1+—1

S Limm

= Srar® and using formula (6) one gets

S-a-p(t) t)

p(t) = po - exp (‘W

This formula is solved numerically with mathematica:

FindRoot[p == 100000 * Exp[—3.7/3600 x 1.42 * 10"(—8) * p * 600/(0.003 * (3.7/3600 + 1.42
*107(=9) * p))]. {p, 1}]

= p (10min) = 14,85 mbar

7. The pressures reached with a commercial UHV arrangement are typically around 4 - 10~ hPa.
Calculate the mean free path A at this pressure.

1

A= T P T density, F = cross — sectional area
By using p = % = ﬁ , Ohe gets
-
kp T tabl
= ——— = see table
V32-F-p
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F for an air molecule can be calculated by the mean molecule-radius which is around

r=3,7-10"""m.Thus F = nr? = 4,3-10"° m?

Parameter Value

kg [ﬂ 1,380658 - 10723
T [K] 293,16

F [m?] 4,3-1071°

p [hPa] 4.10711

A[m] 415994 m
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6. ATTACHEMENT

Vak

- 1st measurement: Calibration of the Pirani gauge:

P I [mA]
[mbar

I

0,038 4

153,3 554

388,4 55,8

739,4 56

12.10.2009
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2nd measurement: Pumping speed:

First trial Second trial  Third trial

920 23 25 21

70 65 66 65

50 105 106 103

30 144 148 144

12.10.2009
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- 3rd measurement: Effective pumping speed:
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Equipment data:

- Experimental setup 1

- Voltcraft VC44

- Pump: Alcatel 2004A

- Pressure measure instrument: ILMVAC
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