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Background

BVES had its origins in early 2006 when | was in the process of proposing a couple of vacuum trainers to
The Science Source (TSS) in Waldoboro, ME. It was designed as a very simple system that might be
useful at the middle and high school levels. It became known as the Vacuum Principles and Applications
Lab - Basic (VPAL-B). The companion system was the far more capable Advanced (VPAL-A) system. VPAL-
A was targeted toward the 2 and 4 year college level.

The decision was made to immediately proceed with the VPAL-A, and a fair number of these systems
were shipped. In the 2014 timeframe it was decided to move ahead with the VPAL-B and a pre-
production prototype was produced. | had roughed out the documentation and things were moving
along nicely when TSS was sold to a larger science education supply company. They decided to not take
the vacuum trainers as they were relatively low volume and required support at a level they did not
want to assume.

Toward the end of 2019 | decided to pull together all of my notes and put together a new version of the
apparatus. This is basically the same as the 2006 prototype with a few added features. This document
includes a number of exercises, sample results and details on the construction of the system. About all
that's required are a small drill press and some common hand tools.

By the way, | pronounce BVES like the TV cartoon character.

Steve Hansen



Part 1: Overview of the Basic Vacuum Education System (BVES) Manually
Pumped Vacuum Trainer

Introduction

The BVES is a complete basic vacuum education laboratory. Integrated into one easy to set up and use
assembly are an efficient hand pump, clear tubular plastic experiment chamber and Bourdon tube
mechanical vacuum gauge. Topics that can be covered include, but are not restricted to:

e Units of vacuum measurement and pressure references

e Exponential pumpdown curve, time constant

e Low friction environment (“penny & feather”)

e Transmission of sound in a vacuum

e Boyle’s law (3 different exercises including a practical application)
o Effect of low pressure on the boiling point of water

e Application of Avogadro’s law and the ideal gas law

e Real and virtual leaks: recognition and quantification

e Adiabatic cooling, vapor pressure

BVES Overview

The figure below shows the various components of the system.
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The primary components are the pump, the chamber column and the vacuum gauge. There are
several tubing connections on the column in the form of brass hose barbs. On the left hand side
of the column is a 1/8” barb that is used to connect the pump to the column. The 1/8” barb on
the right may be used to connect to an electronic pressure sensor. The %” barb at the rear of
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the column may be used in conjunction with a short length of hose as a vent. The %” barb at the
top of the column may also be used as a vent or as a feedthrough for various accessories as will
be detailed in the instructions.

The “engine” behind a vacuum system is the pump. The BVES uses a small hand-operated

piston pump that works like a bicycle pump in reverse. The figure below is a simplified diagram

of this pump. Unlike a pressure pump, this one does its work on the upstroke. To make this a

more natural operation, a spring is placed on the external part of the piston shaft. The piston

has a rubber cup seal. The cup shape permits the piston to act as a one way valve. On the down

stroke air can easily pass beside the piston. On the upstroke, the higher pressure above the
piston causes the cup to press against
the pump housing, providing a
positive seal.

c . . A one-way check valve positioned at
ompression spring . - ) .
— the inlet of the pump. This permits air
to be drawn into the pump during the
upstroke but closes to isolate the
vacuum system from the pump on
the downstroke.

—

Piston pumps are simple but have

_ _ limitations in terms of the lowest

Check valve N\ e Ezt;;fgglme_way pressure (caIIec! base pressure) that

\ they can reach in vacuum

] applications. Leakage past the piston

Cogh":;téoe': to % and the force (differential pressure)
required to operate the check valves

will limit a piston pump to a base

pressure in the range of 1 inHg absolute or 25 Torr. The complete BVES system should be able
to reach an absolute base pressure of about 60 Torr.

The gauge that is used with the BVES is a Bourdon tube mechanical gauge. This gauge is
atmosphere-referenced. Thus the “0” mark is the local atmospheric pressure. Increasing values
indicate a lower pressure. Atmosphere-referenced pressure is also referred to as “gage”
pressure. The figure on the next page shows the mechanical structure of a Bourdon tube gauge.

As the pressure in the curved Bourdon tube decreases relative to its surroundings it tends to
curl into a tighter radius. (The principle is essentially the same as the party favor with the curled
up paper tube.) The free end of the tube is connected by means of a linkage and gear
mechanism to the pointer.



Bourdon gauges for vacuum use are typically
calibrated in units such as inches of mercury
Bourdon tube (inHg), kPa or bar. It is very important to realize
Radius of that “0” on the gauge is the prevailing ambient
Bourdon tube atmospheric pressure and the increments on
decreases with  the gauge’s scale are pressures below the
decreasing ambient pressure. To help avoid confusion we
pressure will define the pressure indications of this gauge
as negative pressures relative to ambient.

Motion of needle with
decreasing pressure

There are two groups of separable connections
on the system. The first group consists of the
several hose barbs that were mentioned above.
The second is in the form of an o-ring seal in the
E—2 |nlet pipe fitting union that joins the column base to the

transparent chamber. The seal mechanism is
shown in the figure below.

Notice that the o-ring fits fairly snugly in the groove and is somewhat taller than the depth of
the groove. Carefully remove the o-ring from its groove. A fresh o-ring should have a circular
cross-section. Since o-rings are compressed in use they will develop a degree of “set” which
tends to reduce the amount of force that the o-ring exerts on the flange. A properly designed
o-ring seal has a groove that is shallow enough such that the o-ring exerts sufficient force on
the flange to make a seal but not so shallow that the o-ring becomes excessively compressed.
Too much compression is the main cause of too much set.

Q-ring in groove Sealed flanges with
compressed o-ring

Generally, an o-ring will be compressed by about 25 to 35 percent of its thickness. When the o-
ring is compressed the o-ring should not fully fill the groove. A general guideline is that the
cross-sectional area of the o-ring is about 5-8 percent less than the area of the groove. The
illustration above shows a properly designed o-ring and flange.



Using the BVES with the Vernier Gas Pressure and Surface Temperature Sensors

While the dial gauge is usable for the exercises, much better results will be obtained by the use
of an electronic absolute pressure sensor with appropriate computer data logging and display
software. The Vernier Software & Technology (https://www.vernier.com) GPS-BTS gas pressure
sensor, coupled with Vernier’s Logger Pro 3 software and a compatible interface is a very good
solution. The sensor can be easily connected to the 1/8” hose barb on the system. The Vernier
sensor will measure absolute pressure from atmospheric pressure to about 10 Torr, thus
covering the full range of the BVES. The pressure-time plots shown in this document were made
with this sensor and software.

There are several exercises that involve temperature measurements. Liquid in glass
thermometers may be used but more subtle effects can be seen with a fast responding
electronic temperature sensor. In this document, the use of the Verner Surface Temperature
Sensor STS-BTA is described.

Chamber Volume Determination

Several exercises require that the volume of the system be known with some degree of
accuracy.

The pump displacement is a known 31 cc. The balance of the system can be divided into two
components: the volume of the lower column from the sealing face (lower part) of the pipe
union and the volume from the upper portion of the union to the top of chamber.

The easiest way to do this is to simply fill the two assemblies with clean water and then
measure the volume of water using a graduated cylinder. For our purposes, things like the
connecting tube volumes and the internal volume of the gauge can be ignored. The original
BVES prototype had a chamber volume of 1150 cc and this value is used in the examples.

Safety Notes
Please pay attention to the following safety concerns:

e \Wear appropriate eye protection whenever using this equipment.

e Before each use, inspect the components of the equipment for chips, cracks or signs of
deformation. Since the equipment is operated under vacuum conditions, damage or
other weakening of the components can lead to structural failure.

e Never introduce toxic or reactive gases into the system. The equipment is designed for
use with air only.

e Do not use solvents to clean the component parts of the system. Mild soap and water
are acceptable. Always dry before use using a lint free towel.

e When introducing specified liquids or other materials into the system take care that the
pump, seals and other components of the system do not become contaminated.
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Part 2: Construction and Assembly of the
Basic Vacuum Education System (BVES)

Introduction

This document provides the information to construct the Basic Vacuum Education System as
designed. The BVES may be built with hand tools but a small bench drill press will provide a
great advantage.

Materials and Suggested Sources

For the base, the photographs and illustrations in this document show a 13 x 6% inch bamboo
cutting board made by TRU BAMBOO. Any similar board may be used.

The pump is the most critical component. The pump used is made by Pump-N-Seal
https://pump-n-seal.com. These are made for the vacuum sealing of foods. The pump is part of
several kits and, at least in small quantities, not available separately.

The PVC pipe components are assembled using standard PVC solvent and glue. For appearance,
do not use the dyed versions. The hose barbs and some other items that must be sealed to the
PVC components may be glued and sealed using a plastic-compatible 2-part epoxy. Devcon
makes a suitable adhesive.

2 each 2” PVC pipe cap (flat)

1 each 2” schedule 40 PVC pipe, 3-% inches long

1 each 2” PVC pipe union (http://usplastic.com if not available locally)
2 ft. 2” clear PVC pipe (https://www.pvcfittingsonline.com or other)
1 each 1% “ steel flat washer

3 each #6 x 1” round head machine screw

3 each #6 T-nut

2 each % M-NPT x 1/8” brass hose barb

2 each % M-NPT x %" brass hose barb

1 each % M-NPT closed thread brass nipple

1 each % F-NPT brass coupling

1 each % M-NPT to F-NPT brass 45° elbow

2 each % M-NPT brass nut

1 each 0-30 inHg dial (Bourdon) vacuum gauge, 2 to 3 inch diameter, rear fitting.
2 each %-20 x 2” flat head stainless steel machine screw

2 each %-20 stainless steel threaded coupling

As needed %" stainless steel lock washers, washers, etc.

1 each Short length (approx. 4”) %-20 stainless steel threaded rod

3 ft. %" ID x %” OD TPR* tubing (http://usplastic.com)

3 ft. 1/8” ID x %4” OD TPR* tubing (http://usplastic.com)




1 each %" plastic tee with hose barbs
3 each Pinch clamps for TPR tubing
4 each Rubber feet

*Note: TPR is polypropylene-based thermoplastic rubber tubing. This appears to be a successor
to Norprene® tubing. At US Plastic it is listed as Supreme® TPR and is identified in their catalog
as P-156 . TPR is flexible and is generally resistant to taking a set. It may be readily attached and
removed from hose barbs and works well with pinch clamps.

General Layout

The illustration below shows the layout of the components of the BVES. The detailed assembly

instructions that begin in the next section will describe the construction of the device.
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Prepare the Pump and Locate the Components on the Base

The pump has 2 inlet ports. The one we’ll use is the one on the lower part of the body. This has
an opening that accommodates the check valve. The other port is at the center of the suction
cup. The manufacturer provided this port for the evacuation of food storage vessels using stick-
on check valves. This port must be covered with a small piece of vinyl sticky tape (electrical tape
is good).

The pump is held down with a ring that is slipped over the body and is provided with 3 holes
that are used with machine screws that fasten the ring to the base. A 1% inch steel washer will



serve the purpose. The photograph on the next page shows the arrangement. (In the
photograph a clear plastic ring is used to show the suction cup.)

Locate the positions of the holes and drill to clear #6 screws. Use the drilled washer to serve as
a pattern to locate the matching holes that will be drilled in the base.

At this point, locate where the pump and chamber column will be located. In the prototype, the
pump is about 3% inches from the left hand end of the board and about 2 inches from the
front. The center of the column is 2 inches from the rear of the board and 3 inches from the
right hand end.

The pump screws are secured with T-nuts that are inserted in the underside of the base. Drill
the holes to provide a secure press fit for the T-nuts. Drill a single %4” hole for the column and
counter sink on the bottom so that the flat head column screw will be flush with the bottom.

At this point, attach 4 rubber feet to the bottom of the base. These may be attached with wood
screws or (easier) use the stick-on variety.

The pump hold down washer will not fit over the pump handle. The upper cap on the pump is
removable so that the piston, shaft and handle may be removed as a unit. Slide the ring over
the pump body and secure to the base with the #6 screws.

The check valve makes a press fit into the base of the pump. You will be able to rotate the
pump to put it in the best position for the connecting tube that will go to the chamber.

The best technique for pumping is to grasp the pump tube with one hand and use the other
hand on the pumping shaft. The pump is able to wobble a bit due to the suction cup
attachment which makes the process a bit less tiring than if the pump were rigidly secured to
the base.

Chamber Column Assembly - Lower (Manifold) Portion

Unlike most small vacuum teaching systems, the BVES uses a tall, small diameter chamber with
multiple ports. This keeps the volume relatively small for use with a small displacement hand
pump, makes it easier to demonstrate such things as the “penny & feather” and simplifies
volume measurements for the balloon expansion in the Boyle’s Law exercise.

The column is divided into two parts that are coupled with a 2” PVC pipe union. The lower part
is fastened to the base and is equipped with the Bourdon vacuum gauge and 3 hose barb ports.

The lower assembly is detailed in the figure on the next page and the accompanying
photograph.



Begin by drilling and tapping (% -20) a hole at the center of the pipe cap that will go at the
bottom. Then glue a 3.5” length of 2” pipe to the cap. At this point, mark off 4 places evenly
placed around the periphery of the cap and about 1” from the closed end of the cap. These will
be drilled and tapped for % NPT. Be very careful when tapping as the plastic is quite soft. After
tapping, check the fit of each of the brass fittings.

PVC platform

(removable) Vent hole

2" PVC Union

Right: Detail of the lower manifold

showing the components.

Platform support
(1/4-20 hardware)

/ 2" PVC.pipe

Below Left: Photograph of the pump
and lower manifold. The platform is

Hose barb removed and is setting on the base.
(10f3)

Below: PVC union with platform in

Wood base place.




The next step is to attach the hose barbs and gauge nipple. Thoroughly clean and degrease the
brass fittings as they will be glued with epoxy cement. (I used Devcon “Plastic Welder.”) Begin
with the nipple. Place a % NPT nut on the nipple. Spread some plastic compatible epoxy evenly
on the threads and on the face of the nut. Screw the nipple into the PVC until reasonably tight.
Then turn the nut until it is firmly pressing against the pipe cap. The nut serves to strengthen
the connection and also helps to assure that the nipple is orthogonal to the cap.

Now attach the hose barbs. The ones to either side of the gauge connection should be for 1/8”
hose and the one opposite to the gauge (rear of the column) should be for %4” hose. Use plastic
compatible epoxy and install. They should seat at the hex part of the hose barb.

The epoxy will take at least overnight to fully cure. (Keep a dollop of epoxy on your mixing tray
to use for testing the extent of cure. Poking with a toothpick should not leave a dent.)

When the brass fittings are fully cured, affix the assembly to the base. You will need a % - 20 x 2
inch flat head screw with nut and lock washer. Push the screw through the base and apply
some epoxy to the screw thread in the area that will mate with the threads in the cap. Also
spread some glue around the screw on the base. This will help to lock the column and keep it
from rotating. Now join the cap and the screw. Before fully tightening, check to be sure that the
various brass fittings are oriented properly with respect to the base, gauge connection to the
front. As a final step, using a long wood skewer or similar, apply some epoxy to the screw on
the inside of the pipe, near to the cap. Then place a washer, lock washer and nut on the screw
and tighten with a nut driver. Avoid getting epoxy on the end of the screw as we will need
those threads.

The next step is to add the fittings for the gauge and the gauge itself. For a 2” diameter gauge,
this can consist of coupling, 45° connector and the gauge. As before, use epoxy on the threads.
There is no need to really tighten the fittings as the epoxy will provide the seal and rigidity. This
makes it easier to get all of the parts in alignment.

To complete this part of the assembly process, use PVC solvent and cement to attach half of the
PVC pipe union to the lower column parts. Use the half of the union that does not have the
collar and o-ring.

In Chamber Platform

A number of exercises use some sort of liquid containing vessel within the chamber. It is not
convenient and, in fact, is rather messy, to set these within the bottom portion of the chamber
column. This is addressed by having a small, removable platform that is roughly level with the
mating surface of the union. The approach shown in the figure on the preceding page is simple

to implement.

For the hardware, | suggest stainless steel but plated steel is fine.
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The platform is made from a 3/8 inch (or greater) thick piece of PVC or similar plastic. | used a
2” hole saw which results in a disk that Is about 1-13/16” in diameter. This is just a bit smaller
than the opening in the PVC pipe coupling. Countersink the hole on one side so that the head of
a %-20 x 1%4” flat head machine screw lies flush. Then drill a small( %4”) hole to serve as a vent.

The platform is supported by %-20 hardware as shown. | used a coupling on the lower stud and
another coupling at one end of a length of %-20 threaded rod. The length of the rod will be
determined by the depth of the lower manifold. | set is so that | can grasp the platform and
engage the upper coupling with the threaded rod and then be able to turn the platform until it
is almost flush with the surface of the PVC union.

Other arrangements can certainly by used. The important thing is that the platform should
provide good support to any vessels that are placed in the chamber and also be easy to remove
so that the lower manifold can be easily cleaned whenever necessary.

Chamber Column Assembly - Upper (Transparent Chamber) Portion

The chamber consists of 3 primary components: the half of the PVC union with the o-ring, a
length of clear PVC pipe and the cap. The cap includes a centrally located % inch hose barb
fitting.

| cut the PVC pipe to 17 inches which gives a clear length of about 15 inches. Assemble using
standard PVC solvent welding procedures. Be sure to avoid getting solvent and cement on the

clear portion.

Other chamber dimensions are possible. Adapters may also be used to make wider or thinner
chambers. This will just require an additional union and cap assembly for each variation.
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Part 3: BVES Familiarization & Characterization
Purpose & Preparation

The purpose of this set of introductory exercises is to become familiar with the operation of the
vacuum system, understand the various components and to characterize the system.
Specifically:

* Understand the operation of a piston vacuum pump

* Understand atmosphere referenced and absolute pressure measurements and how to

convert from one reference to the other
* Understand the derivations of various pressure units that are used in vacuum science
* Characterize the system in terms of base pressure and leak rate

In addition to the BVES base unit you will need 3 pinch clamps, 3 short lengths (3”) of TPR
tubing, a thermometer to monitor the ambient room temperature and a timer to measure
elapsed time (seconds). The use of a Vernier Gas Pressure Sensor and Logger Pro 3 software (or
equivalent) is recommended to enhance the data collection process.

Initial Set Up

Ensure that the chamber seal o-ring is laying in its groove. Inspect the sealing surface on the
mating flange for contamination or scratches. Place the chamber flange on the manifold flange
and tighten the threaded ring hand-tight. Do not over tighten.

Place short lengths of flexible tubing on all unused hose barb connections and place pinch
clamps on these tubes. The pinch clamps should be within about 1 inch of the barb fittings. At
this point the BVES is ready to use.

Gauge Calibration to Absolute Pressure

As has been noted, the Bourdon pressure gauge that is incorporated in the BVES is atmosphere
referenced. Thus the “0” mark is the local atmospheric pressure. Increasing values indicate a
lower pressure. Atmosphere-referenced pressure is also referred to as “gage” pressure. To be
proper, the readings on the gauge are negative pressures i.e. negative with respect to the
ambient. Conversely, positive pressures would be pressures in excess of the local ambient.

In terms of the absolute pressure scale, standard sea-level pressure is defined as 760 mmHg
(Torr) or 29.92 inches of mercury (inHg). These values correspond to 101.3 kiloPascal (kPa),
1013 millibar (mbar) or 14.7 pounds per sg. inch (psi).
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Q: Briefly explain the origins of these measurement units. Which are proper expressions of
pressure as Force/Unit Area?

In order to relate gage pressure to absolute pressure we need to know the local atmospheric
pressure. The pressure is dependent on local meteorological conditions (reflected in the current
barometric pressure) and elevation above sea level. Therefore, the zero reference of our
Bourdon gauge is dependent upon location and the weather and is therefore constantly
changing.

For example, let’s say that the current barometric pressure in Oshkosh, W1l is 29.80 inHg.
Oshkosh has a published elevation of 770 feet above mean sea level. We can compute what
absolute pressure our gauge’s zero corresponds to as follows:

1. Determine the pressure reduction related to elevation above sea level:

* For elevations between 0 and 5000 ft, apply a correction of -1.006 inHg per 1000
feet

* For elevations between 5000 and 10,000 ft. there is a further correction of -
0.862 inHg per 1000 feet.

2. Calculate using: Absolute pressure = Gage pressure + Atmospheric pressure

From (1) the actual pressure at Oshkosh at the time of the barometer reading is:

29.80 inHg — (770 ft x 1.006 inHg/1000 ft) = 29.80 inHg — 0.77 inHg = 29.03 inHg

From (2) our gauge’s zero corresponds to 29.0 inHg absolute and 0 inHg absolute is =29 inHg on
the gauge’s dial.
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Q: In this example, what does the range on the gauge’s dial between —29 inHg and —30
inHg represent?

Q: For each of the following applications, state whether atmosphere-referenced or

absolute pressure measurements are more appropriate and briefly state why.

e Medical respirator

e Aircraft Altimeter

e Tire pressure

e To calculate the number of molecules of gas contained in a particular volume

e Barometric pressure

e Best pressure to open a vacuum chamber

e Ffficiency of a vacuum cleaner

e Proper pressure to fill a neon sign tube with gas

e Determining whether a vacuum flask (Dewar or Thermos™ bottle) has been
properly evacuated

14



Calibrating the BVES Gauge for Today’s Conditions

Using available resources, acquire the following information:
Your Elevation above Sea Level:
Current Barometric Pressure:

From the above, calculate the ambient atmospheric pressure in inches of mercury (inHg):

Fill out the second through fourth columns in Table 1 on the following page. These relationships
will be helpful:

linHg = 25.4 mmHg = 25.4 Torr
1inHg = 3385 Pa (N/m?)

The last line is to record the lowest pressure which most likely will fall between the 1 inHg
intervals. Leave the last column blank for the time being.
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Table 1. Pump down data.

Bourdon Corresponding Absolute Pressure Pump
Gauge Reading Strokes
(inHg) inHg Torr kPa Torr-Vernier

Lowest
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System Characterization

In this section the system will be pumped to its lowest pressure. This limiting pressure is called
the “base” or “ultimate” pressure.

Q: What factors might limit the base pressure for this system?

Ensure that the chamber fitting is tight and that the pinch clamps on any unused hose barb
connections are closed. If the Vernier Gas Pressure Sensor is being used, set up the computer
and software to present a pressure vs. time plot.

Once pumping is started, continue to pump at a regular pace, about 1 stroke per second. Be
sure to use the full stroke of the pump’s piston but don’t use excessive force. For best control,
wrap one hand around the pump body and use the fingers of the other hand to grasp the
handle. Remember that the upstroke is the one that is doing the pumping. Also, be certain to
push and pull directly in line with the direction of piston movement to avoid damage to the
pump. Avoid pushing the pump to the side; tipping the pump beyond a few degrees may break
the mounting at the base of the pump.

During the pump down, one person should record the number of strokes to get to certain
pressure increments (-5, -10, 15, -20, -25, -26, -27, -28, -29, -30 inHg). This data will go in the

last column of the table on the preceding page.

Stop pumping and record the base pressure and corresponding number of strokes when it
becomes obvious that further pumping will achieve no significant gain.

Begin timing at this point. A pressure rise is indicative of leaks (outside air coming into the
system) or the presence of gas sources within the system (volatile contaminants, etc.).

If either the base pressure is poor (worse than -28 inHg) and/or the pressure rises quickly
enough that the needle is seen moving, check the system for tightness and repeat the exercise.

Monitor the system pressure for at least %2 hour and overnight if possible.

Use Table 2 on the next page to record your measurements.
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Table 2. Pressure rise over time data.

Time Bourdon Corresponding Change in Absolute
(min/sec) Gauge Reading Absolute Pressure Pressure from
(inHg) (inHg) Start (inHQ)

00:00

If there are multiple systems in the classroom, compare data for base pressure and pressure
rise. From this it should be possible to determine what the “typical” performance is for this
system.

The Pump Down Time Constant

When a vacuum system is pumped down using a pump with constant pumping speed (as
measured in units of volume/time (e.g. liters per second, cubic feet per minute, cubic meters
per hour) the pump down curve will take the form of an exponential decline.

P = Pye 5

where P is the current pressure (Torr), Pyis the initial pressure, S is the pumping speed
(liters/sec), tis time in seconds and V is the system volume in liters.

As is common to all exponentially declining processes, there is a time constant that is
associated with the pump down. This time constant ( 1) is expressed as:

If

hY

The vacuum system time constant is analogous to the time constant of an RC circuit with the

resistance being equivalent to the pump speed and the capacitance being equivalent to the
volume.

_-_——
{ =

Motor driven pumps have a constant displacement over time but this is usually not the case
with hand operated pumps where the pumping speed may vary. However, we can consider the
pump strokes as equivalent to units of time. If we supply the pump volume then the time
constant is in strokes. It then follows that if we know about how many strokes/sec the pump is

18



worked then we can figure out the pump speed in liters/sec. For the BVES’ pump, the internal
volume of the pump is 31 cubic centimeters.

Analysis of the Pump Down Data

Plot the pump down data as tabulated in Table 1. This should include the dial gauge readings as
converted to absolute pressure and corrected for the local ambient pressure, the Vernier Gas
Pressure Sensor readings (if available) and a calculated curve based on pump displacement. The
horizontal axis should be in pump strokes as recorded in the table. A convenient way to set up
the data would be in the form of a spreadsheet.

The calculated pump down curve is based on sequential expansions and represents a practical
implementation of Boyle’s law. For a pump displacement of 31 cc per stroke and a chamber
volume of 1150 cc, each stroke of the pump will reduce the pressure by 1150/(31+1150) or

0.97375. If the pressure is 760 Torr initially, then the first stroke will reduce the pressure to 740
Torr, the second to 721 Torr, etc.

The plot below shows the three curves for a prototype version of the BVES.

Pump Down Profile
Prototype System
Chamber = 1150 cc

Pump Displacement = 31 cc

900
800
700 5\
600 \ — Calculated Pressure
Zgg \ —— Gauge Pressure
300 \ Vernier

200 ~=
100 |

Pressure (Torr)

0 LLRLRRRLER IR E AR RN AR LRI RR AR RN IR AR RN IR RN NN RR IR ARRIR RN IRNR IR IR IR AR RRAI]
- o™ =t o M~ w0 @ g o -

-

Pump Strokes
T (measured) ~ 43 strokes (i.e. 43 sec at 1
stroke/sec)
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Note that initially the measurements and calculation track fairly well. However, at lower
pressures there is an increasing divergence between measurements and the calculated values.This
is a characteristic of all pumping systems. The pump itself has a number of limitations. These
include leakage past the piston and check valve, dead volumes, etc. The system itself will have a
variety of “defects” that may be categorized as real leaks (holes connecting to the ambient) and
virtual leaks (gas sources such as volatile residues within the system).

There is also a slight discrepancy between the readings of the two gauges.

Q: Which gauge is more correct? How can the absolute accuracy of a gauge be determined?

Manufacturer’s specifications provide some critical information. The dial gauge used in the
example was specified as having an accuracy of £3% of full scale. The Vernier sensor is specified
at £0.25% of full scale where the full scale is 1600 Torr. However, handling, age, ambient
temperature and other factors can have a further effect on accuracy.

Q: How many moles of gas are in the chamber at various pressures? Use the total chamber
volume.

Q: What is the relationship between the number of moles and absolute pressure? (Assume
constant temperature.)

Analysis of Post Pump Down Performance (Leak Rate)

The data in Table 2 shows that there is some rise in pressure in the system over time. This is a
characteristic of all vacuum systems and only varies by degree (ultra-high vacuum systems will
have an extremely low leak rate but leaks are still present). Leaks expressed as mass flow use
the term Q.

Q: Over the measurement period, is the rate of pressure rise linear?

Q: Calculate the leak rate in terms of pressure rise per unit time (Torr per minute).

Q: Calculate the leak rate in terms of moles per unit time (moles per minute).

Q: Calculate the leak rate in terms of standard cubic centimeters per minute (sccm).

20



Q: Which of the above represent mass flow (Q)?

Leak rate expressed as sccm may be calculated using the equation:

9:79{2723?311“}[1/3}!3}

Where Q is in standard cc/min, T is the ambient temperature in K, V is the total manifold
volume in liters, AP is the change in pressure in Torr and t is the elapsed time in seconds.

Q: Explain this equation in terms of Avogadro’s law.
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Exercise 1: Sound Transmission in Vacuum
Purpose & Preparation
In this exercise we will observe how sound is attenuated by low pressure air.

In addition to the standard BVES components you will need a small battery operated piezo
buzzer, two lengths of small (e.g. #26) insulated wire and a battery that is sized to the buzzer.

Attach a 3” length of TPR tubing to the hose barb at the top of the chamber. Feed the wires
through from the inside of the chamber. You may find it easier to insert a piece of string from
the outside and then tie the string to the wire. Then you can pull the wires up through the
fitting. With the buzzer about %2 ways up the chamber, tighten the pinch clamp securely. Join
the chamber tube to the lower part of the column and tighten the union. Be sure that the
buzzer is not touching the chamber wall.

Procedure

With all pinch clamps closed and the system at
atmospheric pressure begin the pump down. With the
buzzer activated, note the sound levels at various

pressures. \

Typical Results

Atm very clear
-18 inHg clear but softer
-26 inHg audible, soft

-29 inHg) very faint

U -+——— Buzzer suspended
by wires
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Exercise 2: Air Friction in Vacuum: “Penny & Feather”
Purpose & Preparation
In this exercise we will observe how a low pressure environment reduces friction.

In addition to the standard BVES components you will need a small steel washer (1/4 to 3/8
inch hole), a small piece of paper (about 1” square) and a small disk magnet. Obviously, a small
feather may be used in place of the paper if you wish to follow tradition.

Procedure

Hold the washer and piece of paper (or feather) about %2 meter over a table and release them.
Note the relative speeds at which they fall. Explain what was observed.

Loosen the union to separate the chamber

from the base and and invert the chamber.

Drop the piece of paper/feather into the Magnet holding steel
column and shake the chamber so that the washer with paper
paper (or feather) is resting on inside of the

cap, to the side of the hose fitting. Drop the

washer into the column and shake the column

until the washer comes to rest on top of the

paper. Place the magnet on the outside of the

cap, adjacent to the washer and paper. Turn

the chamber tube right side up and secure the

union. Ensure that the pinch clamps are fully

closed.

Pump the system down to below -25 inHg.
Remove the magnet to permit the washer and
paper to fall. Note the relative speeds at which
they fall.

Discussion

L 4

Explain what was observed.
Explain some practical applications for what was observed.

Explain the role of gravitational attraction in this. Is gravity affected by vacuum?
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Exercise 3: Boyle’s Law (Expansion of Balloon)

Purpose & Preparation

This exercise demonstrates Boyle’s Law (P;V; = P,V,) using a low pressure environment.
In addition to the standard BVES components you will need a small rubber balloon.

Procedure

Inflate a rubber balloon just enough such that
when it is placed into the vacuum chamber it can
be pushed midway up through the chamber and
will stay in place. Assemble the chamber onto the
lower column and connect the top hose barb
fitting on the chamber to the hose barb fitting at
the rear of the column using %” ID tubing. This is
required to equalize the pressure on both sides of
the balloon.

Calculate the initial volume of the balloon as best
as possible by measuring with a ruler.

Pump the chamber in increments of 5 inHg. At
each increment measure the balloon and record
the volume (use the table on the next page). As
the balloon expands it will take on the shape of a
cylinder with two hemispherical ends.

L

Pinch clamp
& tube for

vent
l%—l] } Tee

Connect to hose

barb at rear of
column base

=

Partially inflated
balloon

Plot the results with pressure on the horizontal axis and volume on the vertical axis. Also plot
the calculated volume. The plot will show a divergence of the actual measurements vs.
theoretical results, especially at lower pressures. This is due to the tension provided by the
rubber of the balloon and the pressure against the wall of the chamber. This divergence should

be discussed in class.

An example plot using the prototype system is shown on the next page.
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Gauge Corrected Measured Pressure x Predicted Predicted
Indication Absolute Balloon Volume Volume PV
(inHg) Pressure Volume
(inHgor | (in® or cm?®)
Torr)

0

-5

-10

-15

-20

-25

40
35
30
25
20
15
10

5

0

Volume

Boyle's Law: Balloon Expansion

30 25 20

15 10

Pressure (inHg Absolute)

¢ Measured Volume
A Calculated Volume
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Exercise 4: Boyle’s Law (Deairing of a Liquid)

Purpose & Preparation

This exercise demonstrates the practical application of Boyle’s law to remove small air bubbles
that are entrained in a liquid. Vacuum deairing is commonly used to remove air from
transformer oil and resins that are used to encapsulate electronic components.

This exercise requires a small quantity of clear mineral oil and a transparent graduated cylinder
(or equivalent) that will fit within the chamber.

Pinch clamp % 7o

P
rocedure 2 tube

Gently shake a bottle of mineral oil. Pour some of the oil into

the graduated cylinder, leaving about 2 inches of space at the
top. Wipe any oil off of the outside of the cylinder.

Place the cylinder on the perforated platform on the
perforated platform in the lower half of the column’s union.
Attach the chamber being very careful not to tip the cylinder.

Note the size and density of the air bubbles in the oil. By this
time the larger bubbles should have disappeared but you
should see some smaller bubbles.

Begin to pump the system. Observe the oil through the
pumping process. At some point you should observe a change
in the density of bubbles. Continue to evacuate the chamber. If
possible, continue to at least -29 inHg.

Graduated
cylinder —]
with mineral

ail

L,

When the bubbling diminishes, bring the system back to
atmospheric pressure. What does the oil look like now?

Discuss the process in terms of buoyancy and Boyle’s law. Also
discuss applications for the process.
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Exercise 5: Creating and Sizing a Real Leak
Purpose & Preparation
In Part 3 we determined the total leak rate of the system by observing the pressure rise over
time. In this exercise we will introduce a deliberate and larger real leak and then determine the
leak rate. A real leak is any passageway that permits air from the outside to enter the system.
In addition to the standard BVES components you will need a thermometer and timer
(stopwatch, watch with second hand, etc.). The use of the Vernier Gas Pressure Sensor is
recommended as it is easier to see the form of the “upleak” (pressure rise) curve.

Procedure

The leak will be created by placing a small sliver of plain writing paper (about 1/4” wide) across
the o-ring seal in the union that joins the column.

If this system has been characterized for its inherent leak rate, record the results here (use units
of standard cc/min, sccm):

If the system hasn’t been characterized, perform the test as described in Part 3.

Insert the leak and pump the system to the lowest pressure you can achieve.

Q: How does the new base pressure of the system with the leak compare to the normal base
pressure?

Once the base pressure has been achieved, stop pumping and record the pressure. At the same
time, start timing with the stopwatch.

As the pressure rises, take periodic measurements of pressure and time. (If using the Vernier
equipment, data logging will occur automatically.)

Use the table on the next page to record your data. If using the Bourdon gauge, enter the actual

dial reading (inHg atmospheric referenced). If using the Vernier pressure sensor, enter the
pressure readings in Torr (absolute).
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Time BVES Corresponding Change in Absolute
(min/sec) Gauge Reading Absolute Pressure Pressure from
(inHg) (inHg/Torr) Start (inHg/Torr)

00:00

Leak rate expressed as sccm may be calculated using the equation:

where Q is in standard cc/min, T is the ambient temperature in K, V is the total system volume
in liters, AP is the change in pressure in Torr and t is the elapsed time in seconds.

Q: Explain this equation in terms of Avogadro’s law.
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Exercise 6: Simple Closed-Loop Pressure Control

Purpose & Preparation

This is a simple follow on to Exercise 5. In that exercise we observed that a real leak degraded
the base pressure and, when pumping was stopped, the pressure rose at a rate that is related
to the size of the leak and the volume of the chamber.

Controlling the pressure in a system generally involves the controlled admission of a gas into
the system and then adjusting the pumping speed to drive the system to a specific pressure.
This can be done without feedback (set and forget and hope things stay the same) or with
feedback (a controller compares the pressure gauge reading and then adjusts the pump speed
or leak rate to achieve and maintain the desired pressure). The latter is a closed-loop control
system.

Taking a shower is an example of a simple closed-loop temperature control. Upon stepping into
the shower, the first thing we do is turn on the water. Experience will tell us about where to
turn the mixing valve but invariably we first get hit with a slug of cold water that has been
saved in the line between the valve and the shower head. The first reaction upon having cold
water hit is is “Yikes” and then we quickly (or frantically) adjust the valve to get the water
temperature to our comfort zone. Depending on how familiar we are with the shower and the
speed of our reflexes, there may be a few cycles of “Ouch and” “Yikes” before we get to the
good steady state “Ahhh.”

In this simple system the sensing element is our nervous system and its output is our hand that
is clutching and turning the mixing valve. Our brain knows what the comfortable temperature is
and the amount of control that is delivered to the valve is dependent upon how far away the
temperature is from our ideal value. Once the correct temperature is achieved we release the
valve handle but readjustment may be required if the temperature begins to wander into the
uncomfortable realm.

There are some delays built into this system. Some are inherent in the person taking the
shower i.e. reaction time. The connecting line that connects the mixing valve to the
showerhead represents another delay. The longer this line is, the longer it will take for the
water temperature to settle to the conditions represented by the valve position.

Returning to the vacuum system, we have a fixed leak. The only adjustment is the pumping
speed i.e. strokes per unit time.
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Procedure

With the leak from Exercise 5 in place, pump the system to its base pressure. Decide on the
pressure that you want to drive the system to. Let the pressure rise and, as you get close to the
desired pressure begin pumping. Adjust your pumping speed to control the pressure about the
desired pressure (the set point). Make notes as to the degree of control that is possible and the
amount of variation. It is very instructive to use a pressure data logging system such as the
Vernier gas pressure sensor and associated software.

Try this with different pressures and pump operators. You may also change the leak rate by
inserting larger or smaller leaks into the system.
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Exercise 7: Creating and Sizing a Virtual Leak

Purpose & Preparation

Previosly we characterized the inherent total leak characteristics of the BVES and then
deliberately introduced a real leak into the system. By using pressure rise over time and
Avogadro’s law we were able to size the leak. In this exercise we will create a virtual leak.

A virtual leak is defined as a finite gas source that is contained within the walls of the vacuum
system. In the case of high vacuum systems, In industrial and research vacuum system, virtual
leaks are usually much smaller and originate from surface contaminants such as fingerprints or
water molecules that are weakly adhering to the walls of the system. Our virtual leak will be
fairly large.

Pinch clamp
& tube

In addition to the standard BVES

components you will need a small disk Magnet holding Alka-
magnet, a small steel washer (1/4 to 3/8 Seltzer tablet taped to
inch hole), a small paper or plastic cup, a steel washer

piece of transparent sticky tape, stopwatch

or equivalent and an Alka Seltzer tablet.

Select a cup that is slightly smaller than the

inside diameter of the chamber. The use of

the Vernier Gas Pressure Sensor is

recommended as it is easier to see the form

of the “upleak” (pressure rise) curve.

Procedure

Break an Alka Seltzer tablet into quarters.

Tape one piece to the steel washer leaving

much of the Alka Seltzer exposed. Place the

washer and tablet into the inverted BVES Plastic cup 1/2 filled
chamber and attach it to the top cap by with water —

using the magnet. Fill the cup about half l
way with water and place it on the [W,-\/]
platform. Attach the chamber and check to

be sure that all pinch clamps are closed.

Pump the system down to a reasonably low base pressure (-20 inHg or lower).

If recording the data manually, record the base pressure and then start the stopwatch and at
the same time release the washer and Alka-Seltzer tablet. Record the pressure and
corresponding times at 10 second intervals. When the pressure stops rising, note the final
pressure. Plot your results as a pressure vs. time curve.
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Q: How many moles of gas were liberated in the process?

The figure below shows an example result (manually collected data). Note how the slope of the
curve declines with time, showing that the source of the leak is being depleted.

Alka Seltzer
210
200 hd
190
180 °
(]
5 170
7]
]
IS 160
150
140
130
120
0 10 20 30 40 50 60 70 80 90 100
Time (sec)
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Exercise 8: Evaporative (Adiabatic) Cooling
Purpose & Preparation

Materials that are liquid under normal conditions of temperature and pressure are in that state
because the vapor pressure of the liquid is lower than the pressure exerted by the atmosphere.

However, since the individual molecules in
the liquid are moving with varying degrees of Pinch clamp T 1@
energy, the more energetic molecules can & tube
escape into the atmosphere. This process is

called evaporation. If the pressure

surrounding the liquid is decreased, the

evaporation rate will increase. One result of g

Single strand

wire or fine cord

to hold thermometer.
Hold in place and seal
with pinch clamp.

this is that, since the higher energy molecules

are leaving the liquid, the average thermal

energy of the liquid will decrease. This will

result in a decrease in temperature if the rate
. . Thermometer

of cooling exceeds the rate at which the

ambient air can transfer energy back into the

liguid. This is termed an adiabatic process. /

We will demonstrate this by placing a wet
bulb thermometer inside the vacuum
chamber and observing the temperature at
various degrees of evacuation.

Cotton or gauze
wrapped around

thermometer bulb
/ and secured with

thread

In addition to the standard BVES components
you will need a liquid thermometer, small
guantities of rubbing alcohol and water, some I'\/\,_/-\/-I
surgical gauze or cotton and about 3 ft. of fine

wire, monofilament line, thread or equivalent.

Procedure

Cut a piece of surgical gauze approximately 1/2” x 1”. A small piece of cotton may also be used.
Wrap this around the bulb of the thermometer and secure with thread. The thermometer is
suspended by a piece of thin wire or monofilament line. Run the line through the chamber’s top
hose barb and rubber tubing. Attach the end of the line to the loop at the top of the
thermometer. Moisten the gauze with water and then draw the thermometer about half way
up the chamber. Tighten the pinch clamp around the line to secure the thermometer and seal
the chamber.

33



Let the system stabilize for a few minutes. When the temperature is stable, record the initial
temperature and then pump the system to about -15 inHg. Let it dwell at that pressure for
about a minute and record the temperature.

Repeat in several increments down to a vacuum of at least -26 inHg. Place your results in the
table below. When you have completed the vacuum tests, return the system to atmospheric
pressure and check to ensure that the temperature returns to where it was at the beginning the
exercise.

Pressure Temperature

Ambient

Repeat the above using rubbing alcohol in place of water.

Q: How do you expect the results with rubbing alcohol will compare with water and why?

Record the results here:

Pressure Temperature

Ambient
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Example data for rubbing alcohol is shown here:

Pressure Temperature
Ambient 20°C
-10 inHg 20
-15 18
-20 17
-25 15
-26 15
Return to Ambient | 20

Since water has a lower vapor pressure than rubbing alcohol the results will not be as dramatic.
The temperature drop for water over the above range will be about 3 degrees C.
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Exercise 9: The Boiling Point of Water at Low Pressure
Purpose & Preparation

At standard atmospheric pressure (760 Torr), pure water boils at 100 degrees C. This is the
temperature at which the vapor pressure of water equals atmospheric pressure. At lower
pressures, water will boil at lower temperatures. This is why cooking times have to be adjusted
at high altitudes. Boiling an egg or baking a cake are examples. In this exercise we will examine
the depression of the boiling point of water at reduced pressures.

In addition to the standard BVES components you will need a full immersion liquid
thermometer and a tall form transparent vessel that can safely hold hot water. Data acquisition
can be greatly enhanced using the Vernier Gas Pressure and Surface Temperature sensors along
with the appropriate interfaces and logging software.

A satisfactory vessel may be fabricated from a clear acrylic graduated cylinder. The bases of
these are generally too large to fit into the BVES chamber but it is fairly simple to saw or sand
away the excess so that the cylinder will fit and still stay stable. Prototype testing used a 100 mi
cylinder with a diameter of about 1-3/8” and the base trimmed down to about 1-3/4”.

Heat retention helps this exercise. Adding some small (1/4”)
steel ball bearing to the vessel will slow the cooling of the Pinch clamp = o,
water and also help to stabilize the vessel. Heat the ball & tube
bearings along with the water before adding them. Be sure

to protect against burns and splashing hot water.

The Vernier Surface Temperature Sensor may be fed through
the hose barb at the top of the chamber. When inserted to
the correct depth, tighten the pinch clamp around the tubing
and cable to provide a leak-free seal.

Procedure

The figure to the right shows the general set up using a full

immersion thermometer. Add the hot water, ball bearings Graduated cylinder
and thermometer to the cylinder and place the cylinder on with full immersion

thermometer and _——=
the platform and then close the chamber. h

ot water

Let the temperature stabilize and then pump until the water Steel ball bearing
boils. Record the temperature and pressure. Repeat this thermal ballast ~
process until the water has cooled to the point where it "%

won’t boil any longer. w
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Below is data gathered from a run that was monitored with a liquid lab thermometer and the
standard dial pressure gauge and the Vernier gas pressure sensor. The handbook data is from
the vapor pressure table in a chemical reference book. The curve developed using the Vernier
pressure data tracks very closely to the handbook date. The curve developed using the dial

gauge also tracks but is displaced as a result of its lower precision.
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Below is the phase diagram of water with the liquid/solid phase transition line as a dotted line.
The task is to fill in the line knowing the triple point and the boiling point at 760 Torr. The BVES
can't cover the entire range but will serve well over the range from about 85 degrees to 50

degrees. See how closely your data matches the curve.
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