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TV ABOTRACT

A calorimeter has been developed under thit study to help meet the
needs of accurate performance monitoring of electrically or mechanically
actusted flame and yas producing devices, such as squib-type initiators,
A ten cubic centimeter "closed bomb" (closed volume) calorimeter was
designed to provide a standard nressure trace and to measure a nominal 50
calorie output, using the basic components of a Parr Model 1411 calorimet

Two prototype bombs ware fabricated, pressure tested to 2600 psi, an
extensivaly evalrated. The system water equivalent was measured &s 284
cal/C®. Munitoring of temperatures to + 0.001 C® was found to be feast!hl
lleasurements of 50 calories to an accuracy of + 1 calorie are easily ob-
tainable. Greater accuracy is possible with appropriate attention to
details of technique. A cyclying time (or time ot complete the test of
ona infttater) or one hour was deemed feasible.

Caltihration was accomplished using electrical heating of a resistor
in the bomb Ly cepacitor discharge and by constant current. Problems
associated with measuring small quantities of heat are discussed 1nclud1nq
the effects of room temperature, stirring, bearing friction, stirrvar belt
tension, initial stabilization period and others. Actual infttacors wers
not tested.

Caltbration data subsequently obtained by the Harry Diamond
Laturatories using this apparatus 1s included in an appendix.
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SUMMARY

A calorimeter has been developed under this study to help meet
the needs of accurate performance monitoring of electrically or
mechanically actuated flame and gas producing devices, such as
squib-type initiators. A ten cubic centimeter "closed bomb"
(closed volume) calorimeter was designed to provide a standard
pressure trace and to measure a nominal 50 calorie output, using
the basic components of a Parr Mndel 1411 calorimeter,

Two prototype bombs ware fabricated, pressurc tested to 2600
psi, &#nd extensively evaluated. Tne system water equivalent was
measured as 284 cal/C°. Monitoring of temperatures to + 0.001 C°
was found to be feasible., Measurements of 50 calorifes to an
accuracy of + 1 calurie are easily obtainable, Greater accuracy
is possinle with appropriate attention to details of technique.

A cycling time (or time to complete the test of one initiator) of
one hour was deemed feasible.

Calibration wus accomplished using electrical heating of a
resistor in the bomb by capacitor discharge and by constant
cuyrrent. Problems associated with measuring small quantities of
heat are discussed including the effects of room temperature,
stirring, tearing friction, stirrer belt tension, inftial stabiii-
zation period and others. Actual {iniftiators were not tested.

falibration data subsequently obtained by the Harry Diamond
Laboratories using this apparatus s included in an appendix.
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1. INTRODUCTION

The need often arises for accurate measurements of the eutput
performance of a variety of electrircaily or mechanically-actuated
flame and gas-producing devices, such as squib-type initiators.
Examples of these needs are quality control during manufacture, lot
acceptance testing, determining the effects of environments, and
obtaining design information for use of the device in subsequent
systems. The most commonly used performance monitoring standard
relies solely on measuring the pressure produced in a ten cubic
centimeter "closed bomb" (closed vo]ume).1 Some separate attempts
have been made to measure the caloric output of these flame and gas-
producing devices, but since their output is often in the order of
50 calories, accuracy has been lacking with existing apparatus.

The purpose of this study was to develop a ten cubic centimeter
closed bomb calorimeter, providing a precise heat energy measurement,
as well as the standard pressure trace,.

1.1 The Scope of Work (Quoted in part from the contract document.)

Make a theoretical analysis of the feasibility of using a
modified No. 1411 heat powder calorimeter with the specifications
outlined below for measuring the heat output of Apollo standard
initiators. If the analysis shows that the No. 1411 calorimeter
is not suitable, consider using a copper-block type calorimeter.

Afier the theoretical analysis is complete, design and build
a calorimeter with the following specifications to measure the
heat output cf standard Apollo initiators:

(1) Precision within *+5 cal with a 50 cal. input.

(2) Withstand peak pressure of 650 psi generated
as an impulse in about 1 ms or less (subse-
quf?tIy raised to 3000 psi static pressure by
HDL).

TE;ment, Laurence J.: "Monitoring of Explosive/Pyrotechnic Performance".

Presented at the Seventh Symposium of Explosives and Pyrotechnics
(Philadelphia, Penn.) September 8-9, 1972,
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(3) Internal volume of calorimeter must be 10 cc
and shape must duplicate initiator tester
now used by NASA.

(4) Calorimeter must contain one and preferably
two pressure transducers with output cables.
(Transducers will be furnished by NASA and
no pressure measurements will be made by
contractor).

(5) Calorimeter must be reusable for at least
1000 tests.

(6) Recycle time must be less than 1 hour.
Calibrate calorimeter using a known electrical input and deter-
mine precision calculated for 95% of all values at a 90% confidence

level. Summarize details of analyses, design, calibration, and
evaluation of the calorimeter in a summary report.

1.2 Background Work

Bomb calorimetry is a well known field having techniques
stendardized over the years. Such techniques have been utilized to
measure the heat output of heat powders by the Harry Diamond Labora-
tories (HDL).2 Customarily several hundred to several thousand
calories are generated so that calorimeters having water equivalents
of several hundred cal/C° will experience temperature rises of about
a degree or more. Mercury in glass thermometers provide a tempera-
ture measurement accuracy of about + 0.01°C.

A frequently used calorimeter for heat powder measurements is
the Parr Model 14113, which was suggested by HDL for this investi-
gation. This apparatus was loaned to VMIRL for these studies. A
bomb was designed to comply with the requirements of the Scope of
Work, and also to be compatible with the vacuum flask which is a
standard component of the Model 1411.

2Comyn, Raymond H.; and Marcus, Ira T.: Summary of Heat Powder
Calorimetry. Diamond Ordnance Fuze Laboratories TR-862, August
1960.

3Parr Instrument Co., 211 Fifty-Third St., Moline, I1linois 61265



The chief problem was the measurement zechnique for detecting
a temoerature rise with arn accurecy of a few thousandths of a
degree. This was necessitated by the requirement tu measure 50
ca'orics using & metal bomb having a mass of several hundred grams
(in order to rmeet “he volume and pret;iure requirements) plus
severz] hundred grams of water nacessary to cover the bomb, stirrer
and temperature dctector.

Several probilems weres assvz?. 4 wits the desfgn of the bomb
to meet the small volume reguirem ~ &t 2 %2ast c~ressure of 3000
psi and to maintair a particuise do 1.v nY 149 [ reszure port for
the transducar.



2. FEASIBILITY AMALYSIS

The use of well desfgned, "off the shelf" components already
tested in various ueces is an obvious adventage. To assess the
feasibility of using a Parr Model 1411 Calorimetar, a theoretical
analysis was performed on the quantities of heat absorbed by each
of the components to see if the required precision of measurement
was poassibie.

Althouah this model 1s designed to be used with 450 gm of
water, it was found possible to use 250 gm and stil) cover the
proposed bomb for the initiacor.

A summary of representative values will ¢ive the reader a
better understanding of the precision of measurement needed.

Assume:

1. 200 gm of stainless steel bomb of specific
heat 0.1 ral/gm <°.

2. 250 gm of water to cover the bomb with
adequate depth for stirring.

[#53

54 calories generated by the initiator.

ind: The temperature rise which results.

Solution:  Q

= [(mc)bomb + (mc)waterJ AT
54 = [(200 x 0.1) + (250 x 1)] AT
AT = i 34 _ 0.20 c°

70+250 = 270

Precision Required: Ffor the * 10% precision calied
for in the Scope of Work the value of AT must
be 0.2 € + 10% or better. This is 0.20 + .02 C°.

While the abcve precision is within the limits of a mercury in

glass thermometer, it is clearly not as satisfactory as could be
desired. The quartz zrystal thermometer (such as the Hewlett
Packard Model 2801 A) has an absolute accuracy of + 0.0062 °C when
properly calibrated and corrected. For differential measurements,
particularly where the differential is small, its accuracy in
measuring AT is better, certainly + 0.001 C°. For a AT of 0.20 C°
this is a precision of 1 in 200 or 1/2%.

mer TR Smue-



Precision of Other Components

Yhe mass of weter used can cartainly be measured by an
analyticai balance to less than 1 gm in 250 yielding a precision
of less than 1/2% In fact & volumetric pipatte could suffice
for this purpose. The precision of the watar equivalent remains

be determined. however. repeated calibration run. should give
its . lue to a few percent or less,

On +. basis of the above considerations, the Parr Model 1411
was deemed n- -uate for the projact and a specific bomb Jesign was
begun to fit the ~cuum flask which was a comyonent of this model
of calorimeter. Tﬁe ..»ror analysis $n Appendix A gives specific
sample values taken frsw ‘atual data and provides a morn exact
evaluation of the precis1oﬁ.,! each part of the measurement.



J. B80MB ODESIGN
Ihe following criteria were considered in the design:

1. An internal volume of 10.0 ¢ 0.5 cc¢
including transducer pore.

2. Withstand 3000 psi to account ftor any
unsnticipatesd transient prassures.

3. Ease of {nterchonge betwean inftiaetors
and calibration dovices with a minimym
chanoe of mass which would affect the
water equivalent.

4, Esse of cleaning pfter sach test,

6. Minimization of the water aguivalent by
minimizing the tctal rass and the hefght
which must ne covered by water.

6. Minimization f wsll thickness to reduce
thermal gradients.

7. Adequace space beside and/ur above tne
bomb for hangev, stirrer, tempercture
detector(s) and «vectrical leads for the
pressurs transducer and for firing tre
inftiator, or celibration,

8. Compatibility with the vacuum flask of the
Parr Model 141) Calorimater,

Fig. 1 is a photograph of the bomb parts. An assembly drawing
and detafl drawings of each part are shown in Appendix B, Two
prototypes were fabricated from these drawings and wore designstad
Model 1 and Model 2, with components stampad with a "1" ¢r "2" to
facilitate identification, Masges in grams are as follows (nomen-
rlature is that found on the detatl drawing):
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Model ) Model 2
Cup w/Pressure Fitting and 1056 .0387 gms 105.0318 gms
reflon Tape
Nut 50.3210 50.3012
Cop w/Teflonr Goskat 24.6547 24,.6¢68
fflug w/latibraticon Resistor, __B,2028 §.2724
Connector, and 0-Ring
Ceoplete Assembly Total 188.2172 188.2722
Transducer w/cOppar and brass 15.6092 gm
washnars
Infetintor after firing (avs of 4) 12.2730

The two moaels diffar fn total mass by 0.03%% for an average
rass as fullows:

gomb w/calibration plug and restitor 188.2 gm
Borh w/calivration, plug, resistor and

presrure trantduier 203.8
tomb w/spent initiator anc pressure

transducer but w/o calibrat:on plug and 207.9
registor

The initiator, calibration resistor plug and transducer each
rhave mating electrical connectors which are partially or totally
helow the water. The masces of tnese are small ard have noi been
included.

Sliyht modifications to the Parr Model 1411 Colorimater ware
necessary, These included an extension of the stirrer shaft and
bomb support, removal of the thermometer support rod and fabrication
of a covar clamp for the electronic thermometer probes. These
modifications are detailed in Appendix C,

e WM. O REIEN O WMR GRS 0 AR R
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4. CALIBFATION METHODS

It is desirable to provide more than one catibration method as
a verification of the technique and measuring apnaratus used. In
this case the methods considered were heat nowder and resistive
haating from two sources, one from a capacitor discharing through
a resistor and one from constant voltage,

4.1 Heat Powder

Hent powders are presently availabl2 from the National Bureau
of Standards with certified values in the nominal region of 409
calories/gm. These require ignition by hot wire and are susceptible
to incomplete combustion when used in small quantities unles; the
sample 1s wel) confined. for 50 calories the sample would b2 1/8 gm
and while larger quantities couid be usec, the calibration for very
large quantities of hest could differ from tha calibration for 50
calories,

In addition, there are probiems of having the sample adequately
dried, weighed, and ignited in an inert atmosphere. Results depend
somewhat on the pressure of this atmosphere. Moderate safety pre-
cautions are necessary ir handling and results may be somewhat
variable in the hands of persons not familiar with heat powders.

4.2 Copacitance Discharge

To store 50 calories or 210 joules of energy in a capacitor
requires either high capacitance values or large charging voltayes.
At about 100 voits a capacitance of about 42,000 microfarads s
required. Such capacitances are avalable ¢nly in electrolivtic
type capacitors unless many irdividual untts of another tyne are
assembled in parailel.

Unfortunately electrolytic capacitors exhibit dielectric
absorption, a phenomenon which is characterized by the recovery of
a voltage across the plates rollowing discharge. An alternative
explanation is that the apparent capacitance i5 not constant with
voltage auring discharyge as ‘n an ideal capacitor but instead the
capacitance fncreases and the plot of charge vs voltage is non-
1inear. Therefore the energy stored is not given by CV2/2 as is
true for an fdeal capacitor.

-
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This method was extensively investigated including the yse of
larger capacitors than necessary so that they might be only partially
discharged. 7o mluimice the dialesrric absorption affects, two
capacitors in parallel of total value 0.084 farads were discharged
from 100 volts tn 70 valts and, although the variation of capacitance
over this range was sufficiently small, the voltage recovery near 70
volts amounted to 1.5 to 2.2 volts. This made it difficult to com-
pute the energy actually supplied to the resistor as heat. The
resistor used was 300 ohms giving an electrical time constant, RC,
of 25 seconds. - The peak current was then 1/3 ampere with a peak
power of 33 watts. Other considerations are included in Sec. 4.3.

This method was compared with that using a constant voltage
and the two energies so generated would agree quite well if the
final voltage, at the end of the discharge near 70 volts, was
taken 15 to 25 minutes following the discharge. That is, the final
voltage used in the energy calculation should be that taken some
time after the discharge has ceased and the capacitor has had a
chance to recover. This makes this method somewhat impractical and
uncertain but, with proper care on the part of the personnel using
it, 1t can be a secondary or backup calibration procedure. (See
Appendix D.)

4.3 Joule Heating (RI%t)

A constant voltage applied for a known time to a resistcr of
sufficient wattage rating to prevent excessive heating, results in
a conversion of electrical erergy to heat which can be accurately
measured. A nominal 300 ohm, 5 watt resistor was selected for the
following reasons:

a) Reasonable voltages could be applied to generate
the needed heat in about one minute.

b) Its pnysical size was the lTargest whicih would
fit inside the bomb and pass cthrough the 3/8Y
hole in the cap.

¢) Its resictance is high enough tc make convact
resistance negligible althongh a correction
should be made for the small diamater cennecting
lead.
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Immersion of the resistor in water inside the bomb appreciably
improves the heat transfer and assures that the temperature rise
at ali times is too small to change the recistance as much as 2.05%.
The resistor must be sprayed with acrylic to prevent electrolytic
action between its leads and the water. Various 2iternatives are
available in calculating the energy; VIt, RIZt or Vzt/R. In
aldition to time, it is necessary to measure twoc of the three
quantities; resistance, valtage, and current. It was decided here
*+0 measure the resistance with a Wheatstone bridge and to obtain
the current by reading the voltage across a high precision 10 ohm
resistor in series with the bomb calibrating resistor. The
decisicn to use I rather than V was based on the following:

a) If V were measured 1t must be taken to include the

drop in the leads and then corrected whereas the
current is the same at all points.

b) The Wheats une bridge permits a measurement of the
resistance of the 10 ohm precision resistor and the
300 ohm bomb resistors before and after a run as a
check. No measurements r2ed be taken during the
run except the voltage across the 10 ohm resistor.

¢) The voltage across the 10 ohm resistor is neminally
1 volt (I = 0.1 Amp = 30 volts/300 ohms). This is
readily measured to four digits with a digital
voltmeter to an accuracy of + 1 mv or 0.1%.

A procedure for the calibration is given in Appendix E.
Included in Appendix B is a circuit which permits starting the
electrical timer simultanecusly with the application of a constant
voltage to the pomb calibratinn resistor. The voltage across the
10 ohm resistor is conveniently read at terminals provided and a
dummy 300 ohm resistor is available for roughly adjusting the
current prior to the run.
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5. PROBLEMS ASSOCIATED WITH MEASURING
MINUTE QUANTITIES OF HEAT

Calorimetry involving large quantities of heat minimizes the
need for highly accurate allowances for stirring energy, transfer
with the surrcunaings, stirrer bearing friction and the like.
However, in a measurement of 50 calories, effects which might be
ignored or grossly corvected for in the more common bomb calorimetry
must be reduced and/or made to cancel ou’. Hopeiully many of these
can be evaluated. A chief concern in this study was tue identifica-~
tion of all the sources of heat generation and transfer and %‘he
estimation or actual measurement cf values for them.

5.1 The System - Its Parts and [ts Surrcundings

Fig., 2 is a schematitc representation of the system. A photo-
graph of its parts 1s shown in Fig., 3. Temeprature sensors are
1ocated at B and C.

Cover D :
~— o - A-Bomb herer
| B~ Coforimeter Weksr
AN /4 - feyer e 7
e C - Ambien’ A/
a— ,;i)—,é’ear/'nj
Vacuun) Flask —
@ s | o
Werter /

F?y 2 ~ Mot Tramster S/‘Sfcm She matic
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Heat is generated within the system by conversion from:

a) mechanical energy at D due to bearing and belt
friction, both functions of belt tansion

b} mechanical energy at B due to viscous friction
¢cf the stirrer in the calorimeter water

¢) electrical energy at B from the power to operate
the pressure transducer which contains an integyrated
circuit

d) electrical energy at A during calibration due
to resistive heating

e) chemical energy at A during initiator tests due
to ignition of the initiator

Exchanges with the surrounding room occur through
f) radiation through the various jacket layers

g) conduction through the jacket, along the stirrer
shaft, along the temperature sensing probes or
connecting cables

h) convection effects beneath the cover and outside
the jacket.

Thermal gradients must be established throughout all parts of
the system whenever a change of temperature occurs, i.e., con-
tinuously but very slowly in the uses described here. Whenever
such gradient§ cease to change, eguilibrium has been established.
In this system the temperature sensors are of such high rasolution
that equilibrium is rarely effactively established and one must be
satisfied with near equilibrium or gquasi-steady state conditions.

5.2 Non-Tempefature Dependent Transfers

Items (a) tnarough (e) in Sec. 5.1 constitute transfers which
are temperature independent. Item (a). the bearing friction, is
slightly temperature dependent in that

(1) the bearing temperature increases during operation

therehy producing increased radiation, convection
and conduction which are temperature dependent
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(2) the bearing friction increases with decreasing
ambients due to increased viscosity of the
bearing lubricant.

These effects were believed to be second corder effects and were
neglected.

For this general class of transfers, the rate of heat flow,
dQ/dt, will be designated as dQ/dt = N. A theoretical treatment
of this transfer will be found in Appendix F.

Fig. 4 shows the effect of two of these non-temperature
dependent transfers, a changing belt tension and the transducer
power.

5.3 Temperature Dependent Transfers

Items f, g, and h in Sec. 5.1 constitute transfers which may
be considered proportional to the temperature difference between
the calorimeter water at B and the ambient air surrounding the
jacket at C. Conduction, convection and radiation may all be
represented by a product of a constant and the temperature
difference if that difference is not too large.

For this general class of transfers, the rate of heat flow,
dQ/dt, will be represented by U (TR-T). P theoretical treatment
of this transfer will be found in Appendix F.

If the temperature dependent transfers are made to constitute
losses from the system by making the water temperature, T, larger
than the room temperature, TR, and if such losses can be made to
balance the gains from the non-temperature dependent transfers,
then the net transfer rate, dQ/dt, will be zero and the system will
remain at constant temperature. In practice this is rarely
obtainable, but at least the rate of change of temperature can be
made small.

5.4 Initial Temperature Variations Following Assembly

Whenever the system is assembled, there follows a period in
which the interior temperature is changing in an attempt to reach
an equilibrium condition. The transient is affected hy the stirver
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action, trassducer power, and the initially different temperatures
of water, flask, jacket, bomb, etc.

Fia, § shows the temperature variation for a 93 minute period
following assembly. The shape of this curve depends on the initial
temperature difference between the water and the surrounding air.
In this case that difference was 1,2 toc 1.5 C°, A constant clope
fs not reached, in theory, for a very long time. 1in practice,
the subjective judgement that the slope has become constant depends
on the precision of the temperature measurement and the time
interval of observation. 1In the figure, constant slope appears to
have been attained after about 75 minutes, the value being 3.3
miilidegrees per minute. The temperature difference between inside
and outside the calorimeter {s continually changing since most
laborstory areas are not temperature controlled better than perhaps
+ 0.5 C° over a 15 minute pe -iod.

Such small changes would not affe.t systems used to neasure
large quantities of heat. In the case of small quantities,
attenticn must be paid to whether or not the s}ope of the T vs t
curve 1s changing rapidly enough to produce a measurable effect on
the results o” an efghtaen minute infitiator test. This 1s speci-
fically x;.su~.:4 for in the Operating Procedure in Appendix C,

It was round that {f the calorimeter water were 2 to 3 C°
above the surroundings, the slope was close enough tc¢ zero that
1t changed very slowly, The waiting period prior to a test could
then be as short as fiftaen minutes, just enough time for the
stirring and transducer energies to establish initial heat flow
p:%18 to the room and to accomplish a nearly uniform temperature
between the water, vacuum flask wall, and bomb, Var,;ations in Lelt
tension wili also affect the required temperature difference. The
chief criteria are that the rate of change of temperature be small
and relatively constart over the nominal efghteen minute initiator
test perind and thet as !easc fifteen minutes has elapsed since
the stirrirg began.

5.5 Trarmal Time Lonstants

hppifcation of & heat energy pulse to a thermal system or 2
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sudden temperature change between the interior and exterior of a
system produces a thermal pulse, the effect of whicn decays slowly
with time. Two specific applications are cf interest here:

(a) A change of ambient air surrounding the system

induces a change cf thermal gradients affecting
the water temperature.

(b) A heat pulse is supplied to the interior of
the bomb by an initiator or during calibration.
This pulse is subsequently detected as an
increase of water temperature.

Time Constant for Transfer From Water to Surroundings

The entire calorimeter assembly was placed in a freezer at
-17°C to -20°C. The calorimeter water temperature was monitored
over a five hour period during which it reduced from 24°C to 7°C.
A plot of the logarithm of AT/ATmax vs time 1s shown in Fig. 15
in Appendix F, This semi-log plot yielded a time constant of
8.5 hours,

A value of 9.0 hours for this constant was obtained from

Fig. 14 in Appendix F. The theory relating to these values also
is discussed in this appendix.

The approximate 6% difference between the values is not
important but rather the fact that the time constant 1s quite
long. A nine hour time constant means that it will take nire hours
for 63% of an imposed change in AT between the room and the water
to be observed as a change of water temperature. [t takes five
time constants or 45 hours for 99% of the change tov be accomplished.
It would therefore appear that the system is well insulated.

This 1is misleading in that the water temperature sensor detects
changes of 1 millidegree. It is appropriate here to calculate
how long it should take the water incside the calorimeter td change
1 millidegree Tfollowing a change in AT across the calorimeter
insulation of 0.1 C° (about the limit of stabilization for a well
controlled laboratory).

P



BY = AT, (1-¢" ¥ 1)

ma
0.001 = 0.1 (1-e”t'7)
T Qﬁ3$l . 0.98
t/: « .01
t = ,0) x G40 minutey

|

h.6 minutes

In general, for room temperature variztions 100 times the temperature
sensor resoiution, the sensns will detect the change daftar % of a
time constant.

It 1s concluded that because this 3.4 minutes 15 lest than
the 18 minute test interval, changes in rocm temperature should be
minimized. Fig. 11 in Sec. 6.2 shows the effact of turning the afr
conditioner on and off.

ime Constant for Eneigy Pulses

During an initiator test, it 15 recommended in Appendix C that
a time of six (or perhaps twelve) minutes be allowed for the energy
pulse to be completely detected by the rise of water temperature.
The initiator energy is released chemicaily in a fraction of & second
but the heat from this flash of flame (and possibly molten ash) must
be transferred through the bomb wall to the calorimeter water to be
detected. An estimateof the time constant for this transfer was
desirable since VMIRL was not going te perform any tests using actual
intitiators.

Ffg. 10 in Sec. 6.2 shows a typical pulse produced by electrical
heating. This pulse appears to produce an exponential temperature
rise. A piot of the logarithm of AT vs time measured from the actual
curve to & corresponding point on the dotted 1ine above 1t (which
corrects for the rise due to room temperature) was linear, except
for a smaill daitial time period. Fig. 6 shows the results of six
such plots, three using the capacitance discharge method and three
using the RI2t method. In the Rlzt method the energy for the pulse
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was supplied over a 70 sacond interval at a constant rate. Using

the capacitor, the energ, was supplied at an exponentially decre2sing
rate with an electrical time constant, RC, of 25 seconds. The
resistor inside the bomb was transferring {ts heat through air to

the interior bomb wall, The slopes of these curves are essentially
equal, yielding a time constant of 117 seconds.

It should be noted that the initial periods of nor-linearity
on the plot a-e longer for the Rlzt method than for the capacitor
method but that this does not affect the final slope value and
time constant,

To improve this transfer, about 8 gm of the 250 gm of calori-
mater water was placed inside the homb. Fig. 7 s a semi-log plot
of .T vs time, 2gain using both the capacitor and the Rlzt cali-
bration methods. The results are similar to those discussed above
except for a time constant which 18 35 seconds.

It is concluded that the time constont for heat transfar from
the initiator to the calorimeter water will have an udpper 1imit of
about 117 seconds and & lower limit cf about 35 seconds. It coLld
be closer to this latter value 1f 3an yppreciable amount of molten
ash 1s projected ayainst the bomb wall since this should speed the
transfer. The very short time required for the chemical energy (o
produce heat enargy 1s an insignificant factor compared to the time
constant for transfer.

The six minutes allowed in the calibration procedure of
Apperdix C was clearly verified by the fourteen pulses plotted in
Fig. 11 vf Sec. 6.2 in which the 8 gm of water was used inside the
bomb., Six minutes is 8.5 time constants which theoretically includes
99.98% of the complete energy pulse. Since a2 typical temperature
rise it 180 millidegrees with a recding accuracy of 1 millidegree
or N.55%, the time allowed to essentially complete the pulse should
be that for $9.45% of the pulse or 5.4 time constants. If 5.4 time
constants are necessary for an initietor test wnhich allows 6 minutes,
then the time constant for an inftiator pulse transfer should be
5.4/6 or 0.9 minutes which might be possible since 1t was ¢hown above
that the resistor in air gave a 2 minute thermal time constant,
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Should subsequent tests on the actual initiator by others indi-
cate a longer time is needed, the operating procedure of Appendix
C should be modified to increase the middle time interval (for
pulse temperature rise) to 9 or even 12 minutes rather than the
6 minutes presently specified.

po-R
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6. EVALUATION OF VMIRL DESIGNED BOMB

The components of the VMIRL bomb are shown in Fig. 1 of Sec. 3.
Detail drawings of eath part are shown in Appendix B. The parts
¢f the Parr model 1411 Calorimeter into which the bomb: fits, are
shown in Fig. 3 in Sec. 5.1. " Fig. 8 is .a photograph of the.-entire
apparatus used in determining the water equivalent.

6.1 _Water Equivalent - Approximate Calculation

Theoretically the water equivalent of a system can be.
obtained by summing the products of the mass and specific heat
of the individual components. In practice this is not completely
successful but a lower 1imit can be obtained using those zomponents,
the temperature of which must vary by the temperature variation of
the water with which they are in contact. In this design, those
components include:

(a) 25C gm of water in the .vacuum flask

(b) approximately 200 gms of bomb .made of Type
17-4 PH stainlass steel

(c) 16 gm of pressure transducer

(d) 12 gm of stirrer

(e) 18 gm of bomb support (wire)

(f) metal temperature probe(s)

(g) some allowance for the inner glass wall of

the vacuum fliask.

Approximate values for items (b) through (g) might total 270
gms. Assume 211 these components have a specific heat of 0.10

~

cal/ym C° yieiding a water equivalent of

(250 x 1) + (270 x 0.1) = 277 cal/C®

6.2 Water Equivalent - Actual Mesasurement

In theory, the wa*ter equivalent, h, is obtained by dividing
the quantity of heat energy added, Q, by the temperature rise, AT,
which it produces or h = Q/AT.
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In practice, the bomb placed under water in the calorimeter
reaches a tamperature equilibrium rather quickly with the well-
stirred water but rather slowly with the remainder of the calori-
meter which must have established within it some temperature
gradient through its layers of air, metal, glass and bakelite. 1In
Sec. 5.3 it was shown that the thermal time constant for the
entire caiorimeter system was about 9 hours. In Sec. 5.4 the
stablization period was discussed.

It is well known that bomb calorimetry techniques include an
allowance for the rising or falling of the water temperature at a
slow rate dependent upon whether the interior is gaining or losing
heat due to its surroundings. A typical curve from which the
value of AT due tc an energy pulse must be extracted might be cne
of the following:

]
7 '7', .
_,-{—’“' ////
Tl - T
A —
r #

(@) (b)

Frg. 7 - Ei?c:/y)/ Filses with O/Fferent 5/0/:\&5
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In (a) the original and final slopes are so nearly identical
that the rise, AT, may be measured at any point between the parallel
lines. In (b) this is nct so ond AT must be read at some point with-
in the transient period, that point being selected based on some
fraction of the transient period to compensate for the different
slopes.

In this report, considerable care is taken to assure that these
slopes are so nearly equal that it is possible to measure. this AY
conveniently, at the.start of the energy pulse (inftiator or cali-
bration), without substantial error. The actual procedure for
taking readings is outlined in Appendix £ (initfator tests) and
Appendix € (calibration tests).

Fig. 10 is a plot of a typical curve obtained when an erergy
pulse of about 50 calories was supplied to the bomb via electrical
heating of ths calibration resistor. The plot uses a scale in which
each small division vrepresents 1 millidegree centigrade. On such
a sc2le the slope of the temperature-time plot is very evident. In
this study, data was taken over perjods of typically several hours
with 50 calorie energy pulses supplied to the bomb about every 1% to
25 minutes. In this way a reliable slope could be determined prior
to, and following, each pulse.

The rise, AT, was obtained by extending the slope following the
pulse backward to the start of the pulse and measuring the rise
there, 179 millidegrees on the sample shown.

The energy suppiled is calculated from Rlzt using for R the

corrected resistance obtained by subtracting the iead resistance
from that for lead plus resistor. The current is read from the
voltage across a 10.00 chm precision resistor and the time from an
electrical timer readable to + C.1 seconds for which an estimate to
0.03 seconds is possible. Precisions are as follows:

In R, 303.1 + 0.05 ohms from a Wheatstone bridge whose
accuracy was verified with Leeds and Northrup standard
resistors of accuracy + 0.01%. The oyerall precision of R
is judged not to exceed 0.05% including connector resistance.
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In t, simultaneous application of the energy to the
bomb and starting of the timer is assured by using a common
switch in the circuit shown in Appendix B. The precision
of t is 70.0 + 0.07 sec or + 0.10%. This makes some
allowance for the inertia of starting and stopping the
timer which allowances tend to partially cancel.

In I, the digital voltmeter reading the voltage across
the 10.00 ohm resistor has a resolution of *+ 1 digit in
four or 1.001 + 0.0C1 volts. This meter accuracy was
verified using a potentiometer readable to 1 digit in 5,
the standard voltage cell of which had been recently
checked. The precision of I is thus estimated to be
0.2%, that of 1% is then 0.4%.

Combining these percent precisions.by taking the square root of
the sum of their squares, one obtains.\/.]2 + .052 + .42 = V(H?ZS = 0.41%
as the precision of the energy calculation.

Typical measurements of AT from the graphs or from the data
taken at specific six minute iutcrvals (as in the procedure of
Appendix E for calibration) indicate precisions of 180 + 2 milli-
degrees or about 1%.

Values of the water equivalent, h, then have percent pre-
cisions due to Q/aT of\/0.412 + 12 = \/1.173 = 1.08%. That is. the
precision of h is essentially that due to the AT measurement. It
should also be remembered that of the total water equivalent of 284
cal/C®, 250 is due to actual water inside the vacuum flask and the
bomb. A possible precision of + 0.2 cm3 in a volumetric pipette and
scme allowance for improper drying could introduce an additional
inaccuracy in h of 0.5 in 250 or 0.2%. It seems safe tc conclude
that h can then be relied upon to less than + 2% conservatively.

See Error Analysis - Appendix A.

Fig. 11 is a plot of a series of 14 energy pulses applied to
the bomb without a change of water in the surrounding calorimeter
between pu ses. The scale is broken to show all 14 pulses. The
values obtained for each of these trials are listed in Table 1.

P
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These were determined from plots like that of Fig. 10. The method
of Appendix C using data at specific times was applied to this same
data and the resulting values of AT agreed with the graphical
method exactly or differed by no more than 1 millidegree as shown
in the last column of Table 1. The water equivalent was determined
to be 283.8 cal/C°® with a standard deviation, o, of 1.37 cal/C° or
0.5%. This value was obtained from 12 trials summarized in Table
1. It should be emphasized again that this standard deviation is
low because these pulses were applied without a change of water
(250 cal/C°). If a possiblie deviation of 0.5 gm in the water used
is added to the above, the standard deviation could be 3.3 cal/C° or
1.2% (see example in Appendix A) which remains well within
acceptable limits. This value should. apply to Model 1 or Model 2
since their masses are identical within 0.03%. It should apply
equally well when the initiator replaces the calibration resictor
plug since this results in an increase of mass of 4 gm or about

0.4 cal/C°, 0.15% of h.
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TABLE 1

SUMMARY OF WATER EQUIVALENT CALCULATIONS

250 gm of Water (includes 8 gm inside bomb)

RIZt Method R = 303.1 excluding. leads t = 69 sec.(approx)
Trial Energy Temp. Rise Calc. Water Temp. Rise
Pulse by graph Equivalent by formula
Calories ce Cal/C® ce
1 49,38 0.174 283.8 0.174
2 51.05 179 285.2 179
3 51.31 179 286.6 178
4 50.36 177 284.5 177
5 * 49.50 172 287.8 A7
6 50.59 179 282.6 .178
7 49.71 176 282.4 176
8 50.49 179 2821 179
9 50.09 77 283.0 176
10 $0.30 L1775 283.4 176
11 50.23 178 282.2 77
12 49.70 174 285.6 176
13 » 50.79 176 288.6 176
14 101.80 . 358 284.4 . 359
Average of 12 trials ....... 283.8

Standard Deviation o ~ 1.27 or 0.5%
2o ~ 2.74 or 281.1 to 2t8.5

L]
This trial was discarded bafore averaging., It was affected
by turning oftf the rocm air cc¢ 4itioner just prior to the
trial, See Fig. 11, Turning on the air conditioner does
not alter the room tamperature as suddenly,
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Table 1 indicates two standard deviations, 20, is 2.74 yielding
a range of 281.1 to 286.5 cal/gm. 20 in a Gaussian distribution .
should contain 95.4% of the values. In Table 1,11 of the 12 (92%)
are within this range. Had there been many more than 12 trials the
standard deviation of the mean would be expectid to be 1.374/12 = 0.4
cal/C® or 0.14%.

Two tiials, numbers 5 and 13 in Fig. 11, were omitted from the
averege in Table 1. As explained in Sec. 5.5, a sudden and sizeable
change in room temperature will affect a test. Trials 5 and 13
were performed immediately after the room air conditioner was
turnad off. The room temperature was rising sharply during the next
20-25 minutes (a total rise of about 2 C° in each case). This had
a marked effect on the slope during the latter part of that period.
The eftect of turning on the air conditioner was far less pronounced
because the room temperature changed more s'owly whan docreasing on
2 hot day than when increasing.

Data tu determine the bomb water equivalent was taken with the
same apparatus following the VMIRL tests by Mr. Frank Krieger of the
Harry Diamond Laboratories. Details are listed .n Appendix G.

Table 1 in Appendix G lists 12 usable values obtained without
changing water, These yield an average of 284.3 cal/C* with a
stendard deviation of 2.3 or 0.8%. When this average is combined
with three other runs in which the water was changed, the average
water equivelent 1s 284.8 cel/C°® with a standard deviation of 2.1
or 0.7%, This 1s in good agreement with VMIRL values and confirms
the sccuracy of lass than 1% in the bomb constant,

§.3 Pressure Testing

An sarly bomb design utilized an unsupported neoprene gosket
betwean the bomb cup and cap, Thiy yasket dasign was improved s
suggested by the Parr [nstrument €0, to include & teflon gasket with
A machined seat In the cap. It was bhelioved that thiy alteration
woyld {mprove tne ebility of the gasket %o withstand the desfyn
prossvre of 3000 pal. (Detafls of the gaskat, yssket sea’, v'c,, are
shawn tn the drawings tn Appendix B

wmme SRS SelET NN IR waee
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Both the neoprene and teflon gasket designs were pressure tested
in the Physics Department of the University of Virginia using a dead
weight tester having a useful range to 2400 psi. The unsupported
neoprene gasket held at 1600 pst for about five minutes. Failure
after that was due to the gasket being extruded into the threaded
portion of the nut along the outer anrd unsupprorted edge.

The model with the supported teflon gasket set in & grooved
seat &s shown 1n Appendix 8 held at 2400 psi with no leaks under
a water immersion test. A 2600 psi pressure was #pplied and there
was no leaking visible but accurate and prolonged testing was not
possible because this value exceeded the upper limit of the test
facility.

During this testing the pressure transducer developed & leask
at 1000 pst which fncreased markediy at 1600 psi so that extr?
t:ghtening of transducer comporents was necessary. Leaking aiso
dppeared at the tapered screw threads bLetween the pressure trans-
ducer fitting and the cup body. This was alimi~ated by using two
layers of teflon tape ans by tightening the thread by one or two
compiete turns (this necessitated subseaquent machining of the end of
the fitting which hao then prctruded into the cup by 8 thread or
two ).

6.4 Yolume

The Scopa of Work 1n Sec¢. 1.1 colled fur an internal volume of
10 m1. CGach of the models wes checkad far conformity to thty
specification by weighing the bomb with transducer and then filling
with watgr to a point in thy threads of the cap which was estimated
to be the bottom of the spant initiator. Rewelghing ord subtraction
yialds the weter mass added in gramy which fs aquivalant to the
colume 1n ml, Care was exarcised to remova trappod efr bubbles.

MOOEL V - 9 BF ¢« 0 06 m, MODEL 2 - 9.60 + 0 .08 m),

Yhe i1neccurucy 'n the myaturemert 15 due to an tnability ¢o exactly
duplicate the leve)l of filling,
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6.5 Cycling Time

The Scope of Work in Sec. 1.1 called for a recycle time of less
than 1 hour. This time depends on the speed with which an individual
technician can disassemble, clean and reassemble the calorimeter in
addition to the stabilization time and time for the test run.

These latter two times are fixcd at 15 min and 18 min, respec-
tively, for a total of 33 min, If 20 min 1s 21lowad for
dissssembly, cleaning and reastembly, the total time 1¢ 53 min
which is within 2he requirement. The 20 min period would seem
reasonable for an experienced technician after several trials,

It should be noted that the test runs conducted by VYMIRL were
811 calibration runs, none being with actual initiators, t whs
shown in Sec. 5.5 that the therma) time constant for the initiator
tests could be longer than for a calibretion test because of
poorer transfar, Should this prove to ba the case the time for the
transient due to the energy pulse might have to be incrersed from
6 min to 9 or 12 min but this should still not exceed the one hour
total for recycle time,

6.6 Thermometer Comparison

A Hewlett Peckerd Model 2801 A Quartz Thermometer was the
primary inastrument used. The sensor {5 & quart2z crystal having @
fraquancy of oscillation which {s tempersture dependont, [t it
enclosad in a 3/8" diameter by 11/16" long stainless probe connected
by & ministure coaxia)l cahle. The electrical circuitry includes
o frequency counter with digital readout divactly in “C, Two
probes are available for readout using push buttons, kesdingy may
be takgn to a resolution of 0.01, 0.00), or 0.000) °C, the sempling
time being 0.1, 1, and 10 seconds, respectively, Caiidration,
I'near-.ty, and stabilfty errors are in the order of a few hundredths
of a dagree. Calibretion and linearity errvors arg inatgnificant
for tamparatyry Jifference measuramenty Short tarm atobilicy
¢ 60,0001 C*,  This instrument with probes 14 velume at ovar $3800,

A Yess expensiva Instrument would be desirsble 1f 1t ware
equelly suited to this opplication, The Parre Instrument Company
proevided on loan their Mode)! 1666 Calorimetric tharmometer many:

———— IR AR WRR EER s
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factured by the Yellow Springs Instrument Co., Yellow 5prings, Chio.
(YST Model CT 11) This instrument, vaiued at about $2000, has a
thermistor as a sensor encleosed in a Q.150" diam. by 10" long probe
(only about the last 3/4" need be immersed). 1I*s range is 1imited
to 20 to 30°C with a resolution of 0.0C1 C” and a sampling rate
estimated to be well under one second. Provision 1¢ made for
zeroirg the instrument and for an internal calibration check by

push buttons on the front paneul. Temperature rise measurements over
8 3 C° gspan ar- claimed by the distributor to be repeatable to

+ 0.002 C°.

Thece two instruments were used simultanecusly on severai test
runs and the less expensive therwmistor tharmometer appesrs equally
suitable Yor the application descrihed here. A Model 1656 Digital
Printer {s avatlable foi- 4 nermdanent tape recoru. A Model 1654
Autcmatic Proyrammer 15 a)40 aveilable fur actusting the printer
reading mechonicm on 8 praset scnedule of readouts. heither of these
Tetter ftems was tesied.
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7. CONCLUSIONS AMD RECOMMENDATIONS

A bomb useahle ir a commercially obtainable calorimeter was
designed and two models were fabricated and tested with the following
specifications (Refer to Scope of Work Sec. 1.1 for design goals):

(1) Predicted pracision for measuring a 50 cal pulse
from an initiator of +# 1 cal.

(2} Static pressuré tested to 2600 psi.

(3) Irternal volume of 9.6 cc and 9.85 cc + 0.5%
for two models febricated.

(4) Fitted for use wi“h one pressdre transducer.

(S) Made of Type 17-4PH Stainless Steel which shouid
Le suftable for at least 1000 cyclies. Easily
accessihle for cleaning,

(6) Pecycle time of one hour was baged on calibration
tests and estimated tc be that for inftiator tests.

{7) Water equivalent measured as 263.8 cal/C°® with &
stonaard deviation uf 1,37 ¢cal/C® in reoceatability
tasts. FPredicted standard deviation !nclud1n?
grror o/ varfous operators ir weiyhing water is
3.3 ¢,V /0% ur 1.2%.

(8) Operatirg procedure and calibration procedure
provided separately in an appendix.

Ho ¢ +1 tests nf inftiators wero performad. It is recommended
wveueby “-itowing subsequent complation of these by NASA, the operating
procedure be reviewed for possible changes in the time interval
(712"16) allowed for equilibrium to be attained. The standard
deviations the woter equivalent c¢calibrations and inftiatnr tests
of subsequs ..t aperators would be of interest 1n a continuing
wvalustion of performance at leést for some initial test poriod.

[ .
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PPPENDIX A - EZ2ROR ANALYSIS

Introduction

To assess the pre ‘sion of the verious quantities calculated
from experimentally measured values requires a krowledge of the
precision of the experimen-al quantities and the application of
appropriate statistical data treatment of *“hese precisions depending
on whether they enter the calculations in a sum, difference,
product, quotient or 2ised to a power.

It would also be helpful to identify the relative effcect uf
the precision of each experimental quantity - .he-pr _sion of
the final result - *ne lculated quantity or heat fr . n “xper.-
mental test on a given iiitiator.

Distinction Between Absolute Pricision and Percent Precision

As an example, s.ppose an experimentally determined average
value of a quantity is 81.2 and its standard deviation from a number
of determinations .5 + 0.4, Tts absolute precision is + 0.4. Its
percent precisiun is 0.4/81.2 or + 0.49%.

Rules for Prec.sion of Calculated Quantities

Tre follcwing are generally uccepted methods for obtaining the
precision of a quantity calculated from an equation involving the
addit .nn, subtraction, multinliication, etc., of a group of
quon*ities.

(a} Muitiplica ‘on and Division - The percent pre-
cision of « product or juotient (or of a
combinatiocn of these) 1s the square root of the
som of tac squares of the percent precision of
t. 2 in’ividual tarms in the product or quotient.

() Addition and Subtraction - The absolute precision
of a sum or difference (or of a combination of
these) is the square root of the sum of the
squares of the absolute precision of the individual
terms in the sum or difference. If the experi-
mental quantity 1s multiplied by a constant before
addition or subtractfon, the rule for handling
percent precision in multiplication must first be
applied.

——

-
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(c) Quantities Raised to a Power - The percent pre-
cision of R" is n times the percent precision of R.

Inspection of the above rules indicates that the precision
calculation for a quantity involving the mixture of sums, products,
powers, etc., will require the computation of both absolute and
percent precisions and a conversion from one to the other for
different parts of the calculation,

Quantities and Approximate Values

Table 2 includes quantities tnat must be determined. by experi-
mental measurement and ones calculated from these measurements.
Experimental quantities have precisions that depend on the quality
of the measuring instrument and or the individual making the
measurement or operating the instrument. In those cases in which
a repeat measurement (or trial) is possible, a standard deviation
for a group of trials can be obtained. In other cases such as for
a voltmeter reading, the precision must be estimated from (1) the
least reading on the scale of the instrument and (2) the inherent
accuracy of the instrument as determined by calibration or comparison
with a documentable standard. In this table a combination of the
above precisions has been made and the values shown are those
typical of this study.
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TABLE 2
PRECISIONS OF EXPERIMENTAL AND CALCULATED QUANTITIES
Approx. Expt. Quantity Nominal Appropriate
Percent or Value Equation for
Precision Calc. Calc. Quan.
1% E Temperature Rise AT = 0.178C°
0.2% E Water Heat Capacity hw = 250 cal/C®
1% - E Capacitance C =0.084 F
E Voltage on Capacitor
0.2% - Initial vo = 100 V
2% * - Final Vg = 70V
0.05% E Resistance R = 300 ohm
0.2% E Current 1 =0.1A
0.1% E Time t = 70 sec
\/.os"?aém2 C Calib. Energy Pulse G = 210 J G = RI%t
= 0.41%
4.1% C Calib. Energy Pulse G = 210 J G = 1/2 cVe
(see example) (alternate method)
0.239 G
1.1% or 4.2%%* c Water Equivalent h = 282 h = =
(to%al) cal/ce® A
10% or 37%** C Water Equivalent h' = 32 h' = h-250
(excluding water) cal/cC®
1.6% or 4.3%** c Initiator Energy Q = 50 cal Q = hAT

; . pree ‘ “ m ——

* Includes allowance for dielectric absorption error.
** Second value is for calibration by capacitor discharge method.

- —
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Explanation and Examples

If each initiator test were precaded by a calibration without
a change of calorimeter water and if it could be assumed that no
water were lost in the operation of replacing the calibrating
resistor with the initiator, a water equiwalent, h (nominally 284
cal/C®) and the initiator energy, Q, would not depend on the pre-
cision of the water measurement. For a series of calibration runs
the water need not be disturbed at all, in which case a .calculated
precision predicts a repeatability which includes the precision of
the temperature and energy pulse measurements.

Another calculation of precision is needed to predict the
repeatability of the calibration among groups of such runs using
water reweighed between each grcup. Reweighing between each
initiator test is recommended and this poussible source of uncertainty
must be evaluated in this error analysis.

To accomplish this it is necessary to separate the water
equivalent, h, into two parts:

1. hw = mc due to the weter - 250 cai/C*
2. h' due to the bomb, stirrer, walls, etc. - about
32 cal/c®

It will be noted in the treatment which follows that this results

in a iarge uncertainty in h' but this uncertainty does not reappear
in Q because it is diluted by the precision of hw. The treatment
also makes it clear how uncertainties might be evaluated in the case
of a careful technician who performed the calibration followed by

a careless operator who performed the initiator tests. If the
reader wishes to do such an evaluuation, he may use a low uncertainty
for the 250 used in h' and a high uncertainty in the 250 used in Q
in the following examples.
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Example for Calibration Data:

Co 6 . . .239 (210 x .4%) :
v gy oh s B T - as0 s

(282 1.1%) - (250 = 0.2%)
(282 3.1) - (250 = .5)
32 + 3.2 = 32 + 10% Cal/C®

n
4+

+

Example for Initiator Test:

Q = haT = (h' + h ) AT
= [(32 £ 3.2) + (250 ¢+ .5)) [.178 = 1%)
= (282 *+ 3.3) (.178 £ 1%)
= (282 + 1.2%) (.178 + 1%) = 50.2 * 1.6%

i+

Note in the calculation for Q that h = 282 3.3 has a slightly
increased uncertainty over the value in the h' calculation because
another water sample is involved, not a reuse of the same water but
the 10% uncertainty in h' is diluted to 1.2% in the new-h because
of the large mass of water compared to the non-water items.

Example for Alternate Calibration by Capacitor:

= y2 2

+
H+

(.084 + 1%) [(100 = .2%)2 - (70 + 2%)%]

= (.043 + 1%) [(10000 + .4%) - (4900 = 4%)]

= (.043 + 1%) [(10000 + 40) - (4900 £ 196)]

= (.043 £ 1%) (5100 = 204)

= (.043 = 1%) (5100 = 4%) = 214 + 4.1% joules

A precision of 0.2% is used for the 100 volt reading which is
dependent only on meter accuracy while 2% is used for.the 70 voit
reading since the dielectric absorption produces an above normal
reading unless adeguate time is allowed for voltage recovery of an
electrolytic capacitor before taking the final reading. A careful
technician with practice could reduce this uncertainty considerably,
possibly to 0.4%.
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Congluysions

The largest contribution to the uncertainty in the measurement
of the water eaufvalent, h, is ceused by the uncertainty of the
temperature rise, 4T (somewhat less than 1%).

A measurement of the water equivalent, h, should Le. repeatable
to 1.1% for a group of rurs without changing the water. Several
such groups should e rapeatable to 1.2%. The me2su. &d heat
generated by a given initiator should be accurzte to 1.6%,

The preferrec¢ calibratiun method using R!Zt for xn erergy pulse
should bo accurate to 0.4%. 7The alternate me=fiod using a capacftor
aischarge can be relied upon to 4% or less dependixg on the amount
of dielectriv absorption exhibited by the efectrolytic capacitors
used and the technician's care in correcting for it.
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APPENCIX B - DETAIL DRAWINGS
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RPPENDIX C

OPERATING PROCEDURE

This procedure utilizes the Parr Instrument Company Model 141]
Combustion Calorimeter with slight modifications to accommodate the
VMIRL bomb design. It is specifically intended for the measurement
of small quantities of heat, typically 50 calories.

The inclusion of the names of specific equipment manufacturers
is intended tc convey the type of instrumentation needed and that
used by YMIRL in preparing this report. It does not imply that
equivalent equipment by other manufacturers could not be used.

It is recommended that the user familiarize himself with the
"Instructions for the No. 1411 Combustion Calorimeter", Parr
Manual No. 128, for the general operating procedures- for this type
calorimeter. Items used by VMIRL have been designated using the
letter designation found in the above manual.

Equipment List

The following items from the Model 1411 Parr Combustion
C2lorimeter were used without modification, not used, or modified
as indicated below:

Item Description

A Calorimeter Jacket Not Modified
B Calorimeter Cover Modified
C Cover Support Stand Not Modified
F Calorimeter Can Not Modified
G Vacuum Flask Not Modified
H Bomb Support Assembly Modified

J thru N and

0, E, and ? Not Used

0 Stirrer Drive Belt Not Modified
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Modifications

Item A - Calorimeter Jacket. This part was not modified,
however, the terminals and cable for the ignition circuit were not
used.

Item B - Calorimeter Cover. The thermometer support rod was
not used. The stirrer drive shaft was extended 4.7 cm by addition
of a bakelite shaft extension. This was necessary to place the
stirrer in the reduced volume of water and also serves to reduce
the heat losses from inside the calorimeter.

Item H - Bomb Support Assembly. This wire support was not
long enough to support the new bomb in the reduced volume of water.
A new longer bomb support was constructed so that the bottom of
the VMIRL bomb would be approximately 1 cm from the bottom of the
flask.

Additions

The following items were added by VMIRL specifically for this
application:

Item Q - Bomb Assembly. This item, made of stainless steel
(type 17-4), consists of four parts: can, cap with Teflon gasket,
nut, and transducer fitting. See the first sheet of Appendix B for
the assembly of these parts. The 3/8" threaded hole in the cap
accepts the initiators or the calibration plug. The transducer
fitting also has a 3/8" threaded hole for the prassure transducer.

Item R - Model 2801A, Hewlctt-Packard Quartz Thermometer. This
equipment is accurate, for temperature differences, to 0.001 C°.
It has a digital display with two probes and two channels. If a
unit with only one channel is to be used, an additional thermometer,
reading to 0.1 C° will be needed to read the room temperature and
to aid in adjusting the temperature of the calorimeter water
initially.

Item S - Model 587 MIII Kistler Pressure Transducer Assembly.
This item consists of transducer, cable, and power supply for
monitoring the pressure simulg?neously with the heat measurement.

i——
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Item 7 - 2-012, N219-7 Parker 0-Rings (two required). These
O-rings are used for pressure sesls for the initiator in the bomd
cap and for the pressure transducer in the bomb fitting.

Jtem U - Elactric Timer. A digita) seconds timer {s preferable,
but a clock with a sweep second can be used so tkat roadings can
be taken at prescribed intervals to the nearest 1/2 second.

Item V - Bench Holder for Bomrb. See the drawing of this
ftem in Appendix B.

Ttem W - 500 m] Beaker. This item is used to adjust the initial
temperature of the calorimeter water,

Jtem X - 250 ml Volumetric Pipette. This ftem {s used to
measure the calurimeter water, Other size pipattes may be used
providing th:t the watar can be measured correct to 25C 4 0.1 a1,

Item Y - Cover Clamp  This clamp supports the thermometer ».c be
at the corrent positioa 4n the vacuum flask and allows for passage
of cables to the preasure transducer and the infiiator (or cali-
Yrating resistor). Sead drawing in Appéndix B,

Item AA - Adiystable Wrenches (3/4" and 1-1/4" capacity). These
sre used to tigh-n and l1o0sen the homb nut, the inftiatore, and
the prestu. e tryrsducar,

Iter: ¥B - Teflon Tape. This 13 used as & pressure seal for

tae transducer fitting in the side of the bomb can,

Additions for Celibration Only

18w

The following 1tems are used in the calibration of the
celorireter., For convenience, several of these {1tems may be
moynted on & hosrd with the bench holder, pressure transducer power
cupply, ard s chassis with the rnecessary alectrical circuitry,

Jtem CC - Calibra. on Plug. Thig ftem, shown in Appendix B,
sorews Into thr top of the bomb cap and has attached to it a 300
nher, 4 watt, % reststor. A Microdot Type 3.-87 subminfature femely
fitt'ng ‘s screwed frio the top of the calibration plug for the
slactrieal cennpction,
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Item DO - Calibration Circuit. Wired por diagram fn Appendix
B, this 1tem consists of a double pole, momentary contact switch
to simulianeously energize the calibrating resictor and the timer
for the RI1Zt method. [t also contains a precision 10 ahm reaststor
sdjusted to less than 0.1% and a double pole doubia throw switch
and dummy bomb resistor.

1tem EE - Electric Timer. (In addition to Item U) A digita
timer having a resolution of 0.1 sec which can be estimated to
0.03 sec.

Item FI - Digitsl Volimeter. Simpson Mode) 460 or equivalar -

accuracy of 0.1% with four digit display,

Note: Accuracy of 0.1% is desirable for the voltage
reading across the 10.00 ohm resistor calorimeter.
No particular accuracy is reauired for the voltmeter
used in calibrating the capacitor (1f tris method

1s used) so long as it 1s Vinasr,

[tam GG - Wheatstone Eridge. Leeds and Nurthrup Cat. No.
47690 or equivalent - 0.01% accuracy, readable to four significant
figures for measuring the resistance of the calibratioun plug
rectistor in tha bomb, the luads ro this resistor and the resistor
used tu calibrate the cypacitors (1f this method 1s used).

jtem HH - Power Supply. A varfahle 40 volt well regulated
supply is needed for the talit~ation circuit, Ttem DD. Ability to
maintain & constent current of about 100 ma to within 0.1% through
300 oams for 70 z9¢ 18 required,

The foilowing {tems are neadeu, in addition to some of the
previous 1tems, If che alturnate calibratiun method by capacitor
dis~harge s uskd.

Item JJ ~ Capacitors. Two 3nvague Mode) 26D “Powerlytic"”
copacitors - 36,000 microfarad et 160 VOC - or equivelent. These
sre usad to store the electricael energy used for calibration.
(See circutt dlagrem in Appendix 8,)

WAR SeEN wER WERE s
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Liom KK - celibrotion Circuit Board. Wired per diagra=m 1o

Appendix B, thig 1%6m consists of two nominalily 36,000 microfared,
100 VOC capecitors (ltem JJ) wired in parallel, & nominal 2,009 ohm,
1% precision reststor with sssociated switches and terminals.,

Ltem LL ~ Power Supply or Battery. A 100 volt source capeble
of supplying 2.5A 15 reeded for the calibration circuit, ftem KK,

The 2.85A rating may be raduced {f the 40 ohm resistor 1A She
capacitor charging circuit 15 tncreased proportionstely.

Praparing the Bomp

Step 1. Be certain that the interior surfaces of the bomd are
cleaned of uny material remaining from pravious runs. nwlso be
cortain thut the #60 dril) hola {n the pressure transducer fitting
is opea. If necesséry, remove the fitting, clean and retighten
with two layers of teflon tape. The 3/8" opening in this fitting
must be up and slignad with the ax!s of the can as shown in the bomb
assembly drawing in Appendix B. The end of the pipe threads should
be flush witn the inside 07 the can,

Step 2. Place the can in tre banch hnicder,

Stop 3. Place the cap with the teflon gasxat ¢n (he can, place
the nut over the cap, and tighsen with a wranch,

Step 4. Screw the pressure transducer into the fitting using
one 0 the O-r'ngs 38 & $mai. Tighten with a wranch,

S5tep 6. Screw an ‘nitiator into the cep udsing en O-ring s 0
sea). Tightan vith a wrench,

Preparing the Colorimeter Weter
$tep 1. Turn the electronic thermometer on and allow ft to warm

up. F111 a S0GC m) besker more than helf vay with dietilled water
or tap water., Adjust the teomperature of the wate- to 2.9 ¢+ 0.¢ C°
graater “han ro2m tempuratuie. 1o Ao thix, yse the two arobeus of
the kowlett-Packard thercometer wi.h ona r tha room and the other
stirring the water. [f 8n ¢lectroanic thermometer with only ane probe
used, then & marcury in glasr thermometer, correst to 0.1 C*, will

be needed to medsure the room temperatuyre,
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2tep 2. Of the water adjustad in Step ), measure 250 ¢ 0.1 m!
with & caliorated volumetric pipette,

3t0p 3. B¢ carcain that the vacuum flask 18 clean ané dry from
prévious use.

S56p 4. Pour the measured water (n%to the vacuum figsk, tefng
careful not to sprll or splash on the si1det of the flasx.

Asiambling the Celorimater

itep ). Flace the vacuum flask, with water tnitde, nto the
chlorimacar can.

288p 2. Ploce the celorimeter can into the calorimeter
Jacket

1142, 3. Connect tna sppropriate catles to vhe transducar end
the initiator which are mounted on the bomb, be curtsin that the
cabimg pass through the hole ‘n the calorimater covar. Turn the
trensdycor power on

30004, Place (ho bomb sssembly on the modified wira bomb
Buppoit asdombiy and iower into tne vacuum Flash The bLomb asctembly
$hould be on the s1de of the vacuum fluck away fros the calorie.
reler covar pin hove.  (This moximigzes the distance betweey tna
stirra) and the suspended components. ) Be carteti that the water
(overs the metal parts of Lhe bomb asnd conngcters.

Step 3 Place the probe of tre thurmometar thrcugh che holy
'n the calorimatar covar and sa;ust §0 that the end of tne probe
19 17 20 V7.5 om balow the bottom of the cover. This 18 Jone with
tha cover clamp that fits 1n the hole and sypports the thermometer
probe.

5°9p & Caratully put the calorimeter cover fn place, 1t 13
nhecessary to see that the probe fu freae in the water, that tha
slack 1s token out of vhe tLransducer end tnitiator cables, and thet
the stirrar does rot touch tne (ables or bomb assambly lurn the
stirre; bty hand Lo bn (ertatn ft 14 not touching
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BLep 2, Plece the stirrer drive bolt 1n plece 4nd atart the
moter. Adjust the belL tension sufficiently to reduce belt vidbration
(evertightuning will produce unwented hedating frem Che stirrer
besring).

Ihe Tant Ryn (%4 Hote below for those following this procedure for
the first time )

[t will ba necessery to tene ¢ix temperature readings to
0.001 C* &t cthe times {1n minytes) Indicated by the subscripts
below:

Y T T I

o' T3 Ter Tige Tige iy

Akep ). Start the stirrer running and allow 1t L0 run for ot
least 10 and prefarsbly 16 <inutes oefore starting the test, This
estoblishes the (empearature gredients within the calorimater and

improvas the correction 1o the spparent tenperature rise.

AL8R 2. Start the timer and read the temporature, This i3
TO' Resd the tomparature age‘n three minutes ‘ster. This f¢ 73.
Hoto tho differenca, 1.-7,. '

254p ). When the timer tndicates sfx minutes, read 16 end
note the difference, 76'73‘ It 76'73 differs “rom 73”‘0 by
0.001 C° or Yess, fire the fnitiator within 10 seconds of T‘.
If this differance s more than 0,001, reset the timer and start
temperature reasdings over,

2409 4. Cuntinue to reed temparatures st 12, 15 and 18 minutes.
These arae ‘12’ TIS' ond Ty The largest part of tne tota) tampara-
ture rise should be ovar by 12 minutes,

(This step and the sssociated colculations may have to

be modified following subsequant tasts by NASA on actua)

inftyators,)

Hote: To familiarize the operator on the fivet use of the fnstrument,
the temperatuyre of the water and atmosphsrg shduld be taken
¢t thrao .«inute fntarvals for a two hour period, varying the
room temparature, the stirrer belt tensiun and turning on and
off the transnducer power, fppendix G contains a sample of
date token by the Marry Diamond Lsboretories.
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Ine Selculestang
$tep 1. The aoperen: tempersture rise is 712-75. Compute this,

Gtep £, Check on the temperature gradients within the calorim-
eter or the 'tnearity of the heat losses Or gatns ss follows:

(‘; Ts'fo Shﬁvld b‘ "!h‘ﬂ 0.00' cF C' T6873'

(b’ ?18'7‘5 ‘FOU’G b! N‘thiﬂ O:OO’ c0 O' 7‘5.732'
In some cases this may be as much as 0,002 C°.

$tep 3. Check to see that the heat losses or gains are nearly
equal before and after the firing by comouting T1B-T]z and ?6"?0'

These should be nearly equal but 1n no case differ by more than
0.0n4 ¢°,

3%ep 4. Thy true temparature rise is the apparent rise minus
Y!B'TIZ' Note this corraction can be positive or negative.

2360 5. The tutel hea® released by the inftiator is equa) to
the water equivalent of the calorimeter times the true temperature
rise.

e LeEEER 00 WERENS 00 W



TABLE 3
DATA SHEET FOR OPERATING PROCEDURE

Moasyrements Colculations

TO P 73'73 e v
TJ ot st e g Tc'r3 . wosa e 5 v g
T

At tima 76' ft 45 nocasiary to see if 75-73 fe ~{thin 0.001 C° of

T,-Io. It 44 15, five within 10 secunds of Ts. If 12 95 not, reset
timer and starty over.

KT J—— AT S AT ——
LT J— SRR T R —
r

T

157T17 should be within 0,001 C* of T,,-T,, (never more than 0.002)

Te-T, »

€ 0 c——
Tie-Ty2 & —
718'712 must be within 0.004 C° of TG'TO

Apparent Temperature Rise » TIZ'TG »

e

Subtract Correction = 1T T € -

12 ———

187

True Temperature Rise = AT =

tnyrnsira

Heat Released = True Temperature Rise x Water Equivalent

= C° x cal/Co = cal
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APPENDLY. O - CAPACITOR MEASUREMENT

When e charged copacitor digcharges through a resistive circuit
the voltege arross the capasitor versus time 13 given Dy!
«1/7¢¢
v ¢ Voo
The derivarvion 0% this expressioan <an be found in most eiementary
rhysics Sexts. The time constant, «, 1§ RC and i1s the raciprocal
of the slopa of the straight line whicl rasuits whan In v 1
plot.ed versus ¢

To measure & capacitance raquives a charging circuit and @
resistor of known value through which the capscitor may he
discharged.

.
Batrery or [TV T Ve tmetar ar
Constant T —r— | R% Sfﬂ}é Charl-
Vo/Fage ]j_____ﬁ_”__ﬂ ]::;ﬁ” il REcoOrder-
Supply DPDT Swihh

A small resistance r s used 1n the charging circuit to pravent

a severe transient from being imposed on the power supply or
battery when the charging begins. It should be remembered that

the charging process 15 also exponential having time constant
(r*rb)c where the battery resistance, r,, has been included, Afrter
five time constants, the charging or discharging 1s 99.3% complete.
This f1s a convenient number of tima constants to keep in mind.

Tn obtain 200 joules ot stored energy requires the use of
large capacitances or high voltages. 7To uttlize voltages less than
100 volts requires somewhat less than 105 microfarads. Such capa.f-
tances are only available 1n 2lectrolytics #hich exhibit dialectric
absorption etfects. These effects produce & curve of In V vs ¢
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which 19 somaw-at non-linear for large values »f t. The slope, which
is fnversely proportional to the capacitance, dacreases steadrly as
shown in Fig. 12. This was obtained using 2000 ohms and the discharge
was monitored for about an hour. The capacitence computed fron the
slope varies from an initial value of about 0.00F to a final value

of 1.1F.

The above effect makes 1t infeasible to utilize ¢nargy over the
entire discharge, The effect 15 small and negligible st the higher
voltages., Hence a discherge 1n thne region from 100 V to 78 V will
be quite linear and the energy can be computad by a(vg . vf)/z
although this 13 more inconvenient since the inttial and fins!
voltages must be measured,

h plot of the discharge over the limited region 1s shown in
Fig. 13. Calculation of the time constants 18 shown on the graph in
addition to the value of C calculated from them,

The precision of C depends on three factors.
(1) Accuracy of the time measurement.

(2) Precision with which resistance, H, ts known
(and the fact that it 1s nct sufficiently
heated in the discharge to alter its value),

(3) Frecision with which the technician draws ¢he
“best fitting” curve to the points.

The "time constant” for the discharge is RC which s typtcaily
175 sec., a sufficiently long interval that an electric timer ¢f the
60 hz synchronous motor type can be used with a digital voltmeter
to record voltage readings every 15 or 20 sec. Nationwide, the
sccuracy of the 60 hz frequency ts about C.03% barring easily
detectable 2riunsients from lightnirg, surges, etc. Accuracy in
timing 13 thus limited only by the overator's accuracy in reading
the voltmater at the proper time intorvals.

Voltmeter accuracy of ¢+ 1| digit in a thrae ¢r four digtt figure
14 attatnable. Absolute accuracy 1% not necasrsory herg since only
ralative vcltage reading: are required for the graph. A precision
of iess than one percent 15 ettafnabliec. For the four plots in Fig.
13 the average is 0 UB42 F withr & stondard deviation of 0.00967 or
0.7%.
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R con Do measured using a Wheatstone bridge, the accuracy of
which has baen verified using appropriate standard resistors.
These usually have an accuracy of 0.1% or batter. A box bridge
vypically has four resistance diels and the galvanometer used with
1t should be of sufficient sensitivity that & changa of one digit
in the fourth significent figure 1s detectabdle.

In drawing the best fitting curve 1t it most important that
all the points have been plotted correctly and that they span a
tots! length on the graph paper of 8§ to 10 inches. If the plot
sigrificantly departs from a s¢raight 1ine by exhibiting definite
curvature as opposed to scatter,the dats should be discarded and
& new trial taken. For a single calibration a quick and suitable
tast of the probable precision 1s to draw three straight lines and
measure the slope of each., The middle one of these 1inss 13 the
"best fit" by the technicifan's judgament. The other tw> lires
would 11e one on either side of the "best fit" and would represent
the fit selected by a "reasonably careless" person. The percent
precision of the slope thus obtsined would be the perZunt pre-
cision of C assuming the resistance and the time had percent

precisions which were quite small (less than 1/2% for these¢ purposes).

For convenience, the charge/discharge circuit for capacitor
calibration s included with *hat for the bomb constant. The
circuit is shown 4n Jppendix B.

- . - o WS e W WE W s e

-
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APPENDIX E
CALIBRATION PROCEDURE - WATER EQUIVALENT

Two alternative electrical calibration methods for determining
the water equivalent have been vested. Each utilizes energy generated
by electrically heating a 300 ohm - 5 watt resistor immersed in water
inside the bomb.

In one method, heating is accomplished hy the current from a
voltage regulaced power supply for a measured time. The energy
generated is the product of the resistance, R, the current squared,
12, and the time, t. It will be referred to as the RIzt method.

The other methoa utilizes the discharge of a capacitor through
the resistor. The energy generated 1is CV2/2 where ¢ is the capaci-
tance and V 1s the voltage to which the capacitor was initially
charged. A procedure for measuring C is given in Appendix D,

Circuit diagrams for the components used in each method are
given in Appendix B.

The following procedure 1s for determining the water equivalent,
A complete calibration requires about 2 1/2 hours.

‘reparing the Calorimeter Water

Ste: 1. Turn on the electronfc thermometer and allow it to warm
up, about i5 to 30 minutes. F111 a 500 ml heaker more than half way
with distilled water or tap water. Adjust the temperature of the
water to 1.8 + 0.2 C° greater than room temperature. (See foctnote
below) To do this, use the two probes of the Hewiett-Packard
Thermometer with one in the room and the other stirring the water.
If an electronic thermometer with only one probe 1s used, then a

Hote: For a test rum as described in the Opurating Procedure

2.8 + 0.2 C° is used. For the Calibration Procedure this fis
reduced by 1 C° to allow for a number of repeated runs with
the same water without attaining calorimeter Lemperatures
much in excass of room temperature,
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mercury in glass thermometer, correct to 0.1 C°, will be reeded to
measure the room temperature.

Preparing the Bomb

Step 1. Inspect the resistor for any obvious defects in the
acryiic coating used to insulate its leads, particularly the lead
to the center of the piug {(the ungrounded lead). If a defect is
observed, repair the cu ting by respraying.

Step 2. Be certain that the interior surfaces of the bomb
are cleaned of any materiai remaining from previous runs. Also
be certain that the #50 driil hole in the pressure transducer
fitting is open. If recessary, remove the fitting, clean and
retighten with two layers of teflon tape. The 3/8" opening in
this fitting must be up and aligned with the axis of the can as
shown in the bomb assembly drawing in Appendix B. The end of the
pipe threads shoulc be flush with the inside of the can.

Step 3. Be certain that the vacuum flask is clean and dry
from previous use.

Step 4. Connect the calibration plug to the small lead wire
and measure the resistance of the combination on a Wheatstone
hridge whose accuracy has been verified to better than 0.1%,
preferably 0.01%. Record the value obtained.

Step 5. Disconnect the calibration plug and replace with a
Microdot 31-57 female plug,, the terminals of which have been
shorted together. With the Yheatstone tridge measure the lead
resistance alone and record the value obtained. Subtract this from
the value in Step 4 to obtain the corrected resistance for use in
the Rlzt calculation.

Step 6. Place the can in the bench holder.

Step 7. From the water adjusted in Step 1 of the previous
section, measure 250 mi + 0.1 ml with a calibrated volumetric
pipette.

Step 8., Pour about 8 mi of water from the pipette into the
bomb can. Be curtain that some water enters the transducer fitting.




3

$tep. 9. Pour the remainder of the 26D @) of prapared water
'tate the vacuum €lgek betng coreful not t¢ spt)) e splash an the
ytlge 6f Ike flsah,

AN TRREC Sctke the teaRedycas ifcn Busitina fipger tight ysing

pag .f YL Docstety 8 3 :gal.

itep 17, Fiece the cop witn thy teflon gesket on the can,
place the Ayt -ver Lhe cop, 6AC T'GNtEn with & wrench,

Jlep 4. Place tane calibratior pluy (A the cap and screw
firmly tut flager tight (.eakags of weter from the flask into the
bemb will net mattar),

Assambiing the 14 aripater

3440, 1. Placa the cacuum frask, with water faside, into the
catorineter can,

atep ¢. Fleze the calorimater can into the colorimetar jackev,

Step 3. Connect the ipprapriote cables to the transducer and
toae calibration plug whiesh are mounted on the bomb., Be certein that
the cebles pass through the hale ir the calorimeter cover.

atep 8. Plece the Lomo assenbly in the modified wire bomb
support sscembly and lower 1nto t%¢ vacuum flask, The bomb assembly
hould be on true side of the vacuum flagk sway from the calorimeter
¢covar pin hole, (This maximizes the Jistancy bhetweso the stiirer
erd e susnended components.) be certain thot tha water covers the
metal parts of the bomd and ronnectors.

Step b, Flace the probe of the therwometar through the hole
in the calorimeter covar and adjust 36 that the end of the probe
fs 17 to V7.5 cm helow the bottom of the cover. This 1s done with
the cover clsmp that fits tn the hole and suoports tha thermometer
probe.

Step 5. Cerefuliy put the calorimeter cover in place., 1t s
necessary to see thi*t the probg 13 frae in the water, that %the slack
ts teker vut of the transducer ond resistor cables, and thar the
stirrar does not touch the cahlss or bomb assembly. Turn the
tti-rer by hond to be certein §¢ {s Aot tourhing,
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Frasecing she fireyis

248p 1. Lead connections end electrorte suppliay,

{a) Cennosg ttg‘tronsducer 1ead {(mintature
soonigl rable with { g%gg cennsctor)
to 1ts powar supply %%% Urn the aAower ON,
(b)Y Connect the colibration resistor lead
(minfacure cooxinl cable with gg%g
connector) (nte 1te female rezeptacle on

the 39de 0f the braadbeard chassis.
{(Cireutt dragram i1n Appendix B.)

(¢) Pilug the tentn second d1?!to\ timar into
fts receptaclie on the colfbrating circuit
chassis and turn the timar switch ON
(the one on the timar 1tself),

(d) Connect the constant voltage supply to
the calibration chassis, turn the supply
ON and set the voltage at about 3% v,

‘e) Connect the digita) voltmeter to the black/
greon terminals on the calibreiion chassis.
20% the voltmater to reud & nominal 1t W
and turn tne power ON.

Step 2. On the celibration chassis, set the double pole
double throw switch to the dummy resistor position and close the
momentary contact switch. Verify that che seconds timer cuts on
and off proparly when the nomentery contact switch is depressed.
Hith thic switch ON, adjust the power supply voltage so the volt-
meter reads very close to | V (this makes the dummy resistor
current 0.1 A).

Step J. Reset the timer to 2ero and switch the double pole
doudle throw switch to the bomb resistor position.

The Calibration Run

Unlike the initiator tests, 1t is not necessary to change the
calorimeter water between runs. Therefore one run may be begun
immadiately following the precediny one. A waiting perfiod of about
15 minutes after beginning the stirring is required to stabilize
the temperature conditions., After that, the initial run requires
18 minutes as follows: € min constant temperature rise, 6 min
en¢rgy pulse detection, and 6 min new constant temperaturs rise.

®)
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LubsRgaer rort sFla- thr 1040 Bay &8 docs gv8ey V1§ 810 JiRCH
the Jast & atn periad of the proceding fuf can 56 vied &y the Firgt
€ min pertandg 6f Lthe REst PuR

1t will be necessary to taky temperatyre readinge to 0,000 °(
st the times (in minytes) Indiceted by the subscripts balow!

Tor Tye Tgo Tyge Tyge Tyuo Taae Tage Tyor Ty 0te.

Step 1. The scirrer, which was started asrliear, should be
allowdd to run at lerst 10 minvtas fo'lowing the time the trans-
ducer power was turned (H, This establisnes ressonsbly uniform
conditions.

$tep 2. Start tre timer and recd the temperature. This s T,.
Read the tempersture again threv minutes later. Thig g Ta. Hote
the difference, T3'To‘

Step 3. When the timer indicates iix minutes, resd T, and note
the differarce TG=T3. 13 TG*TS differs f-om T3eTo by 0.001 C¥ or
less, depress the momentary contact switca on the calibration
chassis to begin the heating pulse to the bomh within 10 seconds
of 76' [f the difference 1% more than 0.001 (¢, reset the timer
and start temperature readings over.

Step 4. Read and record the Zigital voltmeter reading as often
as convenient but at lea-t once every 15 or 20 seconds, more
frequently if it changes more than 0.001 V.

Step 5. After 67 7o 70 seconds energy pulse duration, release
the momentary contact ,witch and record the indicated time to the
nearest 0.03 sec. RESET the timer to zero. To reset timers using
electrical reset, throw the double pole doulle throw switch to the
dummy resistor position.

Ster 6. Continue to read temperatures at 12, 15, and 18 minutes.

These are le. TIS’ and T18' The largest part of the total tempera-
ture rise should be over by 12 minutes.
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wWitn SOME CRPEPIENMCK, Tui KEZ? STEP 19 KOT NECES4ARY AND Tng
PROGCEDURE CONTINUES AS 1P 1T WENE OHITYEN.

Yhig is By #1 and 18 14 Now cORpPIGta., The AssLl ryn sey be
tterted tamadiately butl cortain chocke 6n tae previous data are
sdvisabio te verify that the tempersture rise 1« remeining constant
b follows:

7;@”7\3 fhould he wilhtn 0.0601 € of ?'5»712. In
sere Ceses this muy be as muck a8 0.002 C*, Check
to rtec that the heat louses or goins are nesrly
squel before and after firing by computing 713'712
and 76'70' These should be nearly aquas! dut in no
cose differ by more than 0.004 C*.

Step 1. At 18 minutes, depress the momentary -~ontact switch
to begin a second neat pulses to the bomb.

Step 8. Record the afgital voltmeter reading at least every
15 to 20 seconds.

Step 9. After 67 to 70 seconds, release thc mumentary contact
switch and record the time to the n2arest 0.03 sec. P:SET the
timer to zero. v

Step 16. Continue to read temperatures at 24, 27, and 30
minutes. These are T24, T27. and T30. The largest part of the
total temperature rise should be over by 12 minutes.

Step 11. Continue sequence for successive runs untfil 12 runs
have been coumpleted.

Sten 12, Use the Wheatstone bridge to remeasure the resistance.
If it has changed as much as 2 ohms from its earlier value, the
acrylic coating has probably deterforated and the data shouid he
discarded.
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Ihe Laleylg'ion:

$44p ). The apperent tamperviture rigo iy f'z-YG for the first
rua, For the second run 1t 14 an“’za’ then 136aT30. etc. C(ompute
this rise for wach run,

Stap 2. Check on the temperature gradients within the calorime .or
or the linearity of the haat losses or gains a5 follows:

73-70 should be within ¢.00) C* of TG'TJ‘ Also ‘l’w-T,5 should
be within 0.001 C* of T,5~T,2. The same comparison should be made
betwaen 730-727 and 727'724' etc. Some of these differences may be
as much as 0.002 C¥, but 1f any are more than this, the preceding
run must be discarded from further calculations.

Step 3. Check to see that the heat losses or gains are nearly
equal before and as’ter a run. Compare 718"712 with TG'TO ard
130-T24 with TIB'le’ etc. These should be neariy equal but in no
case differ by more than 0.3C4 C°, If the difference is more than
6.004 C°, discard the run in question.

Step 4. The true temperature rise fs the apparent rise minus
the correction, For the first run the correction is T]8-T]2, for
the second vun the corre-tion is T30-T24. for the third 1t is
742'736’ etc. Compute all of the true temperature rises for runs
that passed the earlier tests.

Step 5. Average the digital voltmeter readings for each run.
Divide the average voltage in volts by 10.00 to cbtain the average
current in amperes. Note that these values should not differ greatly
if the power supply was functioning properly.

Step 6. (ompute the heat released in calories for each pulse
by the formula 0.239 RIzt. R is the resistance in ohms of the
calibrating resistor, corrected for the resistance of the leads;

I is the average current in amperes from Step 5; ard t i5 tne time
of the pulse in seconds measured ts 4 0.03 seconds. The factor
0.239 cal/J is a factor to change Jjoules to calories.

Step 7. Compute the water equivalent, h, in cdlories per C°
for each run by dividing the heat released for aach pulse in calories
by the true temperature rise in C°.
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Statistica: Treatment of Data

Step 1. Average the above 12 values of h and determine the
deviation, di’ of each individual reading from the average,.

Step 2. Square each deviation and average the squares. This
number is 02 and is called the variance.

Step 3. Take the square root of the variance to obtain o,
the standard deviation.

Step 4. If o is greater than 1% of the mean value of h the
data shows excessive scatter and the calibration should probably
be repeated.

Step 5. Had a very large number (several hundred) runs been
made the expected standard deviation of the mean, O for this

large group is given by Op = o/ VN where N is the number of vuns
in the group.

Note: Because the above runs were all done without a change
of calorimeter water, the above 75 does not contain an
allowance fer inaccuracies in measuring the water. When
groups of runs are dorne using a change of water, the standard
deviations for each group may be averaged to obtain a o

which does allow for this latter inaccuracy.

References:

Young, Hugh D.: Statistical Treatment of Experimental
Data. McGraw-Hill Book Co., Inc., 1962.

Bevington, Philip R.: Data Reduction and Error Analysis
for the Physical Science. McGraw-Hi11 Book Co.,
Inc., 1969,

AR M.

mr——.
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CHANGES IN PPOCEBURE FOR ALTERNATE CALIBRATION METHOD - CAPACITOR
DISCHARGE

The following procedure is based on that for the RIZt method.

Only the altered steps in that method are detailed below. A
different calibrating circuit chassis is used. See circuit diagram
in Appendix B.

Preparing the Circuitry

Step 1.
(¢) Omit

‘d) Connect the constant voltage supply (or battery
capable of supplying 100 volts at about 2 A) to
the calibration chassis and set the voltage 2t
about 100 V.

(%
~

Connect the digital voltmeter to the "Read
Resistance" terminals. Set the voltmeter ton
read a nominal 100 V and turn the power ON.

Sve; 2. On the calibration chassis, set one of the DPDT switches

——

to "OfF" a. 4 the other to "Chg".

Step 3. Omit

The Calibration Run

Step 3. No change except replace depress the momentary contact
switeh by thrnow the DPDT switch from 'Chg' to 'Dischg', nread the
volitmeter, and record as V. Throw the othen DPOT swifeh grom 'OFF!
to '"Bomb' on the calibration ..

Step 4. Omit

Step 5. When the voltmeter reads about 70 V, throw the DPDT
switch from "Bomb" to "OFF", Note and record the voltmeter reading
as a tentative value, VF'.

Step 5A (new). About 10 or 15 minutes later again record the
voltmeter reading as tne final value, VF‘ This will be a volt or
two higher than VF' above due to the dielectric absorption effect.
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The Calculations

Step 6. Replace the 0.239 R1%¢ by 0.239 & Ww2-v}

Note: The time delay in Step 5A makes this calibration
method longer since the capacitor must be allowed to
recharge following the wait and reading of Step 5A.

o —



Theory
In Sec. 5
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APPENDLX F

HEAT TRANSFERS ~ Temperature
Dependent &nd Non-Temperature Dependent

it was indicated that small guantities of heat could

produce noticeable effects in the measurement of the nominal 50
! calories from the initiator. Such :mall transfers were attributed
to two broad classes; temperature dependent and non-temperature

g dependent.
, Temperature Let %% =D (Tp-T)
ﬁ Dependent
Y Non-Temperature Let %% = N
i Dependent

" dq . , 41
I Transfer tc at h it

Water and Bomb

where dQ/dt

It

dT/dt

Combining terms

Time rate of neat transfer into the calorimeter
system

Time rate of increase of calorimeter water
temperature

The constant related to all temperature
dependent terms

The constant related to all non-temperature
dependent terms

Water equivalent of bomb, water, and calorimeter

= fmbient temperature (Room) of calerimeter

surroundings
Calorimeter water temperature

Initial calorimeter water temperature

@

ht e 92 = 0 (Tp-T) + N (1)
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The taspers-,re dapendant erm, 0 (t“ui). reprarents 4
"tum, .nq" 0% terms Aui to tonductlion, convecLion and radiation,
4l of which may be reprasantad by & roenstant times & temperature
differance beiwoan the system and 188 surroundings.

The non-temperature dependent term, N, reprasents a "lumping”
cf terms due to viscous friction from stirring the water, bearing
friction (which changes witr oelt tension and increases at lower
temperatures due to stiffening of the lubricant), and transducer
power. All of these represent heat "generated" from electrical
or mechanical energy at a rate not depending on the temperature
(except for the effect due to cold lubricant).

Evaluation of Heat Transfer Terms

Eq. (1) is based on an assumption that the heat transfer paths
and thermal gradients have been established for a sufficient time
that a negligible amount of the dQ/dt term is being utilized to
produce the gradient or to heat the insulating portions of the
calorimeter. This near equilibrium condition is called quasi-
equilibrium or quasi-steady state. For this system experimental
evidence findicates this condition obtains after 15 to 25 minutes
while true equilibrium is not reached for 15 to 25 hours.

Data was obtained durino quasi-steady state conditions for
temperature vs time over a wide range of temperature differences,
TR-T, If the slope, d7/dt, was constant for about five minutes
or more and if the water had been well stirred for 15 to 25 minutes,
it was evident that quasi-steady conditions existed. See typical
curves in Fig. 11 of Sec. 6.2 for these constant slope regions.

A plot of dT/dt vs TR-T was needed to experimentally verify
Eq. (1). Data was no%t taken specifically for this plot shown in
Fig. 14, Instead, data from numerous othler tests was used, much
of it being for nreliminary calibration runs and therefore clustered
near room temperature. Well over one hundred da%ta points are shown
covering circumstances sucn as:

(a) Transducer power ON and OFF

(b) Belt tension low, moderate and high
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(c) Ambient temperetures form -20°C to +30°C

(4) Repid changes of reom (ambient) temperature due to
heaters, radiators and 2ir conditionerse

(@) Addition of direct conducting paths such as thermometer
probes, stirrer shaft, and cables

Fig. 14 should be straight line 17 Eq. (1) is true. The slope of
this 1ine 1s D, the temperature dependent constant, and the "y
intercept” 18 N, the non-temperature dependent constant.

D should depend primariiy on the calorimeter construction and
should be almost constant for all tests shown. On the other hand,
N should vary primarily according to belt tension although some
tests were done without the transducer, which also has an effect.
Changes of D will be seen as a change of slope while an increase of
N will move the curve of Fig. 14 to the left but remaining parailel
to the iine shown.

A11 the data was shown even though there were differing condi-
tions in some tests in order to show the general agreement with
Eaq. (1). 7The line selected was a best estimate for moderate belt
tension witn transducer power on.

The points on Fig. 14 denoted by an X were obtained from a
test in a freezer with large temperature differences. To secure
values of dT/dt, a plot of T vs t was drawn and the slopes from
this plot were measured. The pairs of data points are due to the
slope remaining constant for periods of 20 to 60 minutes while the
temperature difference was two substantially different values at
the ends of the interval.

The equation of the experimentally obtained line in Fig. 14 is:

1.86 (TR-T) + 4.4 using units of Fig. 14
0.60186 (TR-T) + 0.0044 deg/min

dT D N

4]

u
i
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So!ving.for D and N using h = 284 cal/C®
. = - cal
0 = 284 x 0.00186 0.53 T min

N = 284 x 0.0044 = 1.25 cal/min

These values are probably accurate to + 20% depending on the judg-
ment used in selecting the best fitting line in Fig. 13.

Equiliibrium Temperature

It is desirable that determinations of these small quantities
of heat be done near dT7/dt = 0 to balance, as nearly as pcssible,
the heat gains and losses. FEg. (1) predicts the equilibrium
temperature difference as

0=0 (TR-T) + N

Te=T - N/D

R
T-Tp

N/D = 0.0044/0.00186 = 2.4 C°
This i¢ also indicated graphically in Fig. 14 by the X-axis intercept.

Transducer Power

A communication from the transducer manufacturer indicates the
rate of energy generation is

P

VI = 11 x 0.004 = 0.044 j/sec
0.0705 cal/sec = 6.631 cal/min

H

Stirrer and Bearing Friction Power

Subtracting P above from N above gives:
N-P = 1.25 - 0.63 = 0.62 cal/min
It would therefore appear that about equal amounts of electrical

power (from the transducer) and mechanical power (from frictional
and viscous effects) are converted to heat.
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Calorimeter Thermal Time Constzant

Integration of Eq. (') yields:

t

;
ar__ . d
D TP'T +N h
T0 0
M LUSIEL e
B(T - Tg) # N h
D (Tg=T) + N = [D (Tp-T ) + N] 7O/ (2)

This is an exponential as is common for many systems apprcaching
equilibrium. If N/D << (TR-T) then Eq. (2) reduces to

T = . -Dt/h
T (TR To) e

- -Dt/h
or AT ATmax e

indicating that a temperature difference plotted on a logaritamic
scale versus time should be linear, having a time constant T = h/D.

N/D

Equilibrium Temperature = 2.4 C°

h/D 1/0.00186 = 538 min = 3.0 hr

The above calculations are verified by Fig. 15 which is a
plot of the logarithm of (TR'T)/(TR'To) vs time. The data was
taken by placing the calorimeter inside a freezer maintained near
-17°C. The calorimeter water was initially at 24°C so the condi-
tion n/D <« TR-T 15 reasonably fulfilled (2.4 << 41)., Initially,
points did not fall on the line until quasi-steady state was
reached. As the calorimeter temperature dropped, the final points
did not fall on the line probably because at these temperatures

(7°C) the approximation was poorer (2.4 << 24). The break in the
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intermediate points was caused by a ternporary failure of the freezer
thermostat resu]ting in a change of ambient from -17°C to -20°C over
a 40 minute period after which the -17°C ambient Wwas restored.

The slopes on either side of this break are equal and have a
value of 0.00196 min~’ yielding a time constant uvf 510 min or 8.5
hrs which agrees well with the previous value of h/D of 9.0 hrs.
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Appendix G

Calibration of Bomb Calorimeter at Harry Diamond Laboratories

Data taken during celibration of the bomb calorimeter at the H- ry Diamcnd
Leboratories is shown below. Table 1 shows data for 14 runs without changing water,
Table 2 shows data for 3 runs in which the water was changed each time,

During each run, the room temperature varied by sbout 0.2 to 0.5°C. The max-
imum measured room temperature wes 24.2339C, and the minimum was 23.747°C during
the 14 run sequence. The water temperature was therefore 4° to 6°C above room
temperature instead of the 1,8°C value recommended by VMIRL, but this did not
aprear to affect the accuracy of the experiment, although the higher temperature
did cause large negetive slopes in the time-temperature curves. For *the three
runs in which the water was changed, the water temperature was about 2°C above
room temperature, as shown in Table 2.

The 1% run sequence had 12 usable calibrations which produced a water equive
alent of 28L4.3 cal/c® with a ¥ of 2.2 cal/C® or 0,80%. Wnen this value is used
with the date for the 3 runs in which the water was changed, a total of 4 runs
were made with different water samples, and the water equivalent for the four runs
is 284,75 cal/co with a%of 2,05 or 0.72. The data obtained was therefore in
good agreement with the capabilities of the calorimeter as reported by VMIRL.
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Table 1
Water Equivalent of Precision Calorimeter Measured
Without Removing Water

Time Bomb Pulse Average V Total Heat Apparent Correction True Water Deviation of
{(Min) Temp. Duration Across Supplied by Temp. Rise for Heat Temp. Equivalent Water Equivalent
(°¢c) (sec) 10.00 ohm pulse (cal) (°c) Losses or Rise  (cal/cP) from Average
Resistor (V) Gains from (°c) value (Cal/c®)
Surroundings

(°c)

oW

28.676 69.62 1.005 50.97 .163 017 180 283.2 -1.1

69.62 1.00L45 50,92 161 .017 178  286.1 +1.8

n
&
N
&
06

28.943 69.95 1.0045 51.16 .162 L015% JATT

= O oo ot (¥
M\O OB\O ON\OO\O HK;O\ o
n
o
(o]
=
o

29.078 69.78 1.005 51.09 .158 .023 .181

=\ O\

N

§ N
[0S ]
H

69.13 1.005 50.61 .153 .025 178 284.3 0.0

K;\O O
N
W
*
w
=
o

29.33% 69.60 1.005 50.96 .155 .027 182 280.0 4.3

=\ OO
N

5\' £
I8 R

69.78 1.005 51.09 .152 .029 .81 282.3 -2.0




Table 1 (Cont)
Water Equivalent of Precision Calorimeter Measured
Without Removing Water

Run Time Bomb Pulse Average V Total Heat Apparent Correction True Water Deviation of
No. (Min) Temp. Duration Across Supplied by Temp. Rise for Heat Temp. Equivalent Water Equivalent
(°c) (sec) 10.00 ohm Pulse (Cal) (°c) Losses or Rise (Cal/c°) from Average
Resistor (V) Gains from (°c) Value (Cal/c®)

roundings
&

29.577 69.50 1.0045 50.83 .149 .029 178 285.6 +1.3

29.692 69.30 1,005 50,74 k6 .031 7T 286.7 +2.4

3
2
[0 2]
L6

10

69.62 1.005 50.97 U6 034 180 283.2 -1,1

29.912 69.60 1,005 50.96 .1ub .036 180 283.1 -1.2

30.C16 69.60 1.0045 50,91 L2 .038 .180 282.8 1.5

13 30.116 69.60 1.003 50,76 .139 .039 178 285.2 +0.9

k)‘\D O K;\D A0 B\D (s Ya B‘\D (e Yo, R)'\O O s\o Ao K;\D (s Yo

ik 30.214 69.60 1.004 50.86 .137 .039 176 289.0 4,7



Table 1 {Cont)

Bomb resistor 303.3 ohms excluding leads before and after calibration runs.

Average value of watsr equivalent (excluding runs 3 and 4) 284.3 Cal/c®
o (excluding runs 3 and 4) 2.275 cal/c®.

Room temperature 23.747°C to 24.333°C minimum and maximum quring 14 runs.

#This correction is in error because of a mistake in measurement of time at
the end of the run. Runs 3 and L, were therefore omitted from the calculations.

cé
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