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Abstract

© The cracking of mass and structural conerete due to thermal stress is 2 major prob- -
lem in the concrete construction industry. Concrete will crack when the thermal
stress exceeds the terisile strength of the conerete, b’ecisions ont the type of concrete
mix, moliug_fa.cilitiaa and construction techniques to be used in the erection of a
ronicrete structure can only be made if the thermal behaviour and strength of the
conerete can be predicted during hydration, This thesis describes the development
 of a low cost, c'omputer conirolled, adiabatic calorimster to determing the heat of
hydrntinn and a probe to determine the thermat mnductiwty of concrets samples.
_'Ihe main thrust of thig thes:s is the development of the thermal conductmt.v probe
which, for, the first time, can measure the thermal conductmty of conerete throngh

all ata.gea\of hydration. A thermal model was also developed to verify the results,

- and the ute of the calorimeter for temperatuie matched curing tests is alan discussed,
Reauits, obtained from the test procedures described, will provide far more accurate
prediciions of the temperatures in concrete structures than was possible in the past.
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Cﬁéptér 1
' INTRODUCTION

The cracking of mass and structural concrete due to tiermal stress s & ma; .+ prob-
- lem in the construction of concrete structures with iatge tross sections. Theriral

_ stress is the result of internal straine within the structures due to temperature changes
and gradienta cansed by she exothermic hydratmn procees, or cha.nges in tha ambient
: tempera.ture .ondltmns. :

.'.f' o

Ay, i _‘ LT
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. . . .. . . _. - . . . . . (;J‘l’ ; : .rl._..-'l )
A chemical reaction tekes place 25 soon as water is mixed with cement. The foud

major components.f the cement which react with the water ape tricalctum silicate,
dicaleium silicate, tricalcium aluminate plus gypsum and tetracaléium aluminoferrite £

{1, 2). These react™ans are all exothermic; producing what is known as the heat of
hydration. The heat pmd\:ced by each of these reactions differs as shown in table 1.1
and the relative propnrtloas of these camponents alters the tota.l heat preduced

Low heat pruducing cement is mainly manufaétured by reducim,g tl*aa high heat ev._rol_'v_n- L | o

ing tricalcitm compounds by increasing the content of ferric pxide during the manu.
factuiing process. This, unfortunately, reduces the rate of strength gain in concrete
- made with this cemend which could disrupt the construction process. The addition

“Table 1.1: Heat of Hydr-s1on of C"em_eﬂt Caonstituents
(after <ectnin [1})

- Tricalcium silicate =~ 500 kJ/kg

' Dicalcium silicate 260 kJ/kg
" Tricalcium aluminate 860 ki/kg

Tetracalcium aluminoferiite 420 ki/kg



of cement extenders, such as fiy agh {FA) or blast furnace slag (GGRS) reduces the |

heating rate of the concrete, thus reducing the maximum temperatnm reached in
a structure 3], The percentage of cement in concrete and the water:cement ratio
‘will also ajter the heat pmtmced during hydration, as well as the strength of the
concrete 13} _

The temperature thanges, as a result of hydra.tion, will cause changes in volume
within the structure that are dependent on the coefficient of thermal expansion
of the concrete. The magnitude of the thermal strezs caused by this expansion is
dependent on the elastic modulue of the concrete and the degyee af restraint of the

_.structuze, All these factors are dependent on the degres of hydration and the cooling

rate of the structure, and will therefore vary with time. Creep and drying shrinkage
witl aJso influence the cracking strain of the concrese, addmp; to the comple:dt“ of

modelling the thermal stresses.

Concrate will crack if the th&mal stress is greater than ot equal to the tensnle _

- 'strength of the concrete [4].

The t'ensile stre’ngth of plain concrets cannot be increased without &ecreasing the

watencement ratio by increasing the cement content, resnltmg in an increase in the

' hea.t of hydration and mcreased thermal stress.

- The therma.l stress (u') at a.ut point uf a concrete block lying on a rigid founda.tmn

s ngen as b _
o= - 1-—_;; (1.1).
where

K, = Degree of restraint caused by the foundation and the hard. -
ening concrete -
Bt = Effoctive modulus of elasticity (influenced by the foundatmn
- and reduction of stress due to relaxa.tmn) '
~a'= Thermal expansion
7 = The difference between the maximum concrete temperature
and the surrounding air tempera.ture '
= Pmsson‘s Ratio

Ky, Eepsvand sare alk ﬂependent on the geometry of the stmcture, the construction
methods and the aggrogates used in the concrete mix. [4, 5, 6], As these factors are’
very iargely site dependent, the only controllable factor is the teraperature drop (67). -
The magnitude of &7 is directly related to the maximum temperature obtained

3



' dusing the hydration period. The heat of hydration, thermal conductivity and the

ambient temperatuze all infizence the maximum tempetature in a concrete structire,

The dimensions of mass or large concrete structures are difficult to define 25 the
type of rement and construdtion_ teciiniques used; as well as the physical dimensions,
nced to be considered. Any concrete structure where the thermal stress, induced
by the ha*a.t of hydration, may exceed the tensile atrength of the concrete slmu!d he

canmdere& 2 a3 11088 cohierate stmcture. :

The physical pmp’erties of concrete ate both time and temperature dependent, with

the rise in temperature beiny catalytic to the hydration reaction [7. To deter-

_mine the actual tensile stsength of the concrete in a structure, tensile strength tests .
~should be conducted on concrete samples cured at the expected temperature praﬁle

that would be found at different depths within the structure. These are known as

- temperature matched curing (TNIC) tests {8, 8, 10},

The choice of the correct concrete mix and posszhl.e cooling facilities for a structure
are difficult to determme i the full information to create an axcu:ate model ig not

‘available. For accurate models of thermal siress and strain in vauuus structures

to be determined, the hest of hydration and thermal conductivity of the concrete
to be used in the structures need to be known throughout the entive hydration
and cooling periods. This is important for both the control and management of any
thermal cracking in continuous concrete pours and both crack control and prediction

-of cooling rates where joints need to be grouted after initial shrinkage of the structure

has ocourred. This second fact is very importan® in the construction pisnning stages
of a project, 25 delays in grouting tan result in construction dela.ya and large expenses

' to the contractor,

The heat of hydra.tinn of a concrete mixture is normally derived using the heat of

solution test [Li], adiabatic calorimetiy {12, 13, 7], the aaﬂthermal method [?] or
canductmn calorimetry [14]. '

The thermal cﬁnductivity oi' 2 conerete mig during the initial hydration period has,
apparently, never heen measa 4 before. Traditionally the values for the thermal
coaductivity used for heat sode's of concrete structures have been based on the -

properties of the aggregate or the hardened concrete with a single vaiue being as-
sumed for alt stages of hydration. This does not represeﬁt the actual conditions of -
the concrete during hydration and the need for a better test method was apparent,
(‘omerete has two major problems associated with the measurement of its thermal
conductivity dunng hydration. They are the change in state fmm a “senu-l:qmd‘*



to & ::nhd within the first twenty four hours of hydmtxon as well as the simultanem:s
pmduction of heat. :

‘The thesis describes the development of a computer controiled cslorimater, a thex.
imal conductivity probe and a set of laboratory tests used to determine the heat
* generation and heat dissipation properties of z conerete sample thronghout the hy-
diation cycle. The main shrust of the work was the development of & test method to

 'measure the thermal conductivity of ©  concrate during the hydration period. In

addition, a simple dynamic heat model, using the test results as inpnt, was developed
10 estimate the temperatures obtained at different depths in a concrete structure.
The development of the mode} was primarily to test the results obtained from the
. new tst proceduras, Similarly, . wless oiherwiss stated, the various concrete mixes
" used in this thesis were chosen for their convenience for sasy mixing and haadling
‘rather than any practical applications, and any compatison of the results should
he mnai&e;ed in this Yight. - The tests conducted only covered the early hydration
period of the concrete, normally the first three to five days, to reduce the duration
- of a test during the development period of the apparatus. The heat being produced
by the hydration had dropped to pra.ctxcally zero in all tosts. presented this thesxs _
There is no reason why the period cannot be extended further if this is necessary. .
"The use of the caiorimeter for temperature matched curing tests is also discussed.

The thesis has been divided_ into chapterﬁ covering the following tapi&s:

* A literature review of the research undertaken and present practices to min-
imise damage in concret’.e structures due to thermal stress.

“w The deve‘.;pment and cahbra.txan of an adiabatic calorimeter for testing t"m
thermal hehaviour of 2 kg concrete samples.

s The determina.tinn of the heat of hydra.tion of sa.mplea tested in the calorimoter,

+ The development and calibration of a probe 10 measure thc thermal conduc.
* tivity of concrete sarples durmg alt stagc.s of hydration. '

» A thermal model to venfy the results obtmned fmm the calonmeter and ther-
mal con&uctmty prohe

+ A discussion o7 the use of the resuits nhtamed in pracucal appltcatmns, cra.ck
prediction and future rcsearch. §



| Chﬁ_pter 2
REVIEW OF THE LITERATURE

The Hterature reviow examines research undertaken with the sperific alm of minimis-
ing damage in toncrete structures due to thermal stress. The review has been divided -
intu five sections: The firss two cove the development of measurement techuniques _ '
used to determine the heat of hydration and thermal conductivity of concrete, The
‘third section cavers the measurement and calculation of the temperadure increase in
concreta structures, while the fourth &eécribés ways to determine and contrel ther
mal stress. The fifth section briefly reviews current practices and recommendations.
- Althongh the Bterature review has been divided into the five sections for conve-
nience, the subjects covered are all interrelated, with many re#ea.rchers investigating
More Wah one aspect of thermal stress in conerefe,

2.4 Heat of Hydration

The four most commeon methods for the determination of the heat of hydration of
concrete that were found in the literature are discussed below: '

" The heat of solution {11] test is a chomical test where the difference in the heat -
produced by dry and hydrated cement yamples, when mixed with & Nitric and
Hydrofluoric acid mixture, sre compared. The difference between the heat "
obtained from the two samples gives the heet of hydration during the period
that the hydrated sample had been hydrating. Tests are conducted on 7 and
28 day hydrated swmples. The heat of solution method only determines the
total heat produced by the cement in & conerete, but does not ind'icate the rate
of heat production at any point in time. The main attraction of the heat of
sqlutiun test is the relatively low cost and simplicity of the test when compared

5




' mth other me!:hods.

.. Condnctxon calorimetry {14] measures ths amount of heat' removed from a
 sample of hydrating cement paste, Thiz does not allow the sample to obtain. '_
the témperatures which i would in a contrete structure, and therefore does
not simulate the true conditions, as the rate of hydration is aifac'ced by the
tempera.ture of the concrete. ' :

'» Adlabatic calorimetry [12, 13, 7] allows for both the total heat and the rate
Cof ha_'q.t pro ‘uced by the concrete to be accurately determiaed, as there is no

* heat transfer from, or into, the test sample. Adiabatic cupditions exist in

mass concrete at depths greater than 0,6 m (7], so an adiabasic calorimeter -
will provide the conditions nn&e.r which the bulk of 2. mass conerate structure
will hydrate. :

» The isothermal method {7} is a quaax-adla.ha.tm method, using a Dev.fa.r or
thermos flask to prevent heat loss, instead of an ediabatic control system. The

heat loss from the flask is difficalt to determine and will aﬂ'ect tke sate of

_ hydratmn gwing mcorrect results

- In 1032 D’a.v_ey [15] describ_ed an adia.ba.tic cilbrimeter which he used to detérnline |

~ the waximum tise in temperature that would be expecied in inass concrete. Ssiz

stated in his technical paper [16), the observation and determination of the heat of
hydration was fizst reportcd by Ribaucour in 1898, Howard in 1901 and Gary in 1006,
_Davey also com{ia._rns the heat of solution method with. lis adiabatic calorimeter, as
- well as t__:lie caloriraeics’s ability 'to_predict' the temperature tise in mass concrete,

Rlanks [17] and Melssner [18] deseribed the davelopment of large adiabatic calorime-
ter rooms, a8 well as the results obtained for various concrete mixes for an investi-
gation into concrete for use in the construction of the Hoover Dam.

Carlson [19) correlates the various methods for determining the heat of hydration
that were in common use at the time. He discusses the merits and disadvantages of
the heat of solution methed, adiafna.tic ca!orimétry and conduction calorimetry, He
found that aimost identical results could be obtained from all three metharls if due
regard was pald o poss:ble sources of errar. These he defines as:

« The inability of adiabatic and conduction calorimeters to measure the imme-
diate heat of hydration and the variations of the specitic heat of conerete with
temperature, which affects the results obtained from an adiabatic calorimeter. -




Carlson defines the immediate heat of hydra.tiuﬁ as “the immediate and ap-
preciable rise in temperaturs when cement is mixed with wate:”. This heat
- production contirues at a diminishing rate for about half an hour. Carlson be- _
lieved that this heat is produced by the solution of free oxides and impurities,
with only & small amount due to the hydration of the primary compounds or
" to the wetting of the cemant grains, This heat amounts to about 5% of the
total heat of hydration measured by the heat of sclution method.

~ » Changes in the specific heat of the cement paste during hydration.

. Ca.rbona.tion of the specimens introduces errors in the heat af_s‘nlutidn method.

+ The need for str:ct control with both mlxmg tcchmques and water: cement '

~ yatios.

Terch [20] describes a conduction calorimete Ml to determine the infiuence of
gypsum an the hydration of cement aad in 1948 [21), in a study of cement perfor-
* maneo in concrete, he dezeribes both conduction calorinetry and the heat of solution
~ method for determining the heat of hydration, Ludwig [22] describes an improved

conduction calorimeter patterned after the ones deseribed by Carlson and Lerch. '

In 1962 Klein [23‘ described mathods o ﬁetemzine the thermal properties of conerete |
- under adiabatic curing. His results for the heat of bydration proved unreliable, a5 was
pointed out by McCoy in his discussion on the paper. Neither made any reference

e Carlson’s work which would ha.w.e explmnvd the BTTOTE,

‘Basson {7, on a visit to South Africa, compared adiabatic, isothermal and the heat
of solution methods, for determining the heat of Lydraiion of concrete using portland |
coment and blastfurnace slag, His rosuits showed that tho heat of sulution method
gave much lower vatues than the other two methods, Hoexploined that this difference
was due to the fact that the conservation of heat in the adiabatic and isethermal
wmetheds is catalytic to the hydration reaction. Basson's results contradict these
reported by Carlson [19]. Tle season for this may be that, i:nmpared to Carlson’s
work in 1938, the current heat of solution test ASTM C1y6-82 {11] spocifies special
hanoling tochniques to prevent exposure to the air to prevent carbonation of the
sample. Catlson reported values for the heat of hydration of up to 20% higher for
- <amples that had been alfuwed to carbonate cumpared to smnple* where carbonation
was prevented. '

Monfore {14} describos an “Isothermal’ conduction calorimeter usedl to studv the .
early hydration reactions nf portland crments, '

oy



The heat of solution test {11, 24] has become the standard methed for getermining -
ihe total heat of hydration of cement. Adiabatic calorimetry {25, 26, 27, 28] and
conduction calorimetry 129, 30, 31, 32] methods are used where the hea.t evolution
with respect to time Is required. '

Measmments of temperature increases in large concrete structures have also been
undertaken by Dunstan {33), Gotsis [34) and Peri'ect {35] to cietemnne the heat of

o hydra.non of the cement usel:i in tl'tose structures.

Caanon {36‘} describes the effect that the changes in cement properties over a 50

year period have had on the heat of hydration of concrete. The basic changes to the
- compogition of OPC have been & relative increase fn the tricalcium silicate (8]
content and increased fineness of the product. Both these factors will lead to higher,
and earlier, heats of hydration when todays cements are compared with those of the
_ past. Opinion is that simitar trends have taken place in the manvfacture of South
* African cements, although this has not been documented.

2.2 Thermal Conductivity

Carmen {37] was the frst person to obtain the absolute thermal conductivity of stan-
dard concrete mixtures. He refors to soma sarlier work by Nusselt (1809), Nortun
{181 1) and Willard (191'1’) The method he used is the ‘cylinder method’, where
heat is generated in a hole ) runnmg axi_a.lly through the centre of a cylinder of drind,
 hardened concrete and the radial temperature gradient of the heat flow I8 measured
by temperature probes. This temperature gradient is-then_rélated to the thermal
conductivity of the cured concrete, Yoshida, also working at the Univessity of Ili-
nols, describes on indirect method of determi'ni'ng the thermal diffusivity of concrete
at temperatures below 10 degrees C [38]. His work is only valid at low tempera- |
tures where hydration has stopped. Results of both these researchers were discussed
and used by Da,vey 18] in lus determmatmn of the temperature nae of hydra.ting _
concerete, '

An investigntion into the thermal conductivities of masonry, concretes and ;ﬂaster
was carried ont by Griffiths [39] using the ‘wall’ or “plate’ method, He lists the
thermal conductivitios of solid, cavity and cnmpos:te walls usmg various materials
and & number of concrete and plaster mixes. Co

In & roport on an investigation to determine the thermal properties of concrete



proposed for the Bowtder Dam, Rippon [40] describes the appasra.ius and test _met'l'mds'

used to determine the thermeal conductivity, density, specific heat, and hence_ the

thermal diffusivity of ronerete samples. - These procedures were included In the

- . Handbook for Concrete and Clement {41] and updated in 1073 [42).

 Tyver {43] ses & ‘Guarded hot ﬁla.te’ ﬁethod, based .on.the ASTM stendard C177-
- 42T(1942) to determine the thermal conductivity of mestone concrete.

- Research condueted to determine the thermal conductivity of variers concrete prod-
- ucts {23, 44, 45, 46] used one of the methods described above, with the e::"eption.. '
~ of Rousan {47}, who used 2 thermal comparator method. This method consists of
twe thermn-couple junctions protruding from & cylinder of water kept at 2 constant

~ temyperature above that of the sample. One junction is brought into contact with
the ssanple under test while the other is in contact with air. The difference in the
- temperature of the two junctions, after calibration, is then related to the thermal
conductivity of the sample. The main advantage of this techmque is that very little
hea.t. is introduced into the aample under tesi. :

| _ N‘oﬁe of the tests found in the Iiterature measure the thermal conductivity during

hydration and are ail conducted un cured and normally ﬁre-dried samples. The use

~ of dried concrete samples does not "epren?nt condmnns fonnd in concrete duting or
 after the hydmtwn periad. ' ' |

2.3 Temperature Measurement and Caleulation
2.3,1 Temperature measurement

Davey [16), in o paper dis_cuss’iilg all test and measurement procedures connected
with the tempemture rise in hydrating concrete, reports on extensive reseﬁrgh into
ike rise of the temperature of cement duting hydration conducted by Killig, Kalsai
and Hosshach, in Germany during the years 1808 to 1910. This was followed by
work by Beals, Cushman, Frey, Beckwnann and Bates in America. Davey then de.

scribes methods to determine the hunt of hydration, thermal dunduct.ivity and other
thermal properties of concrete. In 1935 he published' a paper {48]'w1ﬁéh correlated

bis laboratory results with temperatures observed in Jarge dams. His work showed -
good correlation hetween tests undertaken in an adinbatic éalorimetér and mesgure-
ments taken at two dam sites. These two papers have becore almost definitive in
the Reld of temperature increases_ih Targe concrete structures, as they discuss, in



detail, the fictors inftiencing the temperature rise in tofticrete and measurement
techniques. Methods to reduce the heat generated during hydration and to contrel
thermal stress are also discussed. Further work was carried ont by Rlein 23]

2.3.2 Temperature and heat flow calculation

* Models and mathematical procedures were developed to help the engineer predict
the témperaturés in masy concrete structures, In 1035 Glover [49] published a math-
ematical method to predict the heat flow in dams. McHenry {50] tested this model
. with temperatures measured a4 the Norxis Dam, and explained mogt of the discrep
ancies he found, ﬁne of the problems was th_é heat generated by previous lifts, and
~ Glover proposed an improved model {51} in 1837. In the same year Carlson presented
a éimple method for the computation of teraperatures in concrete sii:uctures [52].

24 ".’I‘hex?ma.l Stress -

The fiterature reviewed in this section is dependent t_m the results obtained from the -
‘work reviewad in the pravious sections and describes waya to defermine and control
thermal stress in concrete structures, -

Tures papers were presented at the 34th Annual Convention of the Amgricﬁn Con.
“crote Institute in 1038 by Carlson [53], Blanks {54] and Kelly [55] in which thermal
stress, cracking and temperature rise were discussed it some detail, These papers
vovered the theary; as well as laboratory and on site testing of mass concrete,

In 1945 Rawhauser [56] published a comprehensive paper (167 pages) on the control
of temperature and the cracking of mass concrete, as a preliminary Teport on the
wark of a subcommittes of the ACE Committee 207. The full report was published
in April 1970 J6] and has become the standard reference for mass concrete and dam
construction [57). During this time, other work was published on the subject of
durability by Weiner [58] and on crack control by Waugh [59], the United States
Department of the Interior {60} and Townsend [61).

The ACI Committee 207 report was followed by andther turee from ACL commit-
toes {224 and 207) on the control of cracking in conerate structures [62], reinforced
structures [5] and mass concrete {57]. These too have become standard references,

e



Thesa reports have been summarised, togethes with the findings of other reséar'cheﬁ, |
in the cha.pters ont Thermal Propertms in ftwo ASTM special technical pnblica.txons_ '
1694 [63] and 1698 [64].

At the congress on Iarge dams in 1935 three papers dealing with measures t6 prevent
cmkmg in mass concrete were presente& describing work undertaken in Austﬂa.
_(W:dmann (68]), Bra.z'l (Pa.ulon [4]) and Jepan (Fuj:sa.Wa. [66])

_ ‘x'a.mua.kx described the meaaumment of thermal atress ina tluck wall "17} and

' Haghes [68] detalled laboratory tests on the thermal stress in reinforced concrete.
Spnngenschmxd {66) described tests on concrete samples in & cracking test frame,
whch was follow:ed by a pa.per by Schoppel {70} usmg the same apparatus,

P‘apers on mathematical models of the thermal stress in concrete include twe with
 slag cements by Wainwright {25, 25) and two covering nonlinear a.nalysxs by Brauco
{7 1] and Majorana [72]

2.5 Current Practices and Recommendations -

Three sources of recormendations on the constraction of mass concrete were ine
vestigated. 'I‘hese wore the ACI Commlttee 207 report on mass concrete in the
ACT Manual of concrete practice [57] the Partla.nd Cement Associstion’s report on
“Conerete for Magsive Structures” [73] and Fulton’s Conerete Pachnology [3].

2,51 ACI Committee 207

This report {57] gives comprehensive recommendutions for the construction of mas-
sive conerete structures. The thermal propertics given are mainly based on informa-
tion obtained from Rhodes [64], Rhodes, In the ASTM Techsical Publication 1691,
both defines and gives pa.ramétérs for thermal conductivity, specific Iiea;t, thermal -
_dxﬂ'usivntv, thermal expansmn and heat of hydration of concreta, He also describes.
test methods ta determine the values of these patameters. '

The _A.(‘T?I Committue 207 report gives 3 table listing the thermal properties of con- -
erete mensured at seventeen structures in the United States of America. Thermal -
conductivities were measured at all the sites using the U5, Army Corps of Engineers
procedure C RD~ 38! [a£2] ‘These tests were conducted on hardened concrete sarmplea
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A method to predict the heat dxsslpa.tmn i bodxes of magk conerete is descrihed
and charts and graphs are provided to simplify the method where fhe body to be
~analysed can be approximated fo a known geometrical shape.

No specific method is given for the measurement of the heat of hydreiion of the

concrete, although Rhodes does state that the Heal of Solution method [11] i the

most popular methed, The use of low heat genera.ting cement is recommended as

well as the possnble use of extenders, The report suggesis that the extenders should
- be considered as producing 50% of the heat of the cement they replace. Further -
tempetature control procedures are also deseribed., These include the pre-couhng '

- of the constituents of the concrete, the addition of ice to the mixing water, and
" embedded pipe cooling ir $he structure after the plamement of the concrete, |

2.5.2 Portland Cement Associatidn'

The recommendations in the report [73] are baged on the paper by Townqend [61] and
the ACI Committee 207 report {57]. A method is given to calculate the adiabatic
' ta-npera.tme rise in the conerete, The heat of hydration used in this method is |
determmed using the Heab of Solution Method [111, with a recommendation to
consider extenders as producing 40% of the heat of that of the cement. Type I
cement is recommended for use in mass concrete in order to reduce the heat of
hydration. Type I cement Is characterised by » low tricalcium silicate (C58) and &

" high tetracalcium aluminoferrite (G4 AF) content. A table giving a range of thermal

conductivities for mass concrete is presented with no explana,tion on how, or from
where. these values were uhta.med.

Measums are suggested to control the maximum temperature in order to reduce the
thermal stresses in the structure, and to prevent rapid changes in temperature, or
thermal shack, to help prevent surfa.ca cracks. These Include the pre-cooling of the
voncrete materials, Ymiting the temperature rise (by using low heat cement a.ndfur
: extenders) and the cuohng of the concrete a.fter placement‘ '

2.5.5 Fulton’s Concrete Technalogy

~ - bullon’s Concrete Technology [3] gives agood description of “rule of thumb” methods.
- and precautions required in the casting of large masses of voncrete. Three critical
temperature vonditions are discussed: ' '



. It is recommended that the mammum temperature a.ttamed be testricted to
70 °C to prevent delays in the hardening process. Although a. temperature
of 70 °C is probably rea.listm, the reason given for this limit is not correct.
“The hydration reaction will bu faster under high temperature conditions, with
early strength development, but the long term strength uf the concrete will he
compromised {8, 9, 10]. - '

. The maadmv.m'_tamp erature gradient within the concrete should be controlled
. 1o prevant surface cracks forming, This temperature differerce should be re-
stricted to maximum of 15 °C between any twe poinis within the structure. .

+ The maximum temperature difference between $he maximum temperature
reached by the concrete during hydration and the minimum temperature to

_ which, it will coal to, should be restricted to 17 °C to prevent thermal cracking

“of the stracturs, This implies that any conerate structurs cooling mote than 17
°(; will crack, and Fulton remmmenﬁs tha.t remforcement in th:cee directions
be used n thaose structires. ‘ '

‘A comprehensive section on estimating the temperature rise of mass concrete is ine -

cluded for both mass and “less-massive” structures. This Is based on the CIRIA
report by Harison [74]. A description of, and ﬁa.:ameters for, the thermal conduc.
tivity of concrete is given based on papers by Ca.mpbéll-ﬁllen {44}, Harmathy [45]
and Rhodes [64]. A description and compasison of methods to determine the heat

. of hydration of cements, based on wotk by Basson {7}, is also included.

As in the other two reports, methods to reduce the maximum femperatare in the
structure by using low heat producing cements and blends, pre-cooling, and pest-

~cooling are discussed. Thare is a discussion on the limiting of ]ift'sizes and the
~extension of periods between the placing of successive lifts as o passwe means of
- post-cooling. ' ' '

2.8 Summary

This literature review cavers the development of the measurement and prediction -

teclquues used to prevent da.maga to concrete structures taused by thermal stress,

- from l&ﬂu to the present. Most of the information used in the current proctices
- &nd recummendatlons is based on work conducted in the 1920 and 1930 and was

related to the cnnstructxon of large daims in the United States of Ametica.

o



* nearch was undertaken for 1992, 1993 and 1994 to ate, with special reference to -

in the last three years very little work in this field has)s:ae‘:i_ publishedy as & CD ROM -

the heat of hydration and thermal conductivity measurements and erack prevention -

“shows. ‘There were no published developments in the measurement of the heat of

hydration and only two papers on crack contzol and/or prediction were found. These

* were by Ram [75) and Barrot {76]. Four papers by Ashwosth [77], Sona 78], Tant

A numprehensiva_ hihlipgra: hy, with abstracts, on the subject of mass concrete in
. dams from 1908 to 1062 {81} is included in ACI Special Publication SP-6.

- [79] and Hoffman [80] were found wluch dea.lt with the measurement of thermal

condurnv‘ty in concrete

- -
tea

2'.4( 'C'axic_iusiongs-' "

the development of the project descnbed in this thesm, thxs literature

: revxg 7 11 ' hnghlighted the followmg issues; e

o \mr e acenrate mode. of ‘.ite tampera.ture profiles within a concrete structure
to 'he develuped accurate information of both the heat heing produced and

 the thermal Ponductmty of the conrrate, with respect to time, is required,

» Adiabatic cam__:rimetry is the only test that measures the heat of hydration of a
eonerete savnle with respect to time, and at conditions found '\;ti!;ﬁtl*; a ¢oncrete
structure. As the heat of the sample is ratalytic to the hydration raciion is
is essential that the heat of hydration is measured at the same tempdratures

- that wonld be exprlenced within a hydrating conirete structure.

» The thermnal conductivity of corerete has niver been measured during the
hydration of the concrute. All previous tests have either heen on hardened

~-concrete samples of an the aggrega.te ysed in the conerete, with orly a single
value for the thermal conductmty being uaed in the heat model, o

. As far as possxbtc, any eqmpment or tests de;elcped should be low cost and
easy to use, T should be possible to detertuine the thermal conductivity of a
 conerete saraple during all stages of hydration, with both the heat of hydration .
and thermal conductivity of the concrete sample heing measured simultane

o oualy with respect ta tmm. S

TR



| Qhapter 3 |
ADIABATIC CALORIMETER

3.1 Ihtmduction

' The calorimeter described in this chapter was originally developed, by the author,

for experiments conducted by Grieve {13). Acizbatic calorimetry was chosen as
the results are obtained under conditions similar to the tonditions found in a mass
- concrete structure, as was discussed in section 2.1, A block diagram of the adicbatic

calorimeter is shown figure 3.1 and an Inter-connection diagram of the electronic o

cireuitry is given in figure 3.2,

The basls ¢ & operation of an adiabatic calorimeter is that the temperature sar-
rounding the sample under test, in this case the 50 1 water bath, is kept at the samo
_' temporature as the sample. This means that no heat Is lost from, or gained by, the
sampie, and that the heat measurel during o test Is the result of the hydration of
the vement., '

The 500 | tank, althorzh not cssentially part of the adiabatic calorimeter, also -
follows the temperature of the sample or a pre-determined temperature peofile, so
that larger ur multiple samples can be cured. ‘These samples can then be used
to measnre various bulk properties of the concrete, such as strength and elastic
modulus. This is known as temperature maiched curing (TMC) testing,

The following sections describe the development of a low cost, computer controlled
adiabatic caletimeter, as well as the calibration and verification procedures required

to maintain adizbatic conditions. The section on the design of the calorimeter covers

the choiee of computer, temporature measarement, heators and contzol eircuitry, the
sample holder and the two tanks. The developmoent of the software and the control
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Figure 3.2: Block diagram of electronic components for the calorimeter
3.2 Calorimeter Design

Grievé, on a technical visit to Eutbpe in 1986, investiga.ted the availability of adi-
~ abatic calorimeters suitable for the testing of concrete samples. The cost of the
calorimeter designs available were in excess of the funding budgeted, snd it was
decided to design. and build a ealorimeter with a low cost Personal Computer {(rC)
ag the contruller.

The use of 2 FC to cnntrol the calorimeter also Increased its flexibility in the type
of tests that could be conducted, ‘This meant that the addition of one extra teme
perature sensor and a small modification of the software was all that was needed to

~ add the conductivity probe, as described in chapter 5. The temperature matched
curing tests, desciibed In chapter 6, required only a cliange in the software.
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3.2.1 Hardware

The computer used was an IBM PC compatible with 2 286 mother board, 360k byte

floppy disk and a 20 §; byte Hard disk drive. Fitted into the computer was 3 16 .

channel, 12 bit Analojiue to Digital (A/D) card (PC-26) with a 0 to 10 Volt input,
and a 24 jine dxgﬂ:a.l mterface (I] 0) card (PC-36).

A 200 W nmnterruptabie power supply was used to power the computer and the
signal conditioning circuits. This allowed for power failures of up to 15 minutes
~ without the disruption of a test. The sofiware allowed for a re-start and continuation

" of the test, in the event of a power failute which was longer than 15 minutes. It
was found, however, that long interruptions cansed the tank termperatura to drop to
such an extent that the condztions were no Iunger adiabatic, and the resuits had to
be distarded [13).

3.2..1 ‘femperaturs measurement

Tn the original system, as used by Grieve [13], P'T10D platinum resistasce thermome-
~ ters with commercially available amplifiers were used t¢ measure the temperature,
as they are considered the most suitable temperature transducer for accurate and
repeatable té_mpera.turé meagurements [82], providing an acenracy of 8,1 *C. It was
found however, that the commercia;lly available gtainless steel probes were too bulky,
cavsing heat to be absorbed from the sample. The amplifiets that were purchased
‘were fonnd not to be as reliable a5 expected and had to be calibrated regularly
~‘as they had long term stability pmbiems. Because of this, less bnlky and simpler
temperature sensors were xnvostxga.ted. '

It was (_lecided to use National _Snnﬂmnductnr‘s LM35 temperature sensors, sealed |
in o 60 mm long copper tube with & dlameter of & mm. The longth of the tube was
~ chosen to be about half the length of the sample to enable an average tomperature
to be read within the sample. The probe was sinesred with “petmlenm jelly” before
inserting it into the sarple to simplify the remaval of the prabe on completion
of the test. The sensors have a guaranteed acearacy of 0,5 °C with an output of
1) mV/°C, with a supply voltage of 4 to 30 Valts. Simple signal conditioners to
convert §-100 °C to a 0-10 Voli output were designed and built (see Appendix A).
No colibration facilities wore included in the hardware as this was avcnmplnhed by :
including ealibrotion facton in the snft.wa.re {sve seetion 3 J)

‘The output voltage fmm the canditicners is read by the compixter using -the AD
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convertsy card The A/D card, with a 12 bit msolutlon, wﬂl gwe a resolutlon uf
0,02¢°C. -

3.2,1.2 Heaters and heatet control

" The heaters in both tanks are controlled by the computer through the PC-38 digital
I/O card. Interface circuitry was built to provide a buffer between the 1/0 card

- and two 25 A solid state relays (one for each tank) and is designed to fail safe, off
conditivu, In the event of computer faflure. A low power, 5 Volt supply was also

inf,luded, from which the computer can xaonitor any power failare conditions. The

circuit diagram for the interface circuit is given in Appendix A.

As was noted by Grieve [13], the 50 1 tank was heated with 2 200W element. but

after initial tests, was found not to produce a sufficient heating zate for all types of
concrete mixes, A Ich clement was added and the total power of 1,2kW aliows for
a heating tato of T ‘* ‘fhour, which is more than twice the mavimum heating rate

obtained from OPC toncrete mixes {see Chapter 4). The 5001 tank was heated with -

2 2kW heater, with the option to add more power if this was found to be nocessary.

3.2:.1.3 BL l tank

- Originally the sample was ir contact with the water in the tank. This presented

problems to the control systers, which was designed a8 an “ON/OFF® control of the
- heater elements {13}, The pr. olem was solved by placing the sample holder into the

glass bottle as siown in_ figure 3.3, which provided an insulating layer of air and a
~ damping, or integral, factor into the control syste. +.

Figura 3.3 shows the sample holder and the ghss bottle which was placed in the 50

 tank, The water level in the insulated walled tank was controlled by a ﬂoa.t valve
to replace the water Jost due to evaporation, with the level set at 10mm above the

glags botile. ‘Two stirrers were placed near the heater elements and kept the water
in constant moticm, in order to climinate anv variations in temperature in the tank,

‘Thie temperature probe monitoring the tank water was attachvd to the outside of |

tie glass bottle. Tests were undertaken to monitor variations in temperature around

the bottle and, with the stirrers in operation, thm wan found to be less than 0,1 °C% :
*’he tank was covered with 100mm polystyrene shoet 1o rodum huth evaporation

and heat loss.
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The 500 ! tank was constructed from un-insulated mild stoel with an expanded steel
- shelf, 160mm above the tank's base, on which to place sample cubes or prisms.
The heater was placed under this shelf with the outlet of the diffuser forcing the
wator across the element. The recirculating pusnp provided enongh flow to keep
the water in the tank in constant motion with a maximum temperature variation

of 1 °C being measured durmg a test. The temperature SENSOr Was placed at some

' cnnvement position n.mnng the sawples in the tank.

3.2.2 Software

The software for the calotimeter was written In Turbo Pasczi 6 [33. 84, 85 with
the menu system being based on libraries developed by the Software Engineering
Applications Laboratory, Department of Flectrical Engineering, University of the
‘Witwatersrand [86]. A listing of the suftware is given in Appendix B
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The test program allows the operator to entar information about the saraple to be
 tested and modify fest parameiers such as reading intervals, eontrol constanis end

test duration. The test parameters can also be modified while a test is being rem.
- Two additional operations allow for old test data to be plot.ted and calibration t.e '
. celorimeter [87} ' '

3.2.2.1 Control algorithm

A simple “bang-bang” or “ON-OFF® con*rol algorithm with hysteresis is used to
control the temperature of the water in the tanks, The author was invelved in

the design and dt.velopmem of another adiabatic calonmeter, at the same time as

the one described in this thesis was being developed, in determine the seli-heating

propensity of coal {88], Although the calosimeters are dissimilar, as the calorimeter

for the coal tewts controls the temperature of an oven and a gas heat exchanger, both

use similar computers and switching circuits, The calorimeter for the coal tests

required proportional control of the heaters in the oven and the heat exthanger.

‘The ability to implement this it tae calerimeter used for the concrete tests was

included in tha hardware design, in cm this was Tound to e necessary dnrmg the

commissioning of the ralorimeter, It was found that, becanse of the relasively slow
rate of change in temperature and the damping affect of both the water in the bath

and the air insulation around the sample, pmp_drtional control of the heaters wasnot
necessary, The hysteresis of the system is due to the switching factors entered as test
parsmeters which are abtained_ dur‘mg calibration of tha system (aee section 3.3).

‘The air swrrounding the sampie holder provndes an intebra.i (low pass ﬂlter) funct:on
te the contsml a.lgor:thm '

3.3 Calibration Procedures

“afibration of the calotimeter cm_léists of the calibration of the temperature sensors
~ and the determination of the switching parameters to obtain 2. adiabatic system. E

3.3.1 Calibra_tihn of the temper?atum BENsors

“As can be seen in tho gircuit dmgram, 1o prov ‘sion was made for any hardware
calibration of the tem pemture sensors, This was implmented to reduce the number
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- of components \'!hich'cou_ld be a,ﬂ'ecied by environmental changes.

~ The three temperature zensors were tied together with a calibeaiing thetmometer
{accuracy of 0,5 *C) ard placed in the 50 1 fank w'th the stirrers oparsting and
the water at ambient temperature (between 18 °C and 23 *C). The systam was left
for approximately ten minutes to allaw the readings to stabilise and then readings
- were taken from the three sensors and the calibrating thermometer. Calibration
~ factors were then calenlated to cotrect the temperature readings of the three tem-

- perature sensors to that of the zalibrating thermometer and were then eatered into

~ the computer This mlgle point culibration of absolute tempera.ture wasg conszd«_
“ered sufficient 28 the specifications of the IM35 temperature sensor indicate that
- the error iy lmea.r, within the 0,5 *C accm:w, over ¢ entire range. This was alse

coufirmed with readings taken while the tank was being heated. The water in the
“tank was then heated from ambient temperature to 70 °C, and then allowed to cool
* back to amblent temperature. The difference in temperatures of the sensors for
the two tanks, for both the heating and cooling cycles, with respect to the sample |
-tempera.tutu sensor, was calenlated and the results a.nalysed

© ‘The differerre between the reading of the temperature sensor for the 5001 tank and
- thau of the sample temperature sensor was found to be less than 0.5 *C for the entire
teinmerature range (ambicat to 70 °C}. This was considered accurate enough for the
-samples beiny cured in the 500 1 tank. A hysteresis of £0.1 °C was xmplemented in
"~ the ﬂnntrol software,

'}.‘he G{ll tank’s sencor output was also within 0,5 °C of that of the sample tempera~
ture sengor, but as this is used for the adiabatic control, a more accurate correlation
of the two sensor vutputs was necessary, It was observed that the difference between
~ the two sensors was dependent on the measured temperatute, MATLAB routines
[69] ware used to determine linear regression factors, which were then used in the

' goftware to céract the output of the 50 1 tank’s sensor, Figure 3.4 shows the dife |

- [erencs between the two sensors after the correction factors have been applied. The
" meon of the differentes is practically Zero (4,4 % 10"13} with & standard deviation
of 0,03 "C.

3.3.2 Caiibréf.iun and check for adiabaticity

&ltl\t;hgh the erross in the temperature readings are extremely small, it was found

that the adiahatic characterlstic of she calorimeter was also influenced by external
foctors., .u.!mse e*cternal mﬂuences are diﬁicult to quantify and include.
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+ Hest mtroduced mto the water of the 501 tank by the stirrers, both b:.r i‘nctmn -
- and dcmrn the shafts from the electric motors.

o Hent Ioss i'rom the sample to ambient thraugh the cable of the temperature
sensor and the thermal conductivity probe (see chapter 5), 1t is cssential that

' the conduit where the cables enter the glass bottle is plugged to pmvent air
nievement and therefore heas loss from the bottle,

Yo correct for these exr.exnal factors, the ca.hbra.tion procedure explamed in the next
' _paragraph Was develaped :

'An inert sample (sand, stone and water) was placed in the ‘sample 'nolder together
with the temperature sensor and thermal conductivity probe (if used). The tank
was heated to about 48 °C aad, when the temperature of the sample had stabilised.

“the calorimeter was switched to adiabatic mode. ‘The temperature of the sample
was then observed over a mumber of hours and the software switching parameters
adjusted until the mmpera.ture of the sa,mpie rema.ined constant, as shown in fige
are 3.9,

'The calibration procedure desesibed abave relles on o constant ambient temperature
(250 L&rge changes in arcbient conditions, due to a fauity air conditioner, were
found to have affected the adinbaticity of the calerimeter, The calorimeter must be
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valibrated and ased In a rela.twely consbant aempera.tvre environment, a.lthnugh the'

- absolute ambient temperature is not 1mportant

The adiahatiaty of the calonmetez was then teste cl ot ten degree intervals from
ambient to 70 °C and found to bie adiabatic aver the whole range of temperatures.
Calibration of the calorimetes by heating a sample of known specific heat was inves.
 tigated, This method wes ruled vut as the homogeneous heating of a sample, 25 is -
the ase with hydiating concrete, is almost impossible, If portions of the sample are
- at n higher temperature than where the temperatura is being measured, heat will
be lost to the watur bath and conversely heat will be gained by the sample if the = "
temperature is measured at a position where the temperature is greater than that
of the a-erage temperature of the sample, It was Jelt that as the calorimeter was
four i to be adiabatic over its full operating range using a pre-hea.ted inert sa.mple, _
frither calibration procedurea were unnecessary

Tt was found, during the developmeut of the ca.lorimeter; that these calibration
procedures should be carried out at least once a month, when any questzonable
results are obtained or if there are any sigmﬁc:mt cha.uges in the ambient condxtwns
to ensure accurate fest results. '



34 Témperéture Matched Cu_ri.ng |

- As was expressed by I)air_ex; {20} in his paper describing an agparatus used to conduck

‘temperatare matched curing (TMC) tests, “The engineer is often puzzled by the
- magnitude of the variations in strength of concrete test-pieces made on the job” .
He found that the ea.rly strength {after 24 hours) of rapid hardening concrete was
~-dependens on the mixing and euring temperatie. In 2 st of three papers Cannon
. describes the development 8], application [9] and future trends [10} in temperature'
matched curing. From his reported results it is clear that the tempemture of concreb;\- :

< ‘ing the hydratmn period affects both its short and long term atrengtha

B Samples tan be cured in the 5081 tank during tests for the heat of hydratmn thh the
tempera.ture of the tank, and therefore the zamples, fﬂ‘lowmg the temperature of the
sample | in the sample holder. This temperatrre profile is not necessarily the profile -
which would be foand in a gtructure, as no cooling is. accounted for. ‘T accommndate.

- for TMC tests representing the “real life” situation, a program has been written for -

 the calorimeter to control the temperature of the tanks to any predicted temperature

profile obtained either from field measurements or from a heat model {see chapter 6).
S_nmipl_es are then cured following the predicted temperature proﬁ-ie, and tested for
‘parametets such as strengsh, elastic modulus, creep and shrinkage during, or after,
 the curing period. The strength and temperature profile of a concrete pour can then -
‘be pre&:cted

3.5 Conclusions

After solving the initial teething' problems, results from the calorimeter have been
fnuﬁd_ to be ropeatable, provided the system is calibrated regularly. It must be
pointed out, to emphasise the 'i'mporta.nce of calibration, that a 1 °C difference in
actual temperature hetweon the sample and the waster bath, over » 24 hour period,
wilt ‘canse an error of about 18 % In the heat determined from 2 concrete gample
over a4 day test. ' ' '

-Doscriptions of mixing and test procedures for the determination of the heat of
hydration of concrete samples in the calorimeter are given in chapter 4.
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' Chapter 4°

' HEAT OF HYDRATION

MEASUREMENT

4.1 -Introductian-

This chapter describes the nse of the adiabatic calorimeter to determife the heat
- of hydration of concrete samples. The physical princxples and possible errors in
' using the raethod are discussed, together with infor.aaticn on, da.ta. collectxon and -
: 'prot:essmg. '

The ra.f:e of the heat of hydrh.tlon QU /séc}],. al aay point in_ time, js calculated

" from the temperature readings, obtained from o hydrating concrete ssmple under

adiabatic onditions, and its specific heat * using the equation 4.1 {7},

Q=CmAT @)

where
€y = Specific heat of the sample (J/kg K)

m = Mass of the sample {kg)
AT = Rise ia temperature (K/sec)

The specific heat of the sample is normally determined from the sum of the specific
heats of its components {3}, There has been some discussion on the vaiidity of this,

"‘%peeiﬁc Heat {3/kg K) is & measure of & material's thermal capacity ie. The amount of heat

" required ta caise 1 kg of the material by 1 °K. Rhodes [64] deseribes mothods to detetmine the

a;:emﬁc heats of hardened concrete, aggtesa.tes. cement and cement pastes.

2



'i*a,bie 4.1; uPeClﬁC Heut of Cement Paste (Carlson and Forbrich 1938}

Temp-e_ra... Specaﬁc Heat (.I/kg K} i
(°C) WiC=0,25 | WiC=0,6 |
21 109 | 1589 |
32 1159 170
48 | 1268 | 1904
54} 1423 | 2113
66 | 1674 | 2497

28 the specific heat of the cement paste {cement a.xid_ water) changes considerably
' during hydration {discuszion by McCoy [23]). This matter }-1d bean Investigated by
* Gealson ta 1938 {19]. Tests conducted by Carlson showed that the specific heat of
the cement pa.ste changes by up to 40% during hydration and he suggested a linear
' interpola.txon of the specific heat of the known an-hydrated and “hydrated values”,
Carlson gives no indication s to the extent of hydration of his “kydrated” samples,

The results for “wall- hydrated” cement pas*_e show variations with both temperatare

and the water:cement ratin (W:iC). Table 4.1 shows the results obtained by Carlson

{converted to SI units). These teis and reczmmendations made by Carlson were

the only referenca found in the lierature whick quantified changes in the specific

_ heat of cement waste. The validity of his assumptions and recommendations have
ot been test 7, and further ressarch Into this problem should be_ pursued-.

Carhon & di.a was used, by the authar, tu quantifv the error that the change of

the specific heat of the cement paste would have on the heat of hydration values

abtained from the ndiabatic calotimeter. Second order polynomials were fitted to the -
‘teraperature and spacific heat values, aad then a linear regression of the coefficients
was determined between the two watericement ratio values as shown in equation 4.2,

Cp = mT? 4 poT o+ 13 B BN R
where : ; -
(" = Specific heat of the cement paste (J/kg I\')

- T = Temperature (°C} :
Cpepy = moﬂzcleats det.ornuned from equatinn 4 3.

__p.;max(W:C)Mn' | A (+.3)

B
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Figure 4.1: Specific heat of cement paste at different temperature and watericement
ratios ' ' '

where _ |
&y and by = linear regrossion factors of the waterscement ratio.

A plot of the results is shown in figure 4.1

Equations 4.2 and 4.3 were incorporated into the MATLAB program ‘cundatd.m®
{nsed to process all the culorimeter data; see appendix B). ‘The specific heat was cal-
culated for hardened cement paste at cack recorded temperature and, as suggested
by Catlson, a linear interpolation between the specific heats of the unhydrated com-
ponents and the caleutated values was used. The Interpolation makes the simplifying
assuniption that the cement paste is at the final state of hydration at the point when
the maximutn teraperature is reached. The degree to which the specific heat has
changed, from the sum of the unhydrated values to that of the hydrated values, is
assumed to be dependent on the rate of heat evolution of the sample (fe. F{(heat)/58).
Figure 4.2 shows the caleulated change In the specific heat of an OPC concrete mix
during hydration. - -

Table 4.2 gives details of the mixes used for the test results presented is this and

an



Table 4.2: Conerato mixes

MIX "OPC__| OPC/FA | OPC/GGDS | Soecific Heat
OPC 3558 | 249g 178 | 880 Jfkg K
FA e wig [ - ] 880JAgK
GGBS - b - 17sg 880 J/kg K |
SAND 754g 7838 780g 880 3/kg X
{ STONE. 1,02kg 1.02kg | 10%kg | 880J/kgK
WATER 200ml | 200mi 200m} 4187 Jfkg K
COMPACTED P R
DENSITY | 2623kg/r-® | 2801kg/m? | 2534kg/m® -
1180 ¥ | NN | N B N SSLEMY
Corrected Spetific Heat s
- Gonstant Specific Heat .- - -
117 - : . L ~
Y R e vy keI
Specific Heat
p(JfksK) 1150 + -

1140

1130

3 3 1 1 1 1 I hi

1420
"0

i

20 30 40 60 $O- 70 80 00
Time (Hours)

100

Figure 4.2: Variation in the Specific Heat of Concrete durmg Hydratmn calculatcd
from Carlson’s measurements

subsequens cha.ptera The spec:ﬁe hea.ts of t'omponenta used in the teatf *a calenlate

the specific heat of the samples were the generally accepted values obtauncd from
Fulton’s Conerete Technology [3). If accurate tests for a particular site or project are
required, the specific heats ef all the components of the mix should be determined

(23, 64,

B
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- Figure 4.3: Cnmpa.f_ison of Heat of Hydration determination methods

The heat of hydration obtained from the sum of the specific heats of the m_aterials
is compared with the heat of hydration obtained from the corrected specific heat in
figure 4.3 for the three different conerete mixes. '

The calculated heaty of hydration, using the corrected specific heat values {dotted
lines), are lower by wbout 2% than those caleulated with thﬁ sum of the specific
heats of the components with all the co-lcrete mixes,

*. should be noted that t.he' corrected values for the speciﬁc heat are based on results
obtained by Carison in 1938. The chemical composition of cemens he  changed cont-

siderably since then [36] and no work has been undertaken to determine the changes
in the specific heat of coment pastes with extenders added. As the ervar is loss than
205 it was decided, in the absence of valid information on current cement pastes, to
ignore any change In the specific heat of the coment paste during hydration, This
is in line with other researchers |12, 13, 7} using adna.batm calnumetry to determine
heat of hydration vahtes. o '
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4.2 Data Collection and Processing
4.2.1 Data Cnﬂéction_

A step by step procedure for tonducting & test and processing the results is given
below: - B ' ' ' ' '

» All components of the mix, including the mixing water, should be hatehed out
and stoted at room temperatura for at least 12 hours before the commencement
of a test. This results in a humogem.aus tempemture within the mix at the
start of a test,

» The te'npew are of the 501 tank should be set at abaut 1°C lower than ambi-
ent temperature by adding roains water or ice prior to commencement of the
teat, This pravents hest being introduced into the sample by the tank. The
temperature difference will be corevted by the t:mk in Iess than 8 minutes .
after the start of a test,

s Start the computer program, unp!mnnt all instmctmns a.mi enter data up to
the vequest for the mass of the sample.

» Mix the sample of concrete, about 2 kg, and place it in the 1 litre plastic bottle
and compact. D - |
NOTE: Specia. care should be taken tlurmg the mixing 3:age of the tost espes

 cially if comparative studies of various conerete samples are being undertaken.
'To prevent changes in the temnperatuse of the components of the sample the
niixer and paddies should be at the same temperature as the components and
constant mizing (2 to 3 minutes) and compaction time: must be used, Mix-
ing and placement of the sample in the calorimeter siwuid take place as fast
as possible to reduce, ns much ag possible, the loss of the immediate heat of
hydzation.

« The sa;ﬁple ghould be weighed and the heigﬁt of the samnle in the hottle
~ measured. The program calculates the compacted density of the sample from -
 this vaine. '

« Place the tomperature probe, smeared with “petroleum Jolly s into the tonmr
of the sampio pnsuring thot there is good contaet with the mix.

+ Place the plastic ctmt'\mm in tix glass bottle and carefully fit the lid onto th!‘
glass bettle. -

3



» Put the glass bottle into the 50 I tank and plug the condmt to ptevent alr
© movement {rom the hattle.

“» Enter the mass and height of the sample into the computer and start the test,

- Temperature readings ate taken during the test if the temperature varies hy
‘more than 0,5 °C of the previous reading or at one hourly intervals, The
time, sample temperature, tank temperatures a,nd the ambient tmperature :
 are stored in a data ﬁle '

N Observe the test regularly during its duration. Data may be d_tswnioa.ded onto
" » disk for analysis on another computer while 2 test ig being conducted.

B .ﬁg’é,ﬂ. Dats Processing

Or completion of the test, the stored data i manipﬁl“ted by the MATLAS program
| tcondat3.m’. A full listing of this program is gwen in Appendix B and a flow cha.rt
' shnwn in ﬁgnre 4.4,

A bnef deucription of the process is as follows. The data iz interpolated to ten

‘minute ihterva.ls' and then filtered, to remove the variations due to the resolution of
the temperature readings. The heat of hydration i3 then calculated to give 5 plot of
the power generated during hydration in W/kg of binding material An example of
this is given in fignre 4.5. Noto the immediate heat of hydration (first 30 minutes)
~ as deseribed by Carleon [19]. The power generated is then integrated to give o plot
- of the total heat produced in ¢ J/kg of binding material as shown in figure 1.6.

The results shown in 'ﬁgures__«i..‘&, 4.5 and 4.6 are from tests conducted during the
developmont of the calorimeter where the mixes were chosen for their workability
rather thas the choice of practical mixes.

4.3 Conclusions

‘The clange §t the specific ke * of the cement paste during hydration with, and
without, extenders should bs iavestigated. No information on the specific heat of -
OP( with extenders could be found and OPC has changad since Carlson's wark
i 1938, As it is very difficult to measure the speeific heat of hydrating cement
paste because of the heat being generated, the Knear regrossion method suggested
oy € arison [19] provides a simple mesns to correct for the change In specific neat. -

o3
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‘Figure 4.4: Flow chart of data processing program {CGNDAT&M]

.8 was shown, the error is Jess thun 2% if the changes in t.he speciﬁc. hea.t: are 1gnured
“and, as no information on the changea in the specific heat of modern cementitious
materics is avallable, o specific heat based on the specxﬁc heats of the compononts :
 should be used yntil further information is avallable. -

It is vory diﬁicult to nanke comparisons with resulta obtained by othor research

R xmr!.ars measurmg the heat of hydration in adiabatic calorimeters or with any other o

measuring technigun. Watericement ratios, mixing techniqnes, time after mixing to - '

the start of the test and starting temperature as well as the tement type and prop-
" erties such as inencss and composition will influence the results obtained, However,
- the range of results obtained during the development of the calorimeter for various

KR
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Figure 4.5 Poiver Generated by the OPC conctete mix

bisder combinations (OPC 202-316 k;_:ml;, 70/30 OPC/FA 189-298 kI /kg and 50/50
OPC/GGBS 225-308 kI/kg) were similar to the range of values given in Fulton f3]
“and by the Portland Cement Association {73] for the firat & days of hydration.
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Chapter 5

THERMAL CONDUCTIVITY
MEASUREMENT

B Introduction

+ The original contribution to the field of concrete technology Is described in this

- chapter, covering the developrment of a thermal conductivity probe and for the Rt
time a method to measure the thermal conducuv:ty of & concrete sample during all
stages of hv&ra.tzon. '

“Thermal coniuctivnt}- is & weasure of 2 materlal’s ability to conduct heat, To enable
. the temperature in a concrete structure to be estimated over a period of time, the
thermal conductivity of tho cnncrete, during this penotl, is reqmred. '

~‘The thermal conductivity of materials can be measured by either using steady state -
or dynamie measurement fechniques with different procedures for solids, liquids and
gasses. As concrete is producing heat during hydration, no steady state method
can be used with any accurat_:y. Concrate also changes state from a ‘semi-liquid’ to
a solid during the first 24 hours of hydeation and a method had to be found that
would be valid for all the physical states during the hydration procoss.

An investigation into various dynamic thermal conductivity measurement techniques
was andertaken, with emphasis on the following three objectives:

+ Simultaneous thermal coaductivity and heat of hydration measurements.

¢ Low power, te minimise the amount of heat introduced into the sample.

a6



« Base of nsa,

All the standard thermal conductivity measurement techniques were invesﬁga.ted
{91, 92, 93,94, 95, 96 and only the thermal probe method was found to be suitable.
This is the only method that can measure the thermal conductivity ia hoth ‘serti-
hqmds* and soi;ds The thermal prube method was first suggested by Schleiermacher
in 1:88 and again, independently, by Stalhane and Pyke in 1931 [97). Jagger (98]
presented the theoretical analysis of ihe copduciion of heat from a cylinder, which
was followed by work by de Vries {87, 98] describing the uss of the method for the
‘measurement of the thermal conductivity of "uth dry and wet soils, Therprobe
operates by heating a cylinder; with constant power, that is placed in the ina.{érial.-
under test. The temperature increase in the cylinder is measured and che rate of
the temperature increase is proportional ta the thermal conductivity of the material
‘under test. The probe needs to be constructed out a high thermal conductivity
matarial to allow for uniform heating of the prabe. The formula wluch desmbea the
‘operation of the thermal conductxvlty probe is {100):

whem
AT = Rise in temperature ("C)
- = Input Power (W}

A = Thermal conductivity (W/m K)
by = End time (sec)

¥y = Start time (sac)
Ay = Calitration factor {time offset)

The formula 5.1 can be further simplified by keéping the start and end times con-
 stant, resulting in the equation 5.2 for measured thermal conductivity :

-8,
e 68

where the value of the constant (€} is determined daring calibration of the probe.
R -'I‘hrea-'different probe 'styles were tried in this invesﬁgation.

The first, using o soldering iron clement (length of BOmm and dismeter of 9mm) «s
~ the heat source with o thermorouple atta.ched to It, proved to be tov bulky, requinug



& Jut of power to increase its temperature in arder to enable the conductivity mea-
surement to be obtained. This extra heat was then dissipated 'ahmngh the sa.mple
aftey the measurement and affected the hydra.non process.

. The second attempt was 1o go to the other eftreme as far as size was concerned,
and a probe made from two thermdcouple j'ﬁnétions, one 2 the heat source and the
ether to meagure the temperature incresse was tried. The probe, with a diameter
of lmm and 2 length of 5mm, was constructed for each test by soldering the twao

- junctions together, A new probe was required for each test, as it could not be

remeved from the hardened sample without being damaged. Power was supplied
from a coustant current source, and the temperature increase was rioosured after
20 seconds, Tests were conducted in samples of hydrating ronerets, granite and
gand. The two problems that emerged fiom these tests were the variations in the
characteristics of different probes due to cdnstrnction variations and, because of the
small size, there was the possibility of the probe measuring the thermal conductivity
" of a plece of aggrega.te, and not the average conductwi%y of the concrete sa,mple.

The third pmbe tned and which proved successful, was a 64mm. long brass probe |
with a diameter of 3,15 mm, the design and the calibration of which is described in
the following sections. ' ' : '

5.2 Probe Design
5.2.1 Hardware

Figure 5.1 shows o diagram of the thermal conductivity probe. The fength was
‘chosen to be approximately a quarter of the lenpth of the sample, £0 28 to obtain an
average measurement from the concrete, and the diameter was the smallest n.vmla.blr
brass tubing that could hold both the thepmocouple and thie_heatel_: element,

The thermocouple cable which was used was a fibre glass covered Type K pair,
with & diameter of lam. The thermoconple junction was cnmped and soldered
into a small copper plug {diameter of 2,4mm and length of 3mm}. Then 320mrm
of resistance wire, with a diameter of 0,131m and a resistance of 36,6 & /m, was
wrapped around the thermocouple cable and covered with a }eﬁgth of hoat shrink -
sleaving, Heat sink corapound (Dow Corning 340) was smeared over the sleeving to
improve thermal contact with the brass tube, and the whole assembly was pushed’
into the tube. The copper plug was then soldered into the end of the brass tabe

R
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Figure 5.1: Thermal Conductivity I’i'obe_ '

~and a plastic collar glued onto the other end, and then sealed onto the cables. The
singla femperature measuring point at the end of the probe iz valid us the thermal
conductivity of the brass is much greater than that measured in roncrete, resultmg '
ima uniform temperatize p.oﬁlo along the whale length of the probe.

The thermocouple ¢able was connected to a signal conditioner; obtained commer
cially, which converted 0-100 *C to & 0-10 Volt output. This voltage was read by the
‘computer using a spare channel on the A/D converter t'.a.rd used for the adau.ba.tic_
calonmeter control.

The heater is supplied from a variable, constant current ..~ the cireuit diagram
of which is give’h in Appendix A. The saxoe solid state relay uoud to control = 500 _
tank is used to switch the supply to the probe. The use of the control cirt’:uitry for
‘two purposes does not present a problem us it is unlikely that the curing of large

samples for strength tests would be done simultaneously with a heat of hydration

and tlmrma.l conductivity tests, :

5.2.2 Initial tests, software development and probe calibration. |

* The program was written and modified during the initlal calibration and testing of
the probe to obtain a.ccumta reaﬂings without m..mducmg unnece-ssary hea.t into the
s'tmple '

TrinI tests to determine the characteristics of the probe were carried out in blocks -
~of carboa, teflon and polystyrene. The thermal conductivxt.y values uaed in the
calibration were: - e )

« Polystyrene (moulded beads): D,O—i WimK " !

LI
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Figure 5.2: Heat pulse in carbon at 500 mA.

* ’l‘ehon 0,34 ‘W,ImK {94

" m Cazhony 0,94 meK (determjned by usmg a mmphﬁed cnmpa.rative method
[100]) '

"Tests wer. conducted in these materiais at currents varying from 1A to 100 ma in
100 mA steps, so as o detertaine the optimum current for the probé by considering

: both the resolutica of the temperature reading and the maximunt input heat, A
current of 500 A was found to be the best compromise, ai!nwmg for sufficlent
temperature increase, in the high thermally conductive carbon sample, to cbtain a
relatively good resolution in the temperature rea.dmg while in*roducing the m..dmal
possible heat into the sample under test. As exampies of the tests undertaken,
figures 5.2 and 5.3 s the heating curves at a current of 500 ®A in both ca.rban
and teflon samples. Readings were taken every 0,2 seconds during a test cycle where
the heater waz switched on for 30 seconds, 5 seconds after the readings stnrted, with-

‘a camplete cycle ta king 65 seconds,

The temperature rise (AZ") in equation 5.1 must be measured in the initial linear
section of the carve {06). By observation, both curves are most linear botween 1
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and 14 secon_ds -after the heater was switched on, and this period was used in the
thermal conductivity tests.

As can be obsetved in figure 5.2 the initial linear section of the heating curve covers a
tempurature rango of 2 °C, The reselution of <he 12 bit analogue o digitad converter
card is 0,021 °C which results in resolution of 1,205 of the teading. This 1mp2ms that

readings in the carbon must be quoted as 1,04 £0,02 W[mK

Softwaye was written to control the power supply to the probe and obtain temper-
ature readings. The initial progeam switched on the power (500mA) to the proby,
waited 1 second, took initial temperature readings, waited 0 seconds and vhen took :

a final Pemuperaturoe reading before switching the wower off. The temperamre in-
crease wag then corvected for any change in the temperature of the sample during
the heat pulse {measured on the sample's teriperature probe used by the adiabatic
calosimeter). This temperature step was then related to the thermal conductivity
of the materials tested, and the probe calibrated.

As the thermal conduetivity measnrements were conducted simultancously with the
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heat of hydration determination, a wodified version of the conteol program was writ-

ten with the aim of determining the amount of heat that the thermal conductivity - |

tests add to the cample, and alsn to coutrol the maximum tempera.tnre of the pmba
in low ctmductmty ma.tenals. ' '

' The rovised co'x_ltml program switches on the heater, waits I sesond and then takes -
the initial temperaturs reading. The program subsequently monitors both time and
probe temperatme and will take the final temperaturs readings and switch off the
heater whea the temperature fitcrease is ¥ °C or the time elapsed it 10 sevonds. If
the temmeratire increase is less than 2 °C after 10 seconds, the program calculates
the time at which the temperature would have reached 2 °C, based on & linear
relationship. The time Interval is then cofrected for uny changes in the sample

. temperature and related to the thermal conductivity of materials under test.

Because of the change from an output of temperature to an output of time, equa-
- tion 5.2 becomes

P s . - _-_:'(é‘ﬁ}
where A2 is the time to rench 2 °C.

The calibration of the probe required two calibration steps. Firstly the power intro-
duced by the probe-at different temperatures was determined and then the probe
was talibrated in samples of materials of known thermal conductivity.

5.2.2.1 Power ealibration

The resistance of the heater wirs mn the probe was measured, at 10 °C intervais,
from 25 20 10 90 °CC and a lincar regression curve fitted as shown in Ggure 5.4. From
this velationship and the eonstant current of 800 mA, the power into the probe, at
different temperatures, wa: nbtained, ' :

Not all the heat introduced inte the probe heats the brass tubv as the other matetials
of the probe are heated to the same temperature, snd sonie hé:_a.t is lost through the
vables, To quantify the acival power used to heat the brass tabe, the probe was
placed in a black of polystyrene, to minimise the heat lost from the probe, and
heated as in section 5.2.2, Figure 5.5 shows the zesults of the tese showing both the
heating rate, while the puwer was on, and the heat lost through the polystyrene with
the power off. The rate of the temperatere inerease wos added to the rate of the

s
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temperature decrease to determine a heating rate for the brass of 2,7 °C/sec. From
the mass and specific keat [94] of the brass, it was caleulated that the brass tube
was absorbing 1,7 W of power. With input power of 2,8 W, an efficiency of 61 %

‘was calculated for the probe. The value of @ in eguation 5.3 can now be determined

at different tess temperatures,

5.2.2.2 Calibration facior

The cholee of materials with which t¢ calibrate the probe, proved to be one of the
mast difficult a's_pect_s of the probe’s development. A large number of tests were

" conducted in the followlng materials:

» Water
« Qil
o Grease
* i'lustyrene
13 t,‘ardho;trd
. % Bee’s wax

w {'arbon
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« Teflon
» Heat siuk_cumpnun_ti |
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¢ {"ernont Mortar

» Pige

Good results with the ionids and semi-liquids (water, cil, grease and heat sink com-
pound) proved almost impossible, as the heat lost due to radiation and convectivn
could not be accuravely determined because of o Jack of Information on the em:swmt}
of the probe and the actual thermal properties of the materials.

The samples of granite and 1cortar were ruled out because of the difficulty of drilling

a 3,2tnmn hole to allow good contact with the probe. Although good results were
abtained with both cardboard and polystyrene, tests in these materials were dis-
continued, as extreme care had to be taken when inserting the probe so as rat to
damage the material in such & way that contact between the probe and she materia} -

- was incomplete.

o



It was decided to use the following materials for regular calibration of the probe,
because of the easz of drilling holes into the material to oLtain yniform and consistent
contact with the probe. ' '

o Beels wax (A = 0,400/ m&) [10g}
- L‘arboa (A= 0,9 1W/mﬁ } (aee section §.2.2)
o Teflon (A= 0,35:¥/mE) [04]
. Pine (A =0, 11W/mK) 102)

Calibration was accomplished by taking at least 10 measureents ja each of the

listed materiale, with a minimum of 10 minutes between readings. The 10 minute
delay allows the pmhe, in the low conductivity ma.te-za.ls, o ﬁaal to the sample’s
tempemtum before the next reading.

Tws MATILAB programs {thermeon.m and probecal am) were written to ohtain cal
hration factors for the probe and are listed in Appendix B, The data obtained from
. the dlﬂ\‘!ﬁﬁt naterials are read by ‘zhermcan o’ 2nd, with the correctmns for power,

& value 2 was obtained, where: '

lﬂ.@ '

A _ '
...?7-"-: m&-.. | S - {5.4)
‘The values of 7 are tabulated in a data file with the actnal values for the thermal
rondux,tmty of the material, and cead by ‘probecal.m’. A liacar regression is fitted B
to the data and the factors stored in o file for use by the programs that process
the thermal comiuctixit.y vest results, The full scala errer obtained for vhe probe
is typically under 0.5%. A full scale value of 2k is “used, as the resolution of
the tamperature readings at this thermal ronﬂucuwty wauld provide an accura.cy of
better than .:% Figure 5.6 shows a typical calibration cosult.

I'xpenments weore umierta.ken in a sa.mple of wet sand to dotermine wi\c-ther ale-

bricant could be used to ease the removal of the probe from the cored conerate,
 Errorsin the readmgs of 11%% with petroloum jelly and 4% with heat sink compound
rosultt‘d in the decision to allow direct contact between the probe and the concrete

. Removal of the probe sequires the careful breaking, of the hardened conere-¢
i‘m u armmd it - ' '

To cherk that the proba has not been damaged while beng remowd from she hzmi- o
ened semple it is rocommended that thc probe’s cahura.tzcm is chocked in tlm carbon
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~and teflon samples befoto each test, and a complete ca_libra.tiori undertaken if the

full scale error in either reading Is greater than 1%. The calibration procedure that
should be follewed is given in the next section. o '

52,3 Calibration procedure
The following steps should be implemented for regulor colibration of the probe:

1. At jeast 10 measurements should be taken in samples of bee’s wax, carboy,
toﬂon and pine, with 2 minimum of 10 mirutes het.ween rea.dmgs.

2. Ea.ch set of readmgs should be processed by the M.XTI.eXB progmm ‘therm~
con.an’ to obtain the facter F (see equation 5. 1)

3. ‘l‘he valyes of 7 sncmld then bhe mbulated in  duta ﬁle wnth the actum value |
for the thermal conductivity of the material. '

4. Run the .'\-IATLAB_ ._pmgram_ “probecalm’, which will it iiheax_; regression to
the data and store these factors in & file for use by the progroms that process
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the thermal conductivity test results. A fult scale orror 3nd a plot of thé
calibration results is also provided. ' ' '

5.3 Déﬂ:ﬁ Collection and Processing

Preparation of the sample and placement into the calorimeter Is the same 4s was

described in section 4.2.% with the cxception that the conductivity probe is placed
in the sample about 30mm from the femperature probe, This distance is sufficient
to prewnt the temperature probe influencing the results of the thermal conductivity
readings. Thermal conductivity readings are taken at 10 minute intervals to reduce
the amount of heat introduced Into the sample. The time, pulse time and probe
temperature are stored in a data file whick, on completion of the test, is read by the
MATLAB program ‘condat3.m’ {see Appendix B). This is the same program that
processes the heat of hydration data as deseribed in Chapter 4. The data is Bltered
i order to remove the variations due 1o the resol fon o' brnnerature readings,
in order te give a two houzly trend, Figure 5.7 shows the results of the same samples
faam which the heat of hydrations were determined in chapter & The progrm alsa
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cal;:ula.tes the thermal diﬂ'usiviﬁy of the concrete from the spet:iﬁé heat and density
of the sample (see figure 5.8). Thermal diffusivity is defined as {3]:

D=— L (83)

where
D) = Thermal Diffusivity (m?/s)

A= Thermal cond tivity (W/mK)
€= Speciﬂc Heat (J/kgK') (Meaaured or recomymended valucs]
d == Density (Lg{ me ) :

‘The effect of the he’at introdaced into the sample by the thermal Iconﬁhctivity ez
surement was investigated. In the worst case, where the heater is on for 10 seconds,

28 J of heat is used for the measurement (2,8 W for 10 seconds) whick, on a.ve:agé, o

will raise the vemperature of the sample 0,01 °C. This im:_ma.se is Jess than the ros-
olution of the t:mperature measurement fur the control system (0.024 *C) and will -

_ ¥The density used is the compacted densiiy of the sample measared before placement inte the
calorimeter. ' '
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"I’a.ble 5 s Compa.nson of Thermal Conductivity (4\)

3 A(meﬁ) 'I‘ime after Mlxing,
Probe 06-1.2 0~ 4 days
Yoshida {38) ; 1,5- 1,8 0-2days

| Mousan {47} | 1,0-4,8 | 7-84days
Davey [103] { 0.8-23 |  not specified
{ACI[87] | 18-38 |  lidays

remain unnoticed by the control system. This will result in the_ heat heing" logt to
the air and water surtounding the sample without affecting the adibaticity, or the
 heat of hydeation calcwlations, Tests undertaken using samples with, and without, |
the heat pulse, showed that there was no apparent heat introduced by the thermal
condnetivity measurement. ' | :

S

5.4  Discussion of Reéu!ts

~‘Numerous tests were conducted on variows concrete mixes with different aggregates,
mix ratios amd extenders during the development of the probe. Figure 5.7 is typical
of the results abtained with a declining trend in the conductivity of FA and GGBS
concrotes always evident when compared with the thermal conductivity. trend of
OPC concretes. The reason for this difference has not been investigated. Thermat
conductivities in the range of 0,8 to 1,2 W/mK were recorded with the lower values -

-obtained from mixes with dolomite aggregates and the higher values _th.h_gran-
ite aggrogates. “Table 5,1 shows the comparison of the results with those of other
researchers, |

~ The values 'qbtﬂiqed from the probe are lower than those abtained by other te
searchers. ‘This is probably due to the fact that they all conducted their measure-
ments on hardened conerete from 3 to 180 days after mixing, with the exception of

Yoshida who took his measurements at temperatures between 0 ¢ a.nd 1 °G, and
neglected the keat of hydration in his results. .




5.5 Concmsions

The development of $he thermal conductivity probe will enable, for the first time,
the determination of the thermal conductivity of concrete samples during all stages
of hydration. The ability to measure the thermal conductivity of conerete during the
early stages (first 48 houts) of hydration, when the heating rate from the hydsation
reaction is at its greatest, will help enormously In producing an accurate heat model

- of a conceete structure, | |

Numerous tests need to be undertaken on sumples of concrete with vasious cementi-
tious mixes ';nn&- aggregates to classify concrete types and mixes with their “typical”
thermal conductivities. This would provide the design engineer with valuable infor-
" mation on which to base fature designs of mass concrete structures.



-Cl,iapt_er 6 |

HEAT MODEL AND __
 VERIFICATION OF RESULTS

6.1 Introdiction

As the results obtained from the thermal conduetivity prebe are significantly lower
. ‘than those from other researchets and those recommended for design values for mass
concrete {57, 73, 3], 2 simple ,hea;t model was develop_ed to predict temperatures in
a concrete structure in order to validate the results obtained from the heat of hy-
dration and therral conductivity tests. The resuits obtained from this model, using
the heat production and thermal conductivity test results, wore then compared to

temperature measurements obtained from  fest satple in semi-adizbatic conditlons
~ and a concrete structure, S '

6.2 Heat Model

| 'L“hé_ heat mode} is hhse«l'pu the Gauss-Seidel nodal iteration technique. The tem
perature ot & particular node is defined as {95]: |

- - F P o -
paa At I =T e
T v [ql-t- D J o (6.1)



n
I

e TP+ = Temperature of node ¢ one Hime interval after time P
Ar = Time iterval (10 minutes)
€' = Thermal Capacity of node
g = Heat generated by the node
- TF &= Temperature at time P
_ Ej-yﬁgﬁ = Heat lost and/or gained by the node

whe‘re. : o o o
TP ~TF = Temperature between the tiode and adjacent nodes
Rij = Thermal resistance between the node and adjacent nodes .

masmm %5 nsmnam aame-,
M WWMW’WW

Keyt  HNode 3 1 Amblent ’l‘mpcrntuu
Node 2 ¥ Surdace
Nédu =12  ; 100miin Steps into ihe Conoreta
1 Thetwial Resintance due ta Conveolion )
ma-mo faloulnted Thermal Reslatance of the cuncru!.u

Flgure 8.5 K_eat Model

A MATLAD program *heatmod m* (see appendix 'B) was written to implement the
model. The program ta.léulaté_a the temperature for each nude as shown in figure §.1,
at ten minute intervals. The input data. is fro.a the files produced by ‘condatd.m’
~ containing the heat of hydratioﬁ and thermal conductivity measurements obtained
from a test sa.m;:!e. The model Is thus based on the actual heat of hydration and
'thormal conductivity measured, and is updated in the model at the ten minute
intervals. I the total time for the model exceeds that of the test, the assumption
is made that the hydration process is not produuing'any more heat and that the
thermal conductivity remains constant at the same valuc as the Jast reading. The
expeéted temperature at eack node, with respect to time, and a temperature profile

after 24 hom s is plotted. These are shown in figures 6.2 and 6.3 respectively,
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Figure 6.25 Predicted temperat.hre in & concreﬁ_é struct\iré
8.3 Verification of the Model and Test Procedures
6.3.1 Polystyrene calorimeter

F':‘guré .4 shows the caﬂorimeter that was t':onstru'cted, out of pelystyrens, to verily
the model and the date obtained from the heat of hydeation ard thermal condues
tivity tests. ' "

A concrete sample was mixed in the same proportions as the OI'C concrete mix
given in table 4.8, The results of the_.p'uwer and heat obtained frum the adiabatic
calorimeter test of this mix are shown in figures 4.5 and 4.6 in chapter 4 and the thor-
mal conduetivity results in figre 5 7 in chapter 3. The mixed snwmple was placed in
a thin plostie container, which was put into the bole in the potestyrene block, Cunr
plete ceatact with the palystyrene is not essential as long at air movement arouad
the container is control! o Thermocouple temperature probes were used ta measure
the ambient temperature, surface temperature and the temperatures of three paints
at 100mm intervals into the sample (sce figure 6.4) . Software was developed to use
the adishatic calorimeter’s measwring system to monitor the temperature values and




to store the data on file.
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Figure §.3: Predicted texﬁpera.mrﬁ i)roﬁié after 24 hours

Y

The medel described in section 6.2 was modified to cater for the heat lost through
the porystyrens. This was accomplished by subtracting the predictad heat jost from -

- evach node to the ambient temperature through the polystyrene a3 shown in fig-

ure 6.4 This heat Joss, for vatious differences between the ambiest and the noce
temperatures, wis determined using a ﬁ;ﬂte element software package. A MATLAB
program ‘heatmed2.m® (see appendix B) was weitien to model the expected ten-
peratures in the test sample, taking into account the 'ios_ses_ through :he polystyrene,
The cheemal resis ance due to tie heat lost at the surface (R1 in fignse 6.1) was then

- adjusted to give tlsé best correlation, botween the modellad results sad the taeasured

values of the sutface temperature. After the prograny was re-run, with the coreectod '
heat loss a$ the surface, the results for all the nodes werg then compared to the
actual values measured. Figures 6.5 and 6.6 show the comparison of the neasured
tamnemﬁums with those predicted by the model for the concrete mix. o

The resaits at the rodes show an agicoment within 2 °C. Variation at the surface

node was as & result of the correction for the emissivity ot the s rfate assuming a

constant ambient temperature, which was not the case with the mecsured results.
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This dicforence Is also reflected in the other three nodes. For simplicity a constant
ambient. tempoeyature was vsed although the model can accqmmoda.te & measured

ambiont té:xipemtur;’e profile as input.
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5.3;2 'Conmjete' 'strtict‘-ufe

To further validate the results obtained from the calorimeter and whe heat modei
an actual concrete structure was examined. ‘The structure wag a bridge pier with
appro:um_ate dimensions of 3m ¥ 3m x §m with the shuttesing bemg remaved sixty
hours after casting. No precautions ware taken to control the heat build up in the
~ structure, The pler was constructed from 30 MPa concrete with a watericementitious
ratio of 0,47:1 and OPC/FA ratio of 70:30. Three temperature measuring points were
* installed mnnitormg the amb:ent teraperature a.nd depths of 50mm and l,ﬁm from
the sufface '

Ag the mndel!ing was done after the pier was built, the concrete sample used for
the heat of hydration and thermal conductivity tests was not made from the actual

components used in the pier construction. The mix raties (see tible 6.1) were .

kept the same and similar aggregstes were used, The specific heats uced in the
- caleulations were the values recommended in Pulton [3] for the aggregates used. The

S resulte for the heat of hydratlon aid tharmal conductivity are shown in fignie 6.7,

&

" The valies for the powsr genera.ted and the thermal conductivity weve used by
the heat model program {ses chapter 6) with a modification to mode! the change
in heat being lost &t the surface after the shuttering was removed The ambient
temperature measured ot the site was used in the model. Figure 6.8 shows the
predxcted temperatures at 50mm and 1,5m, fogether with tlu. : ambient temperature

_ measured at the site,

The predicted ternperatures are compared wn;h the measnred tempera.tures in ﬁg-'_
ures 6.9. : o

“Table 8.1: OPC/FA Concrete mix

oPC 240
FA | 1078
SAND | 7e3g

STONE | 102kg
WATER 200m! |
- | DENSITY | 291kg/m® |
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6.4 Discussion

_ The results from the polystyrene calorimeter show that the values obtamed for the

" heat of hydration and thermal conductivity of curing coacrete are correct withm s

- error baad of 6% (2 °C at the maximum temperature of 36 °C), This error may

also be due to the fact that the model uses heat of hydration values determined
in adiabatic conditions, where the temperatures are higher than those obtained
in the p. lystyrene calorimeter. The higher curing’ temperatures in the adiabatic
 calotimster zesult in faster hydration {3] and therefore ‘higher heating rates. It
should also be noted that the starting temperature, qggregate variations and mixing '.
techniques aﬁ'ecb the hea.t of hydmtmn determned durmg tests in the a.dmba.tic .
calonmeter. :

‘The modelled tempera.tl._zrés at 1,6m for the bridge pler are within 13% of the mea-

sured readings. - Considering that the laboratory tests were not conducted on the
~‘actual concrete mix used for the construction and that the spocific heats used ate
the generalised values from Fulton [4] the results are well within the erxor bounds
: af the hmut informa.tion. _

1t should be _noted that, a,s-the modelling was done after the field measurements were -
 taken, the model was adjusted to simulate the actual susface conditions. To use the
mode] as & design tool, the thermal conductivity and emissivity of the shutterihg o
be used would have to be determined. With this information and the proposed time
- for the removal of the shuttering included in the model, more a.ccurate tempera.ture
proﬁlea within a concrete atructure can be estimated, '

6.5 Conclusion

~ ‘The heat model was demloped to validate the resuifs from the adla.ba.ta. ca.lcrimett.r

and thermal conductivity tests described in the proceeding chap'.‘ers The corre-

lation between the predicted and measured temperatures, in beth ihe polystyrene
calorimeter and the bridge pier, are within the Hmits of the experiineﬁta.l error for
both situations. This correlation of the results indicates that the resnlta ohtamed
for the heat af hydra.tmn and thermal condugtivity tests are correct.
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Chapter 7

o PRACTICAL APPLICATIONS AND
FUTURE RESEARCH

71 Introduction__-_

This chapter bﬁeﬂy'exm&ues' the practical appli'ca.tions of the la.homtory tests de-
seribed in this thesis, These are temperature matched curing tests to defermine a
strength profile within the structure as well ag crac! * srmation prediction. A discus-
gion on possible future research work to both hnprove and expand on the Ia.boratory
:testa and prediction techmques is also included. ' :

7.2 Temperature Matched Curing Tests

With the ability to predicted the temperature profiles withi: a concrete structure (28
shown In chapter 6) it i possible to nse these _témperatﬁre profiles for temperature
matched curing {TMC) tosts in the calorimeter. Strength tests could then be per-
 formod on the samples and a strength profile of the structure, with respect to time,

created, This would give the design engineer more and better quality information
on whl_t:h to base the construction of a large concrete structure. : '

L .
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7.3 Crack Prediction

The prediction and control of cracks in large concrete structures is of prime impor-
tante to the design engineer. A preliminary investigation was undertaker, by the
author, into the use of the thermal information, determined by the tests described
in'this thesis, to predict the formation of thermial cracks. Two types of thermal
- gracking are found in mass conerete stractures [3): -

: Early Aga ‘I‘herma] Grackmg Thls is due to a temperature gradxent between
the centre of the structure and the surface. This causes greater expansion
in the interior than at the surface cansing fensile stresses at the surface and-
thus surface cracking, This situation is reversed during cooling as the intenor, N

which cools through a greater temperature range, contracts more than the o

surface. The now hardened sarface offers restraint and tension develops in the
interior causing hidden cracking, Fulton recommends that the temperature
'dxﬂ‘erence between any two pomts in the structure ghould not exceed 15°G.

Reahramt Grackmg ‘This form of nra.clung is caused by the Lhermal stress excead-
ing the tensnle strength of the concrete at any point in the gtructure. The
thermal stresa was defined in equation 1.1 in the introductory chapter of this "
thesis and iz rlependent on the degree of restraint to which the structure is sub- |
jetted and the modulus of elasticity and the coefficient of thermal expansior
of the ¢onerete and its adjoining materials, either foundation rock or previ-

* omsly cast concrete, Fulton recommends a..rnéximum temperature difference

- of 17 °C between the maximam temperature during hydration and the base
on which the concrete Js cast. Care should be taken if the base material is at
an elevated texaperature, such as concrete cast eaclier, as the whole structure

~ will cool below this starting temperature with time, dépendent. on the amblent
temperature conditione, In this cage the maximum teperature thﬁ'erence of
17 *C should be related to the minimum temnemture to which the structure '
will cool,

It should be noted that the limits of 15 °C and 17 °C are “rule of thumb” values and
that the concrete will crack when the thermal strain excerds the cracking strain of the

concrete, Cracking strain is a function of strength, elastm mo&ulus, creep, coefficient
of thermal expansion and shrinkage, which are time dependent intrinsic factors,
The recommended limits ignore variations in these factors which ate dependent
on construction fechniques and concrete mixes. Drying shmnkage also has a large
influence on surfaca crack forma.tlon. : '
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The model used for determining the temperatures in the bridge pier, described in-
chapter 8, was expanded toinclude a check for any temperature differences exceeding
Fulton’s recommended values of 15 °C and 17 °C. Figare 7.1 shows the time that
both types of eracking would have « zcurred with the insulating shuttering that was
used in the construction of the pier, as well as the cracking time if non-insulating

Figure 7.1t Piedictivn of crack formation

shuttering had been used.

The early age cracking was determined to be the earliest point in time that there
is o temperature difference of more than 15 °C within the stzucture. This indicates
the time ot whick surface cracks would start forming due to the greater internal
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expansion when compa.red with tiat at the surfa.ce.

‘Restraing cra.ckmg was calcnlated at the pomt in time tha.t the mode ha.d cooled to
more tha.n 1?' °C of the meximem temperature tha.t it had reached.

~ From the two figures it s clear that-active cuoling; methods would have to be em-

ployed to prevent the strycture crqcl:ing,' The use of insulating materials wonld have

preventad the “early surface cracking” of the pier but would have had to remain in

place until the centre had cooled tu within. 15 °C of the minimum arubient temper-

ature. The ingulation, however, waeld ot kave prevented the restraint cracking,

althonph it would have delayed the devalopment of the cracks. Repu*ts indicate
that the pier suffered from extensmn cmckmg C

The thermal model predicts the time of the crack devélopiﬁ.ent and not the dize or
distribution of the cracks, which wmdu be dependent on the size of the structure,
how homﬁgeneous it is and the pa.ttevr of any remforcing that may be nsed

It should be noted the these predmtmns of cra.ck forma.tmn are baser.l suleiy onthe

_moximum temperatures, acommmded in Fulton, from work by Harrison [74] and
Wangh [104). To accurately predic. the erack formation in a stryeture the degree
of restraint, the moduli of elasticity and the coefficients of thermal expansion of

the concrete and its adjoining materials need to be known. Drying shrinkage wilt -
_also influence the stress in the coolmg concrete stmcture, and increase the cracking

~ tops 'mcy m the structure,

The above factors are all dependent on on the degree of hydration and teraperatures
“within the stracture and wlll change continuously during the hydration and cooling
periods, '

7.4 Future Research Work

Further investigation should be undertaken into the chaﬁge in specific heat of various
types of crment pastes «furing hydration. As was pointed out by Carlson [19], it is
very difficult to mea.éum_the specific heat of 2 material while it is producing' heat,
The author suggests that this may be 'overcome by taklng samples 'durin'g hydration -
 and determmmg the specific heat at low tempera.tutcs, when the rate of hydra,tzon-.- "
would be c(smpara.twely small.

I}evelopment of the cmck prediction madel should be taken further ar * incorpbmted
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with work of other researchers [67, 105, 106, 107, 108]. The work should include an
uvestigation of past research into the paramters which infiuence the thermal stress
in concreie, as well as both theoretical and practical methods to incorporate these
parameters into a stsess and heat model of any concrete strudturg. |

-

Anp extensive test program needs to be conducted with the adiabatic calorimeter
and thermal conductivity probe tn classify the hkeat paramevers of concretes with

various South African cementitious mixes and aggregates. This would provide the
 design engineer with valuable information on which to base future designs of mass
concrete structures. Simultoneously a temperature measureus. < program shonld be
conducted ia all new mass concrete structures, in conjuﬁctiaxt wiiy la.horatory tests,
to further vemy the heat of hydration and thermal conductmty meagurements in
' the calorimeter and the heat model, : '

Fhe possible development of a larger portable thermal conductivity probe that can
- be used to measure the thermal conductivity of mass com:rete *in situ' should also
be investigated, ' S
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Chapte;* 8

__ SUMMARY OF FINDINGS AND
| CONCLUSIONS

8.1 Heat of Hydratio_n Measurements

The ‘three nost widelj used methods for determining the I_xe'é.t of hyd_i’ation &
concrete are the heat of solution method, conduction calorimetry and adiabatic
calqrime‘-;ry. S _ : _

~ The heat of solution method is most widely used in the speciﬁca.tion'of cemenis
but only gives the total heat produced, with no indication of how this is related

to time. Included in the total heat determined is an appreriable temperature rise |
aimost tmmediately after mixing the cement and water [19], due to the solutien of
- free exides and Impurities. Thie fnvrease continues at » diminishing rate for about
40 minutes. Neither calorimetric method can measure this initial heat release. as
the sonerete is mixed out of the calorimeter with some of this initial heat being
~ lost before adiabatic conditions are sbtained, Quick miking and placement into the
calorimeter will reduce this heat loss. '

Adiabatic calorimetry uses the specific heat of the sample in determining the heat of
hydration from the te 1 -.arature rise in the sample. As the specific heat of the cement

paste changes duri*  byc-ation {19, 23}, errors will intraduced into the calculation
for the heat of hydration, as was discussed in chapter 4. Conduction calorimatry
overcomes this probiem by removing and messuring the heat produced by the sam-
ple. 'This, unfortunately, does not allow the sample to increase to the temperatures
that would be founé in a concrete structure, which changes the rate of the chendeal
reaction, and thus the heat of hydration. Adiabatic calorimetry allows the sam_nlé to
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- experience the conditions most likely to be found in mass concrete dunng hydration,
and was chnsen for this reason.

The ca.lorimeter descrified in chapter 3 is a reliable and accﬁmte sysiem for the

determination of the heat of hydrahon of concrete, The difference between the heat
of hy dratior: -determined using 2 constant specific heat and a corrested specific heat

in figure 4.3 (see chapter 4) is about 2%. Further investigation could be undestaken
 into the change in specific hea’ ~f vatious types of cement pastes during hydration.

8.2 Thermal Conductivity Measuremgnts |

‘The use of the thermal probe method, 55 described in chapter 5, is the first measure-
ment of thermal conductivity of concrete in the early stages of hydration (first three
days) since Yoshida [38]. Yoshida conducted his experiments at iow temperatures
and neglected the heat of hydration in his results, All other measurements have
been conducted on sa.mples of wet or dry ha.rdened concretg from 3 to 180 days after
miiding. _ _ L

8.3 Thérma_l Mo.del. _'

The development of the thermal model and temperature measurement in insulated
samples of conerete, as described in chapter 6, were designed Lo verify the results
ohtained from the calorimeter. Figures 8.1 and 8.2 show the comparison of results
- obtained with an OPC concrete mix (see table 8.1) at a depth of 300mm and 200mm.
respectively, - | | - |

As can be seen, the results are within the accuracy of the thermocouple measuromont
system {1 °C). The difference betweon usiog a spoctfic heat calculated as the sum of
~ the specific heats of the componenta of the concrete and using the correcl.ed spacific
_heat, is negllgxble.

The guud corelation between the measured and modelled results mdlcate that ac-
cur«te rearlts were obtained from the heat of hydration and themal conductmty .
mensnroments in the adiabatic catorimeter. -
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Figure 8.2: Verification of calorimeter resuits at 206mm.
8.4 Conclusion

The developmant of the adiabatic calorimeter and conductivity probe described in

this thesis hes made it possible, for the first time, to determine the heat gencration,

thermal conductivity and thermal diffusivity of any concrete mix design, and 'therg_- g
fore the ability to model the temperature profile of any conerete structure dnr‘mg _
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“5’__
© the hydra.tmn period, Thiree dimensional mathematical heat trana“er models (109]

" and commercial finite element software pa.clmgts snch as ADINA [79] will allow the
tempera.%ure pmﬁles of more complex geom'!tncai stractures to be _esnmated

Samples can then be cured, uﬂing the calorimeter, at the predxcted temperafures,

amd strength tests performed to determine the quality of the concrete that would

be foynd _at_varmus locations In a structure, From these predicted temperature and
-strength profiles of the structure and the prediction of crack formation (as discussed

in cha.p!e 7 decisions on concrete wmixes, cooling facilities and construction tech ©

i, Yaes cady , e made, which will red;uce problems expenenoed durmg the construction
' af i&"se gantrete sttuctum :

%



References

{1 <€ Czernin, W.,. Cement Chemistry and Physics for Civil Engmecrs, 2nd En-
glish od., New York: Godwin, 1080).

9 Lea, F. M., The Chemistry of Cement and -Concretg, New York: Edward
Arnold, 1956, -

{3l Addis, B. J., ed., Pulton's Concreis 1cchnalogy, su:th ed. Jahannesburg Paxt-
- I;md Cement Institute, 1986

4] Paulon, V. A, and Saad, M. N. A., Preventive measures to avoid eracks due

to temperature changes in mass concrete, in Qummc’me Gongres Des Grands
Ii'amyes, I.ausa.nne, pp‘ 39510, 1985.

{8] ACI Committee 207.2R~73, Effect of restra.int, voiuma change and remforce- _
ment on cracking of massive conerete, in' ACI Manxal of Concrete Practice
Fartt, cha.pter 20?.11{-87, Po. 20‘? 211.-4 20?‘ 2R-26, Amer:can Concrete In«
stitute, 1990.

'[ } Higginson, E. C v Mass concrete for dyms and other massive atmctﬁres, Amere
tean Conergle Inst:tute, pp- 273308, April 1970. '

{7] Basson, (i R., Heat of hydration of portland cement and af mixtures of port-

lond cement and milled granulated blastfurnace slag with special reference to "

the heat development In mortars under adiabatic conditions, h:. Givil .E.ng:— :
neer i South .flfnca, vol, 8, no. 2, pp. 63*67‘ Feb 1966, o

{8} Cannon, R P., Temperature-matched curing: its develnpment? application and
future role in concrete practice and research. Partl: develupment, Gom:rete,_ _
vol, "0, no. 7, pp. 2730, July 1936 :

[8] Cannon, R. P., Temperaturc-matched. curing: its development, application
and future role in concrete practice and researeh Partz apphcmnn, Conercte,
- vol. 20, oo 10, pp. 28-32, Oct: 1986, : -



{10} Cannon, R. P., Temperaturemaiched curing: ite development, application
~ nd future fole In concrete practics and research, Part3: the future, Canm'ete,
vcl 21, no. 2, pp .33-34, Feh 1987,

_. [11) ASTM, Standard Test Method for Heat of Hydmtian of Ifydmuhc f"eﬂent.'.
Philadelphia, 1982, (ASTM:C186-82). |

{12) Roy, D. M., The effect of Blast fuma.ce slag and related matenals on thv
hydration and durability of ::uncrete, in G.M.IDorn International SJmposmm
- on “Durability of Conercte?, Defroit, pp 195-208, 1992. '

1 1:3} Grieve, G. R. H., The Influence of Two South Afncan Fly Asbes on the Engi-
- neering Propemea of Concrete, PhD thesis, Umversity of tha W:twa.tersra,ud :
Johannesburg, 1991, :

) _ [14] Monfore,G E, and Qst, B., An “isothermal® conduction calorimeter for study .
of the early hydiation reactions of portland cements, Journal aof the PCA
Research and Dea:elopment Labamtoms, pp. 13-20, Ma.y 1966

- _ [15] Davey, N Temperaturs rise of concrete, Conerete and Constructional Engiu' |
' neering, vol. 26, no. 10; pp. 572-675, Oct 1031, :

' -[16] Davey, N., Temperature Rise in Hydratmg Concmte, Tech. Rep. 15, Depart-
ment of Scientiﬁc and Tndustrial Research (Bmlding Resea.rch), Tomdon, 1933,

[17] Blanks, R. F. -Campanson of selected portland cemants, Journal of the Amer-
sean C’oucrete Inszztute, pp- 9-—20, Sept- Qct 1933, ' '

"[18] \Jexssner, }I 5. Develupment of Jarge calonmeter rooms and automatic tem-
peruture coutrols for adiabatic curing of mass concrete, Journal of the Amer-
-ican Concrete Instituie, pp. 21-28, Sept-Oct 1933.

[19] Carlson, R. W, and Forbrich, L. R., Correlation of methods for measuring lieat
ol hydrasion of cement, Indu.v*ma! and Engineering (”?ncmzetry, vol, 16, no. 7,
PR, 383_386, July 1938. '

{20} Lerch, W, “The influence of gypsum on the hyrlmtien and properties of port«_ _
- land cerent paste, AS‘.{‘M Proceedmgs Technical Papers, vol. 46, PP 1352-»'
1297, 1946,

[21] Terch, W. and Ford, C. L., Long-time study of coment pexformance in concrete:

Chapter 3, American Conercle Inst:tute, vol. 19, no. 8, pp. T45--795, April o

1448,



J

(22] Tudwig, N. C. and Pence, 5. A. 'Co;i‘luction calorireter for measuring heat of |
~ hydration of portland cement at elevatecl temperatures and pressures, Journal
o t.'m Amencan Concrete Inst:tutc, }_‘a‘o 3;73*»534, A.ug 1956

(23] Klein, A, Pu‘tz, D. and Adams, R. F., Thermal properties of mass concrete
dﬁring_ adiabatic curing, ACT Special Puﬁh’cation SP-6, pp. 109-218, 1963.

[24] British Standards Institutions, Methods of Testing Cement. Portd Physzcal _
Tests .S‘ectzau 3.8; Test far Heat of Hydmtton, 1978, (}384550 Part 3)

J25) Wamwr:g!xt, P J., Tolloezko, J. 1. A. and AJ-Kadst, F.-A., Propertms of slag

. cement concretes cured under simulated adiabatic condxtmns'a.nd their infla-
ences on thermal cracking, in 9rd International C‘anfercnce on Fly Ash, Silica
 Fume, Siag and Natural Pozzolans in t"‘ancrete, Trondheim, Norway, 1089,

[26] Wa.lnwnght, P, 1., The influence of slag tements on some properties of concrete
* related to thermal cracking, in 3rd International Conference on Fly Ash, Silica
Fume, Slog and Natural Pozzolans in C‘om:mte, ‘l‘rondhelm, Norway, 1989

_[SZT] Kaszynska, M., Ea,rly a.ge ﬂy ash concreto properties in a.dlaba.tic t:ured ot

~ ditions, in Concrete 2000, Dhix, R. X., ed., Dundes, pp. 671-678, Sept 1993,

[28] Morabito, P. and Barberis, F., Meaéuremgnt of adiabatic tempe_{.a.mxe rise in
concrate, jv. Concrete 2000, Dhir, R. K., ed., Dundee, pp. T49-759, Sept 1993. -

' [29) Edmonds; R. N. and Majumdar, A 'J The hydration of 12Ca0.7A1,05 at

different tempera.tures, Cement and Conerete Resecrck, vol. 18, no. 3, 8 473-
478, 1988, '

[30] Edmonds, R. N, and Majumdar, Al u The hydration of SECAR 71 Aluminous

cement at different temperatures, Cement and C_?o_ncmte_ Research, vol, 19,

[31] Barker, A. P., Conduction calorimetric studies of cements containing 5% ad-
ditions, Cément and Concreie Research, vol, 20, no. 2, pp. 219226, 1990,

[32] Bland, C‘H and Sharp, J. H, A conduction valorimetric stady of gasifier

Slag-Portland cement blends, Cement and Concrele Research, val. 21, nio. 2/3_;' |
PP 850-367, 1091, s

[33] Dunst.an, M. R. H. and Mitchell, F. B., Results ofa thermoroupla study in
-mass concrete in the Upper Tamar dam (Pa.rtl], Procedures of the Institution
of (‘u il anmeem, PP- 2"-»52, Feb 1976 :



{34} Gotsis, C. and Roy, D. M., Parametric analysis of the heat evolution during
hydration of a cementitious plug in a borehole, Cement and C’ancmte Research,
vel 14, no. 6, pp 841*-854 1584,

[35] Perfect, H.G., Comnetmg at Airy Holm- dam, Goncrete, vol. 16, no. 4, pp. 12~
;ﬁ, Aprxl 1982, . S '

{36} Cannon, R. P. 'Eﬁ‘ects of changes in cement properties on the temperature of
concrete, _C’oncrete, vol. 20, no. 2, pp. 26-28, Feb 1986,

{37} Carrnan, AP and Nelqon, R. A., The Thermal C’or;duct:mty and Dzﬂusw:tg -
of Concrete, Tech. Rep 122, Uxﬂversxty of Hllinvis, April 1921, '

38 1 Y luda., Ty Studzes on Coalmg of Fresh Cancmte m Fi'eezmg Wmtber 'I'ech
Rep. 123, Hnmrs:ty of Illinols, May 1021, :

{39} Gnﬂiths, E., Thermal Properties of Wells, Concretes and Plasters, Tock, -
- Rep. 6, Department of Scxent:ﬁc and Industna.k Raesearch (Bmldmg Resea.tchj,
Lundon, 1928. '

- -[49] M_eissner, H.8, 'I'hernial propertios of mass concrete, Journal of the American .

- Concrete Institute, pp. 35-40, Sept-Oct 1933,

_[41) U.8. Army, Corps of Engineers, Handbook for Concrete and Cement. U.S.
Army Carps of Engineers, New York, Oct 1942. C

{42] U.S. Army, Corps of Engineers, Handboak Jor Concrete and Cement. U.S.

Army Engineer, Watorways Experiment Station, Vicksburg, 1993 ed., (1949
with revisions) 1003,

[13] Tyner, M., Effect of moisture on thermal conductivity of limerock concrete,
Journal of the American Conerete Instilute, vol, 18, no, 1, pp. 9-20, Supt 1046,

{44] Campbell-Allen, D, and Thorne, €. ., ‘The thermal conductivity of conrrate,
Magazine of Conerete Research, vol. 14, no. 43, pp. 3948, March 1968,

_ [45] Harmathy, T. 2., Thermal properties of concrete at elevated temperatures,
Juurnal of Materials, vol. 5, mo. 1, pp. 47-74, March 1970,

[46] Harmathy, T. Z and Alle, L. W., Thermal properties of selected masunry _
unit concretes, American Concrete Instltute, pp. 132-142, Feh 1973.

[7] Rousan, A. A. and Roy, D. M., & thermal compurator method for measuzing

thermal conductivity of cementitious materials, Indwtnat und Engmcermg_

(‘hcmas!ry Produet Rescarch and Development, vol. 22, no. 2, pp. 349-351,
1983



{48] Da.vey, N., Camlatzon Between Laboratory Tests and Observed Tempemtum
" in Lawge Dams, Tach. Rep. 18, Department of Smentxﬁc and Indus’sna.i Re-
search (Building Research), London, 1835. ' '

| E49] Glover, R E., Flow of heat in dams, P‘oceedmgs Ammmn Concrete Instt- o
tute, vol. 31, pp. 113-124, Nov-Dec 1934. '

3 [50] McHenry, D., Measured and computed temperatures of concrete 2t Norris
dam, American C'om'mte Institute, pp. 117-125, Nov/Dec 1927

- {51} Glover, R. E Ca.-lculatmn of tempera.ture dzstnbutmn in a succession of lifts _
. due to release of chemjcal heat, American C-'oncrete Institute, vol. 34, pp 105~
118, Nov/Dec 1987, '

.[52] Carladn, R, W,, A simple method for the cotiputation of temneratures in
concrete strictures, Amenmn Cancrete Imfltute, vol. 34, pp. §9~102, Nuv/Dec _
1937, '

s3] 'Carlson,"'R.'W'., Temperatdf_es afd shresses in _mags' concrete, Journal of the
~ American Concrele Institute, vol. 34, pp. 497-515, March-April 1038,

'.{541 Gianks, R' F., Meissner, H. 3. and Rawhouser, C., Cracking in mass concréte,
.Ioumai of the Amencan Conerate Institute, vol. 34, pp. 477495, March-April
1938, '

155) Kelly, J. W., Some time-temperature effects in mass concrete, Afnerz‘c_an_ Con-
crete Institute, vol. 34, pp. 573586, May/.]une 1938,

[aﬁ] Rawhouser, C., Cta.ckmg and tempera.ture control of mass conerete, Journal
of the American Concrete Institute, vol. 186, no. 4, pp‘ 305-345, 1845.

[67] ACI Committee 207,1R-87, Mass concrete, in AC‘I Munual of Concrete Prae-
 tice Parti, chapter 207.1R-87, pp. 20? 1R~-1 ~ 207 1R~-44, American Concrete
Inst:tute, 1990 '

[58] Weiner, A, A study of the inftuence of $hermal properties on the durability of
concrete, Journel of the American Conereie mst:tute, vol. 18, 1. 9, pp- 99?-
1008, May 1947, 3 . a

[59] Wa.ugh W. R. and Rhodes, 1. An Cantrol of crackmg in concrete gra.wty
dams, Pmceedmga of the American .S'ac:ety of Civil Engineers - Power Divie
.smn. pp. 1~20; Oct 1{}59 '

{60] Bureau of Rechmation, Control of Cmci.mg in Muss Concrete Structuws, | |
Tech. Rep. Engineering Monograph No.31, United States Depertment of the
internor, “ashmgton. 19&5. : -



- [61] Townsend, C. L., Control of Yﬁmpemmre Cmckmy in Mass t.oncrete‘ 'I'ech
Rep 51-20, American Concrete Institute, 1968. : :

:
[62] Nawy, B. G, Control of crat:kmg in concrete strm:tures, Ameﬂcan Concwte
Instztute, Pp. T17-T53, Dec 1972.

[63] Mitchell, L. J., Thermal propertles, in S:gmﬁcnnce of Tesis and Ps‘operﬂes
of Conerete and Concrete-Muking Materials, pp. 202-210, ASTM, 169-A ed,,
1075, |

- {64] Rhodes, J. !x. Thermal prui)c“ties; in Significance of Tests and Properties
' of Concrete and C’oncmte-ﬁfaf.,mg Matenals, pp. 242-261; ASTM, 1ﬁ9—B ed.,
1978,

(65] Widmann, R.., How to avoid thermal cracking of mass E.o:irmte; in Quinziéme
Congrés Des Grands Barmges, Lausanne, pp. 263“2??, 1985.

[68) Fujisawa, T, and Naga.ya.ma., L., Cause and, control of cracks by thexmal stress
in contrete dame, in Qumzteme Congrés Des G‘mnds Bamges, Lausanne, .
DD 11?—-141, 1985, .

-[67] Yamaza.kx M., Thermal cra.ckmg of a thick wall C‘oncreie Intemat:anul ml 8, |
no. 8, pp. 4448, Aug 1088,

{68] Hugbes,B P. a.nd Mahmood, A. T, La.boratory investigations of early therma.l .
cracking of concrete, ACT Matemls Journal, vol, 85, no. 3, Pp- 164-171 May-
June 1988 :

:[69] Springenschmid, R., Cracking tendency of concretes with blastfurnace slag
cements dus to heat outflow. of heat of hydration, Betonwerk + Fertigteil-
Tecknik, pp. 817-821, Issue 12 1087,

-[?0] Schﬁppel. K., Breitenbiicher, R. and Springenschmid, R.. Tevestigations
of mass concrete in the temperature-stress testing moackine, Befonwerk +
Fertigteil-Technik, pp. 4854, Issue 2 1080, '

1) Bra.ncd_, F. A, Méndes, P. A, and Micarbell, E., Heat hydration 'effec_ts'in ._
concrete structures, ACI Materials Journal, pp. 130-145, March-April 1902

{72] Majorana, C. E., Zavarse, G. Borsetto, M. and Giuseppetti, M., Notﬂinea.r
analysis of thermal stresses in mass concrete castings, Cement and C'om rete
flescarch, vol, 20, no. 4, pp HE9-578, 1990,

73] Portland Cement: Association, Concrele for Massive Siruciures, toch 100,
Portland Tement Association, Illinois, 1979,



[?4] Hmmon, T A., Early-Age Thermal Crack Control in Concmze, London _
CIRIA, 1981, :

. {‘}“5] ﬁa_m, K. and Nayak, G. C., Numerical modelling of tensile crack propagation
i concrete dams using fracture mechanics, in Fatigue and Fracture in Steel
- and Coricrete Struciures, New Delli, pp. 239278, Oxford and IBH, 1991,
[76] Barrot, P, R., Foadian, IL,, Jatnes, R. J. snd Rashid, Y. R., Thermal-structural
analysis methods for RCC dams, in RaHer Cmnpat.r.eti C‘ancrete i, New York,
pp. 407-422, ASCE, ASCE 1992 '

{11} Ashworth, T. and Ashworth, E., Thermal Canductivity af Several Coneretes
' ‘us o Function of Mazstum, Tech. R.ep AS’I‘M SP-lllﬁ, ASTM, Phila.delplna.,
1991,

o [78} Sona, B, G,, Barberis, ¥., Berti, R. a.r_ul’ Capelli, 'A., ’I’hermai condu_ttivity
angd thermal diffusivity measurements on viscous fuids with the two-linear-

parallel~prohea method, High Tcmper‘atures H;gh Pressures, vol. 24, no. 4,
PP 481487, 1992 '

[79] Tam, 5., Low, B, and Fwa, T Thermal propertxes ot‘ concrete from tra.nsient |
_conduction of a thin slab, Cement, _C‘oncrete and Aggregutes, vol. ld no. 2,
* pp. T8-835, 1992. ' '

180] Hoﬂ‘man, P. C. and Clestelski, 8. K., Experimental study of the transient tem-
perature distributions in concrete, in Probabilistic Mechanics and Structur*l _
. and Geotechmcnl Reliability, New York, pp 200-203, AS“E, 1002,

[81] Lyon, E. V. zmd Tyler, L L., Bibliography on mass concrete in dams, ACK
Sper-:at .Pubhcatson SP-ﬁ, vp- 309-423, 1963, -

[821 Kerlin, T, W. :md Shepard, R. L., Industrml Temperature Measuremnnt, New
York: Instrument Society of America, 1082,

[s3] Borland Ihrbo Pascol 6.0 « Users Guide. Borland Intur.a.tmnal, 1990
(84! Borland, Turbo "asca! 6.0~ ngmmmers Guide. Borland Interna.tmnal, 1890, |
[8.;]. Borland, Turbo Pascal 6‘.0 ~ Library Reference. Borland Internamonal, 1990,

{86] Walker, A. J., A simple screen management system to-aid quick dweldpxﬁents -
of interactive application programs, Intemutwnai Jaurnal of E‘Zee:ncat Engin
m:mng Educatmn, vol 24, pp. 115~ 129 1987. o ook

{87} Gibbon, G. J., Adiabatic C'alortmeter Opemtmn 'Efanun! Umversity of the
Witwa.tersrand .]oha.nneﬂhurg, 1994

L1



[88] Gibbon, G. 1., 4 Computer Controlled Adinbetic Culorimeter for the Detormi-
- naiion of the Self-Heating Propensity of Coal, Master's dissertation, Univers:ty _
of the Witwa.tersmnd Johannesburg, 19 9, -

_[39] MATLAB, MATLAB: Reference Guide. "The MathWorks, Iac, 1992

{00} Davey, N., ‘I'empera.ture of maturmg of concrete with ra.pxd-h.azdenmg cemeﬁt, '
- Congrete and Siructural FPoa’ zering, vol. 26, no. 5, pp. 311~315, May 1831,

{91] Tye, B. P, eh, Thsrmul.ﬂaﬁ&uctiuﬂy,. vol. 1, Lé;udnn:_ Academic Press, 1989,
o2} TyégR P., ed., Thermal Conductivity, vol. 2, London: Academic Progs, 1969.

- [93] Parrott, J. E and Stuckea, A. D, Thcrmnf C'anductmty of Sof:ds, London
~ Pion, 1075,

- o4 Incropera., F. P, and DeWitt, }) P, Introducuon to H’eat Transfer, New York
Wiley, 1990,

 [93] Holman. 3. P, Heat Transer, third ed., Tokyo: McGraw-Hil, 1072.
[og! !"aroukl, Q. T., T#ermal Propemies of Sos!s, Germany: Trans 'I\Ech 1986’.
[9%1 DeViies, D. A. and Pack, A. J., On the sylindrical probe method of measuring |

thermal mndnctmty with speciol teference to soils. I Extension of theory

-and discussion of probe charcteristics, Austrelian Journal of Physics, vel. 11,
pp. 265-271, 1958, - - ' '

{og] nger, 1. C., Conduction of haas in an inﬁmte region bounded internally by a L
' circnlar cylinger of & perfect conductor, Australien .Iournal af msyszcs, vol. 9,
PR, 16?-1 79, 1956,

[99] De Viies, D. A. and Pack, A. J., On the cylinﬁrical probe method of measuring
thermal conductivity with special reference to soils. IL. Analysis of moisture
effects, Australion Jouma_! of Physics, vol. 11, pp. 409~423, 1058,

[100] Pratt. A. W, Hoat tranémissidn in low conductivity materials, in Thenﬁa#
(,onductmty, Tye, R P, od chapter 6, pp. (11405, Academic Press, 1969,

[101] Leeburn, K Prwa’ee commumca.tmn. Mﬂcan Cables, 1993.

[102] Imthandamma.n, C. P. and Snbram:myan, Sy Heat und Masa Tmnafer Data
Book, sec ond ed.; Ne\v York:. Wlley, 19?5

[103] Davey, N.. (*oucrate mices for various hudding purposes. in I’mceedmgs of |
a Symposium on Miz Design and Quality Conlrol of Concrele, pp. J.S«-ai. )
{‘omimt and { Contres: :kssacla.tmn, Ma.y 1954,

Y



E _ [104] Waugh, W, R, Conﬁnﬁans vertical plécemen.t'of mass concrate; Journgl of
the Amcrmau C'oncn!*e Imt:ture, vol. 71, no. 11, pp. 551—554, Nov 1974,

*iﬂoi I\hennane. A and’ B!».k@n-1r G Hmax:al model for concrete under variable
tempera.ture and stress, Journal of Engineenng Mzchamca, voi 115, no. 8,
pp. ’.507-i525 August 1993,

{106] Fa.ﬁtxs. A.and WonnY H., Nonlinieas finite element analysis of concrete deep 3
- beams. Journal of Straeiural Engmeenny. vol. 120, no. 4, b, 1202-1930, Aprit
1994, S ) |

[i(i'.’} Bhattachar_m, 8. 5. and Léger P, Apphcanon of NLFAM modms to predict
' cracking in concrete gravity dams, Journal of ,S‘tmctuml Engmeenny, vcl. 120,
0.4, pp - 1268-1271, April 199&. :

[1031 Kumar, R. and Na.ya.k, G. G., Nnmmcal modeilmg of tensile crack propagation
_in concrete damu, Journal of Stmcwml Engineering, vol 120, no. 4, po. 1063~
1074, April 1994. -

_ [109} Ba.nguh M. Y. ., Concrete and Concrete .S‘truetures Numanm! Modelling

nnd Apphaa::ons, London: Elsevier Applied Science, 1989,

S



-Appanflix A
| CIRCUIT DIAGRAMS

| BODL Tenk
- Mgy 'w

5001 Tank Temp,

K

i = ee _
_ I I [ “saurns msxe

501 Tank
i ST

%01 Tank Temp.

' +1B¥ .
HPALR s

mT OI ‘ o% _.i
S ETOE I

| . — _
' - «1EY

_ Figum'A,i: ‘Tomperature prﬁhe signaﬂ conditioner cirenits



LNE
Iy
Yo w98 N B 1 — 1 .
; : : Prs00RE ffoe § To BOL Tenk
?.pmat__ronnmnr B _ : Falay 'ﬁ H—e 3
4 .
- ot b o som Teak
- =E
»”
e
L. ﬂv.. L
r Powar

L1 suppiy TR

Figure A.2: Heater relay intetface circuit

+i4Y
L
=4
: (o
| ) TIP4zA
SV _
L 2200p - % Ta Hester
o] I

- Figure A.3: Constant current su_pi:nly for 'the'rménl candﬁctivity probe

82



ﬁppq- dix B

B.1 PHDCALYTE.PAS

{81}  {Renge chctking on}
{8B+)  {lioolsan cmpieug svaluntion an}

{88+ {8tack checking on}

{815} {170 checking sa)
4%} {no 2087}

{91 £000,0, 200000}
progras calorimetar;

by _
#.3.P3kbon _
Fneulty of Enginearing
© Vite Univermity

P I B I Y

Uzea
ort,
Dex,
Printer,
drepk,
smidgen,

© . bgidons,

bpidedv,

. galukils;

"lt-. ) -
GraphDriver Graphfode: integer;
. nh.a?_az.unlu:_raynzhanlaan:

'SOFTWARE LISTINGS

A At L A i

L5



{

procedurn draw xis (full screen;boslean);

vag
X.Y.1,Jsinteger;
G:xeals o
Tableisorean masage;

begin : .
| Bt¥iewPors (0,0, detMaxX, GatHasy Oliphnd
ClearViewPort; ' .
f:eatMaxki | _
Yroflain_ sczean size;
{drag bordeck
Ructangle(0,0,X,Y};
{diaw wxiv}
SetLinedtylalbotteiln, 0, NoraNidsh) ;
for 11wl to § do '
begin E _ .
Line (0, round s (Tet0ehasn serenn hizes100) X ramnd (C120}
sHuin screen size/100)); :
C ands
for Timl to 13 de
blgin _ .
Lins{zound($e1/14) 0, round{Xel/14) ,13;
-end; i -
' SetLinabtyle(Sol a0, Morwdidth) ;
SetTaxsSiyleldm 21Font Horiabix A3
‘SetTexvinstify itantarinke, SottouTextl]
Loy Iiwh to 13 ° '
Cbegln -
Str(l:0,lablel;
 DuvTextX¥{round (X/14aX+8) Y=5 an ) ;
ond;
TutTuxtX¥(round (X/14+13+32) Y5, Nayst);
J1m80; .
Tor 1:mi ta 4 do
begin - _
Serddio,labdeds
DutTexti¥{10, round (L/5WI=E)  able) s
Jrwdenn, '
and;
(s ing.B;
Yor i 2o & do
bagin “
BRI UESER ALY I _ -
BubTests | GutHaxX~15,caund{¥/Be5-5)  1al1e);
0:%8+0.2; '

8



. )

1

L1 HE :
DurTaxeXP(Qusdaxx-20 18, *W/kg1 )

OutTaxeXYC10, 58, *ehr (24834787}
SetfaxsIumpify(LetTaxe, Sottonlext);
SatTextSryin(DetanltFont NoriaDir, 1) ;
' and;
{

war

-provadurs plok datalee_plot,initisl. plot,plot, 2:boolenn);
. % _ .

X YRL02, Thiea);

X,

Jrinteger;

hagin

. snd;

I

Krmmin
XomXin0;
s {Xehair) J24;
Lon{Xetens dsy)eQutaxX/f14;
tor Iy to 2 db
begln
for J:m0 t6 3 do .
if inirislplot then
bagin

Yirndntalils .
Yiostadi, craun.sise- {0 IoNain, aorenn, sixe /1007,
PutPixel(rovad(X) zound(1) whited; '
amd :
wlaa
begia
'. Yiowdataldl;

Y1omNain seraan sisew(YieRuin, serson sie/100);

T Y2 last davaldl;
Y2:fadu sorven, sise- (Y2 Naln, moraan aine/100) 5
LineCround (X tant) ,round{¥3) ,rennd(X} , reund¢¥id);
_ s

and;
X inmpomX;

LY

‘procadure store. date;

var

Y:intagar:
s:atring:

begis

Aesignldata 136, 280e nane);
sppund{daza tile);



. var o
 precent powar:boolesn;

- wrttddms fih.tut..éu:a,m:- Fmin: 3,!!#_&3.“#300{3)3-

2ot Y% to 3 do
bagin

it t:l:n..fﬂu.d&tatll 8130
and;

- witeiniaata tile);
- ologe(data fiie};
Tl

{

_ proc

sduze pawar, chack;

| pater filetese;
 fallurectileitext;
Jrinteger; '

bam

unifn(p«ur_,ﬁh. ‘poger.teti);
iiaign(fulnu.ﬁh,'pmr dagt);
_powarsw (PORTIpoxtB] and Liwl;
i {net pewar) and Lot pover,o2E) then
bagin
powir, ol Fiutrue;
mimto.mne{zsmzmvmn-mm; :
Gt D {  swenwmunas POURR FATLURE 'l*“***“*').
revritalpover, 2iln);
writaln(power T11e,file bivdy);
wﬁtnintpnut.!ﬂé.u..ynrze.l'..sluntha«l.a_mni.a.&w:ﬁ_}_:
eriteln{pover, Pile, s hours4, s nin 4, saaeaid saanct00:471
if adiab.end shew Jowt '
#lyn Jiw0; '
writain(poner,2ils,)):
it day.ing then J:wl
_wlse JiwQ;
writaln(pover, 2414,1);
:rito:ntpnur.,ﬁlt.nuat.pnlu} :
glome{pemar.tiie};
#ilw check{ poveradst? present);
if not prenant then
“penrivelfailuce filed
e append{failure_tila);
GerTimnthour min, sec 2eci0o);
urittlut!auuu.ﬁh.ﬂ“ dty'i.’ Gays ! Jiouy: 3.

anuu‘ min:g,? !li.u')'

- close{failure.filed;
ond; . )
if (power) and {poveroff) shen




s.

-

Eragni{povary, #1ila) '
W‘?‘Dﬁ!ﬂfml;
NovaTal0, round {28+GatNa=T/45)) ;CLRLINE;
undy S '
 eads

t _
procednre prini_-..‘h_-ﬁ

g o -
Lrluteger;
Mwm.

. HovaTolD, MOART_RIWS 3,
©olr dines o
. paoelsylPrin the Teat (Y/K) 7, zesponce);
" peJalenr;
. 42 (runponces?y”) ur (rasponcaw'¥?) then
begtn
 Aasiga(data dile, Silenane);
Rewet(data Zile)y '

N © writeln{lat, Tata Filed dp 1, filavame};

For I:el to 20 <o
Hegin
rasdintdata file,messige)
¥e. Eolntiss nassage) }
- and; ' _
sritalalise) parivelnllstl;
HardCopy (Eaden 1, Mutn Boress aixe)}
wedtalnlise) '
'wx'iutlaﬁ,::hr(:.t))i
pa_ngey(*av Prist the Readings (Y1) * veaponacs) ;
pclears
- 41 (renponcud’y?) of {responcenii’} then - '
“begin _ ' : o
hnttdnﬁ.ﬁh'_l i
repeat _ :
| readintduta.Pile .muqﬂ i
yritelnl)lst, measagal;
untdl woftdate, file}:
wriveln{lnt, chy (303);
#nd; ) . :
: clo“(d;ta.f:li_;);
and; ot
unid; '
¢

procedure Limit, sat{eultizbookasn) ;{aatx tamp Jimiva for both baths}

87

-}



war .
é!._!.o_atntu rhoolaan; -
el Flatkexe;
I:iucager:
panpicher;
PRI
8,581,827, 45, 04 05T eRRne;

“begin .
| Xema/SOvgcrasn width;
£ Wi‘?mimcﬂm_ﬁu- _
nat‘rnxtl'umﬁ(x).ﬂundﬂi TDRIVE 10 STORR ll&‘l'& _ g
Tedata, drival; '
‘l':ﬁh‘l'mih.i:r.ﬁ_uim; _
Strloftans;T:4,5); H
ﬂnﬁ!’uﬂl’(rouﬂ(x),tomﬁ(‘n TENEERATURE mm \'.SHA!J'. Bﬂlﬂ i
"m-* dag €14
Yo /1Temain scraen. pine;
Stel{temp avap:dil,a); : :
QutTexsXYiroundl), Tound(Y), "TEHPERATURE mnm STRP -
rhart ey LN
-ﬂ!t?-nin_:crun.;h--
Serlday.stop: 3,1) o o
ButTextXt{round(X}, round (¥}, *THSL !JWM.‘IG! : : e
rra+t Uny/stl; :
Tind/innin scrann, size;
Strihighval:4:1,8): :
OutTexeXYCrannd(X), round(Y) , IMAXIHUN TEMPERATURE (Mold) s
Vent? deg C'); .
| Yimg/tTemainscrenn sixe;
it calibratdon than w:='Calibkiate !ladt'
slae ' .
sRormal Nodw ": _ .
TsTexsXY {round(X) xound (¥} , "DISFLAY § 1w lmd;
Y rmi0 1T hmain ACTen Risu; ' o
stripulawmini3, el :
nwrm:xr:awnd(n.reund(!u THRAY pu:.ss rm INTERVAL g
Yage? winged,
Yoe11/1vemain, acreen, pice;
Strlsemp,cxl[0] 1)
Ser(oamp cullL], 020
Str(tmﬁ_ﬂql-tzl w33
-Seritemp aalli] ad};
AueTextYCround{X) Jronndiy}, wmma CALISRATION FACTORS ™ SAHBLE = tewtds
¥: '11211?#1\\!&“..“1'“11.‘&“. _ ' .
DuLTOxHKYCround S) roundt) 0 L e ARk wowaddy
¥ 13 {Tomain moraen pise; : ' : '

88



GutTextXY(zound X} round(¥),
Yimi4/(Tomnisn. acvenn aize;
TutTextXy{xound (X}, roundlt) ,?
- Yrei5/ATemadn. auraeL s dze;
Str(tuk..eu_l!ﬂ R Fh P
. Btrltank.cnif2},52); _ o
ButTaxeX¥<round (X3 ,zound (YD , *TAKE CALIBNATION FACTURS
YimiS/ i emain. soveen, size; '
" ButTextXYCraund{X) , round(¥y ,*

TAPERT
p- ey 'Change the thy {‘l/!)  e0ap);
angz) veap da Dy, vy, il
pEtleary
12 vewp in [0y}, "71Y then
. bagin
mp pann{Flindt? o uf.opeiona);

e~ ANBIENT m.2448);

= PROBE  w ’-i-sﬁﬁ

=% w teg1);

=t -'mz); '

!ltmro(andtnm.nusm'(aucrnn.ﬂdthfao}1.chuiec..rav)* _

- garTaxtldatadrive);
aext tine; '

Nnn‘fntmund(mnu..ﬁtuimm*nuntn_\tidthlw}}.ﬂnt‘l)* o

Strlpftaet:5:%,a);
- GutTextlat? deg ¢H);
" nexe, ddneg

HoraTalround (mnu..urg:tni-( ey c!n:'t..v $2¢0/801) ,0nkY) 5

2z “oup..nt.pzs 1.8);
QuiText{a+ dag C);
nextline; '

_ au\r-'re(“\md(utnuuxinﬁmueutn,widtww)) uu’ﬁ-

Serdday. atopid,x};
DurText(nd? Day/ad);
Nkt 1111:.

!lavo’tu&outul(uwu..mr;in*(aanunn..widw a0)), Gat¥d H

Serlhigh val:d-1.8);
Dutfext{us! deg €'
nexe, line,

lton'rn(rnund(mm.urgim(aﬁﬂaau-n.-idthlm 1,0u8¥) 3

it cuibratiou thati sr=iGalibrats !lunt’
alse

20 Rormal Hodn' L

Oustoxelad;

naxs, line;

HovoTo(round (mnu.nt;in* (25eg cnlm.uidthlm) i ,ﬁet‘t} H

© Stxtpnleeminit, el
Guttsxt{a+? ninl*}.
e H _
while uap 1n t'y' Wy do

59



PR

| bagixn

u;npt_iun:{apt.ink.nu.,ai’.ﬁpﬁeus) H

cand option off
T8 begin

iF date drivestA:? then
- éitt.dﬁvc:ﬂ'ﬂ:*
wlsn
data driveseshsd;
Hovt:ro(u‘mtl(um.nrsmtaaucum.width/ml) choice rot)

E crr.line;

and;.

ButText{duta driva);

: begin

“wndg

paa mom DFFSRT (SNALL nm) "wﬁnﬁ).
p.claar;

MavaToll, chniu._:ml) 3

naxt line;
Hawh(toﬁnd\um.nrgiwtaﬁsmun.widthfw) J.q-ﬂ'l H
elr line; _

Str{otieatibid,a);

OutText{nt? deg 0¥y

2 Iug:l!l

ys.m(’kl'fﬂ TENPESATURY READING FYRE ’,tilp‘lttp}‘

pr.clunr;

. HaveTell,shoice. ron)

and

next. line;
naxt, line;
KeveTo (ronyd {wanu mergint(30ss urmn..w!.d'.'h!&o) 3 .iw'.t} ;

¢lt. Jine;

Stritamp,atep: 3,0}
tutTuxtlabt deg O¥);

3 'hag!.n

- end;

P T

pa I CIENTER THAT DURATION [1 to 141 ’idu“afo;ﬁ-
uatdd day.step dn lll 3405
pe. claar;
NavaTo(l,choicu. rom};
naxt Tine;
naxt, Ll
next, line; :
HovaTo{roundOmany, mupgine(38omernen widEh/803) GabYd;
cir.Line: ' o
s::'{dw;.stnp:a.s); '
DutYaxtin -* Duy/yd;

4 bagin

3



g,
=t

: .r-puu N

powLr(IENTER BACINUN TAAPSAAIONE [4 to 261 .mgh,m;;

- wnts) (highovelduly énd (high ealods) ¢

pi-_clsu;

| MeveTs(t .nhcica..:aw) $

ﬂllt..lm H

. ntxt.lina‘

.nm..lho Hi

Anxt line;

PR

anttn(ronadQnuau.na:;:n&tacnacrccn_:idth/ao)).01;!1.

wln lina:

CBtrthighLvalibil, g

-iwi:

TutTextist® dag CT}¢

5+ begtn

ir éalibrltiqu then cnlibraaiun.-!nzuc

ales
c_-mmmzmr.

" NovaTo(1 ,chofcu,ron) ;

nextdine;
moxt, tines.
naxt, line;

kg dine s

" pext Jline;

nnvﬁnCronndtmnu.m:;wtaatuunn.widthlm)) ttevV};
clr.line;
1 ealibrasion then -'ﬁ'cllihrltu Node?

- wkaw

and;

s Rormal Mode  ¥;
DutYextiad;

5t bagin

and;

ranpht

PRS0 BNTER TINE BETVEEH REKT FULSES [t to 0] ',pulu.mia}-

antil (pullc.nin}nl) and {pulsemincwsd} ¢
pa, clear; ' .
HovaTall,chodce ran);

Aexi_line;

raxt line;

next inet

next, line;

next_ling:

nesit,line;
Houe?n(rnund(unnu.margin*(ad*scrian.widthiloi),unt?};
el 2ine

-Ser(rulau.nin 2,8}

DntTagtlut minedds -

ol



%

and;.

P :

aar;m-p_mm.s: H

o 'pt.'c!r{'m Slﬁ‘ﬂ cmm-rm FATIOR (1495 ) mp.cal‘ﬂll.
o pﬁ..flan'

Str{tnp.cntt} RYH

. " pa.t!r{’mn TARK mmu'ml FACTOR ('*ﬂ-’} '.tllp..cal[ﬂ)-
o pr.clune

8: begts

Srrltompocal{2).e);s ' o
Cpma r!r('t!m m:mr mmtm FAGTOR ('u-r'l *’fm.mm).
. pz_clur. . _ o . . //

Str{ommp, cal{3] a);
PR AL IRETER rkm CALIBRATION mmm (H-su} * .v.-uq-a. aJ): :

Cophimar;

strveank delf1d,e),
pr S (IRETER TARE CALIBRATIDE FACYRR (u} ('uﬂ} '.tank.cnltﬂ) P
P cleary

Senlemak, cal[2] ,8);

pa.NLECRETRS, TANK CELIBRATION FACTOR (b} (14530} 2 pmk cablal)s

pauelenr;

i
¥ 1 heagin

assignlonl £30e, taimit. ol )

" perritefoal, Pi1e);

mdesinleal i le, dntndrive);
sriteln(eul, 210,08 deet)]
writeln{cul file, temp, . step);

 writeln (CTYI L U sny,atop};

exiteintoal fLlu, highovalds

4% ealitratios thun

- writwlnfcal, 2ile, 112}
lan ' _
writeln{ead file, *0*);
reap;eiNt;
writain{cal £120 pules mind;
for T to 3 dp '
dritalnical ﬂh.tnp..cu{n}, _

.' foxr 1wt to 2 do

writairiesltdle mk..nll.‘!}) i
clasc(c&l_tuu.

tltd; :

and;{onse}
B { WL
nﬁd:{ahng}
wa.clear;
Lawavaliwd;
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{ " : _
procedurs data capeure (ol mults thoaless);

vai.
1u=..md1n;,tin..ch-.k.dift xeal;

.J.ﬂsrlav-.tm intager; . _
toad. Jinite send, linits, step. test LLxannTilapsBoolaan;
:nnpht- 2ld, Sk cend:booiein;
hold?o,mm.toldst),ho!dm.hclm.holdio-bnuhu. '
TeApEhAT;
¥rtext;
oyt .nt‘.!.uz&.mi.nnt?.ontﬁ:acr‘ntmul;t; .

’prot.'odau asitch..aﬁf antay iintegary
tegla - . . =
X Pmipg;!nﬂ % $8B; (st pavcallel psrt A-sut BRC=In)}s)
i heraeed chen o .
Yoo
T it {port.s and 1)=t chen
begin '
portuamport & and $F%;
BORY{portA] swport,u;
afid; '
and alse
bagin
it {port. e and 2)21 then -
bagin '
portuuiport, s and $F0;
PORT{perth] :epers.a;
and;
s
and;

procefury autehml(!mtnr jatugard;
bagin _ _ : o o
ts  POKflportest] e gaN;  {ust purrallel port Aeow RGin) 14}
Af heatursd then '
bagia
if {port.a and :) - 0 vhan
bagin
mn.rlpart.aﬂ.
PORY{porvAl sopart.d:
ands :
atd alaw
begin ] .
it (part.,a and ) 4 0 then
vegin _ '
pnrt..ﬁ*mrt.;&ﬂ;

a3



-Pdﬁ'-tportu 1WPOLL ]
‘!ﬂ .

nd;
and;

FUNGTION ADSANPLE (chaznel:TNTNOKN): TFTEONR;

TAR
LineveORR;

FBOIN : _

POkt iinmn} . t-.-amn KL ) + 2 { chaunel aslection snd }
. {cioar auftinrencloeck bit }
PORT Ilﬂcill e uctanatz SHL 47 + 3; {chansel selectica amd )
' o {suvting of softmare-clock it }
b Xk 70 8 B0 o _
It S Tlgap nasit end of conversion }.
mh; '
ADBANPLK :w((POXTIADWAL] AND $OT) SHL 8) & FURTL.OXSE):
K

procudires Sesp yend (Krinteger) i {vands a/d and corrects Linearivy}

"wr*r_
Jrinteger;
wap tautireal;

begin
axtall)mg;
o Jowl o 250 do :
datali] -amtmmwz.m i
datalll:=dntaf{I)/250;
dasall]:mdure[X]+100/4095;
davalt) :wdatalt)eronp, cellll;
it 1=l then
ﬂu:;t!l rmdatal !]-l- tduu{o] tt:nk.:nltilﬂmk.ctl [2]
amdy .

procedure plotatore;{plots and stores data}
var
T:invegar:
Prraxt;
Cbagin

ald:mfalaw;
ple:.ﬁathtnld.firat,plnt.aueendﬁplun).

8



m..’.

-

:

AT

4 net ﬂut,.plnt thar ncewﬂ.plot nialin;
trat plotswfalue; :
atare datn;
2orl:a0 te S do .
last dnkallliwntnll};
FILER '

procudurs file teans:{sanranrs fi3es to natwork}

l:sl:r.u;:
in dile, sut tilaiteaxt;
" neb eniheolean;
1-Sategar; -
rgz-t.tim.uza..tiu.ina_tm,hﬂd.mp Taal;
 dagazrane: arzayl[l. .41} of real;

bagin

agore, data;
' CRiRe ehask( ‘2.\dcpt\urkakap\gibbon\emuit&\cmtd!r\utm.tn’ .mt..o!\) -
if net mTR- T ’
bagin '
{51~}  {I/8 checking oﬁ.}
' Anpigalin gile File cone)s
KeeetGnttled; o
Auip(ou..tih.'n‘-\mpt\uarlulmp\;ibuua\cunr-ran\ruuiu\'1»:11‘ badri-‘ t:xtz’h
Eaurive{ont, Filed;
rapent )
resdinCin 2ila,0);
writeln{out file,w);
| untfl softin 2ile): _
glasalin.2ile) (eloxe{out, file);
Fileochackipulan file nams anton);
if nay a0 then
Hegin : _
CAvpign(in, Mile ,pu:l.n.ﬂh.nmn) :
Besetlintilald;
Assigntauk '!i.h.’l"\d&pﬁ\workahup\gibhcn\cnmum\ruﬂt:\*ﬂiin.b&dﬂ' PSP
 Knurdtufout, A3Inl:
repeat
rondin{in 2ila,u);
xrisain{out, tile,8);:
ks weflin 2ile); '
- eloke{in Pile) solemalour.tile);
and; I '
2ile.chackinph file, name neb. o0 ;
3t net.on that -
bagin



iui;ﬁ(h.‘ulhiph.ﬂ.h.lm) i
S Kesevlinfiley; :
; Anpignfout, rile, ¥ \d-pﬂwumnp\sibbu\eomtuc\ruﬁts\’H’s:i_bndw-‘ wpRtY;
" Ruwrdtetont file); :
TapaRt '
rendinin, 250w, 8);
writelstont file.a);
wntit aeflin,filed;
claneiin 2110} julonnle T ti10);
and;
bleatibleit; _
AasignCin dile file anned;
Assignlonr, #4Te Tile_bedys 1rut);
 Resat{ta 24e);
psaritatens file);
fnr T4l e 2 de
um:ttin,!ue.s).
rupuat
!ol: I:=f to 13 de
ruﬁ(in..ﬂza.uu_tnntﬂi H
) rendlmlin f13e);
IR ¥ T um..wmt::lmmm.ermmmu.trmta]fm
sdata a1/ 3600 HInTs, sraan 151 /090000;
:ritnln(nt..ﬁ.h.tm $0: 4.::2;:-,1.me63 10:8);
watii sotlin, f1le};
sloseldn tile}:
clossi{ant Filed;
: hun(in.ﬂ.u.m-_mw'.hn!ls
Kamgt{in #ide); : :
| pssignieut Liin, N \dopt\nxuhop\;ihbn\caacntn\rnulu\‘-rtn-..haeyw Wratd;
‘Rawritatont f22x); :
Tepaat '
gandinlin tile,n);
wratelniout £ia .l_i H
unsid aot(in filed; - _
clomutin, filed jelosulong, tile};

.{'31“'1 {170 <hecking an} _
ond; '
and;

- precedurs pulse;{switclins on oF off heat pulowlk

wy
LK Yiintegwm,
a1 .8%,83 04,06 ,8: atring.
. ehufla THt;
nat enhonlenn;




!
atury duy: nr&r[ﬂ. 8] of Teal; i& : :
. tu:.tm.m.ule.ﬂe calr..lmu..tua NG N, ARG sanl;
start titi.tnﬁ..tin’x!di 2/““
- palse wes! ward: L i

bagin _
3t lndpmmntt guize) thes
bagin L
Tif pewar. off then
begplx : :
T weat_pulaeerousd(adadiprlaeis:
£F next, puleerEl thes
| mast.pelRe RNt PRIANAS0; -
asaigaion.file, fpownz.Eartd;
e Beetton R0
raddinen, 78le, 513
vordinen, $ile.02)
roadin{on, £130,83)
rexdnloh, Tiie, 88 1
SR U O P TN T
“yGlanelon, 2ile);
)iﬂ‘itl(ﬂ- 165
) & vritalaton $ile,08);
F amivelnton file,eD;
o weitalnlon fi%e,53)3
writelaton,dl1e,04);
writainfon,tile,nk);
rriteladon 2ile, naxt pulxal;
clogalensiled;
4nd ol a '
bagln . .
file chuek (P \deprinorkshep\gibbon\canereta\vontdir\naton . tas? ,net, 00 3
if nox.on then
bagls
Lwan} (!Zﬂ Ghiﬂkil‘ st}
: Assignlon file, *¥: \:lapt\tanhup\gnhu\cmcrut\:eatdsr\pulu onty;
Pauritelon, tiled: -
-uitalntan,.ﬁh.'mha Onids
Clogwlon,file);
C {1} {10 checking un}
. ondt
L
C ¥ avx (A qathaxT/28) 3
Assdgntpulan,rile, pulan dile mime)
" Appesdlpuine. 2iled; _
QutTimei{hour minuec secili);
nust.pulae veintpulonaming
$2 nwxv.puleed$® then




. neXE.pRiNeIMeRt pulan-€0;
J:u2; {1 wec)
NowaTo{X,Yiielrtine;
OutTuxt{'Pulde On 1};
G:t‘rinChnnr.niu.sc:.nemo).
next.,uc'ntut.dny, .
RETE AL INERS SRCIBA00+houTe IS0 N RS0+ ST ReCI00100;
nuRt. £4C Xt wnst By '
uitch,.on(!);
"lptlt
ﬁnu'im(hur.aiu.u.,urm) H
nav. FNcIatess day;
" ne, ltc:!lnit,uletamhmmmwl‘nﬁuelwiI‘.m, )
it nu..nw-nut..uc than
- hegia -
' naxt..nc:-mw_nm'.ﬁ:
Jiwdni; '
and}
wnedl Ju;
tup..nldtah
wennt dav £a swdaealad;
stapt dntle) oodusalt];
GatTimalhonr min, wee, sacid0};
©wtars, tiwe ietentoday; :
SEATE, LI REREL, L ImerD0A00+hourels00 mine 0t nnc tnec 00/100;
TADORE :
tawp, oM}
QusTimalons min, aee, 0065000 ;
ey neciatast day;
mn.auc-mmmmmmamma«mwm:mfm;
. _ until (AatafS1>atavt, dat(3]42) or (new.30akart, tieetiod;
{2 depg € or 10 3¢}
switch of#{%);
RovelolX, ¥} :iclr.line;
min,culeimeing
PTTITN TR T
~ bune.cale: -l{'.-nb..duytzn* lwutHtain..nzcuoH(ace..cnzelanool.
© ant tenpswatart dasfa);
it daval3datartdasi3l vhan
md..tin:ntnn.nc-atnt,ﬁm)nf
((dntcl:al*!tut.duiall* '
tdatalilvatart dat 13 30{scale tine ta 2 dexg O}
' sl ' -
- endutise w1000, {SRROR 1N nmm
ustaxatpuia_fn&.huue.:azu,ml.tm.tw.- unp}.
Closa{pulse filel;
filw, chack (¥ \dtpt\turtthﬂp\:ibbon\eunercu\cantdir\mtou. 4 Tl .uﬂ: uﬂ H
12 neax onx then
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_ begin
{81-F  {0/0 cheeking oit}

_ Truselonrile);
181*}  {1/0 checking sa}
' oud;
and;
ad;
andy

-

procedurs dieplay.d;{nrite to display}

hegln - .
NovaTe020,2};
seeldaeaf0) :8:%,0n88);
 Btr{low.val:®:2,0m2);
HoveTol0,round(200Tathaxt/25)) iCLRLLING;
| DutTextCSANPLR 5 ‘antisd #0 deg @ CONTROL TEHE S+nut2#! I+r deg §8);
$E1daealt] 1622, 0081 o -
12 darafi)>datalo) theu
ausgiwt - dechr{al;
if datalilvdurafo] then
pugiimy  Mehp{R8);
37 (dasaltImdaral0)) thow
outRimt  Hehelin),
if {port. K and 2)%0 than
. awtdieT  GEATER OFF *
sl
satdsa  NRATRR 03
EnveTa (0, round (20400t Hax /252 ;CLALINE; o
GueTextC'TANK  : Moutied 41 day Glioutdsautds? '  PROBRY);
Sﬁ(dn;[ﬁ] 9t 0utd); ' '
outdint  HEATER DIFY;
NovaTo{(d,roand (A2+qutiax¥/25)) ;CLLLINE;
Seri{dasaldl 8:2,0ut1); '
. DusText{PANBYENT: out{s® 4 deg ¢ Ygutdh! deg Q')
and; : :

. px"ocldll‘“.dilplly.,?'.

hiagin -
Serlsaat, day:douts);

Svrlhaur:d.ous2d;

strimin:3,ousdd;

HovaTo (U round{24+0etKax¥ /2537 ;CLR LINE; .
SutTeztORLepaad Tise: Houtlé? Daysteausdst Houry, "outder Kinutes'):
Ser(day.stop:,0ut3);

QutTexs(s . Taxt Duratien: rontied Bayut);

wnd; :



procedurn Juad.net, linits;

rax.

Tila, stutus:boolean;

<Al filetext;
culi Xiintoger;

!u;in
:t*h,chuck(*? \dopt\uths’hap\gibbm\mun\uﬁ: aal? .ﬂln..ntl.tn).

1t file status Then
bagin

{81} {1/0 cumtking off}

-asmagnionl 2ile, 'F; \dapt\mmw\xibm\cml:uttanuit.cll') H
teantlcal 2iled;

rasdin(oul ile,date, drivel;.

roadinloal #ile,0f fant);

| pendlrleal fily, tomp step);

randinlcal, £ila day. stop};
randIn{onl File high val):

zendinlcal fike onlids
© ealabrationimcalier;

" rendiafenl tile,pulse mind;

for I:=0 to 3 do.

'éud!n(gn]..ﬂh.tmp.eﬂ{:}};

far Ll to 9 do

2 H '
t:lnu{ctl..ﬂ.ln ;-

{31*‘} {149 checking on}

asgignloni file, 2init cal?);
rervitedoal filed; .
aritedn{cal il data drivel
téitn‘.ntctt_iiit..dthqti H

writelnienl Sile, temp.step);

vritslnCend fiYe ey stapl;
uritaln{cal, #ile, high.val),
if calibration tham
ﬂitnlnﬁctl..ﬁh.'i‘i
alaw

writeln{cal, file, pulan.mind
for I:e 0 ta 3 de

writelntcal file .:inp.’.cal L3

..'tar Tl 3o T de

and;

sritainionl, !ut.n.-\k.n.[ﬂ) $

uluuttm.,tih) H

raadlnfeal fi1e, tank a2 {1

writeln{eal fidy, 'O

ino



- procedure swnd, Jinits net;

e

- Tilw statusiboslean;
mé..ul..ﬁh:nxtz

- oali X-integer;

dagin

181-}  {1/0 checking off}
susigninat cal file, ¥ \dnpt\lnr&a&op\xihbm\cmrﬁuuinit wcal *l 1
Serrite(ser onl file);
sritelnlnet cal fie duta deived;
i aln{ner cal Tils,ofteatd;
eriraln{nst_cal file, sonp atap);
ariteXolnat ool file,duyoutop) s
writaln{nne_ sal, fils high val);
it oalibration the

writeIn{not, onl fila, 1%}

- algw . o
writelnlnet oal _Tile, 102}
THRpIMIt
nranln(m.cnl.ﬁh .pn?.u..nin) i
fuxr Limb ta 3 do

 urivelu(oedoad file, tenpuoad(12);
for Iral to 2 & )

_ wxivalatnet, cal giln, tankoend {33 0:
alonafinet, el 250)

{83¢} {170 chocking on}
and: ' o

bagin

displaz.tims:ed;
naxt. yulasrepulasming -
1t nl.w:..puhn'ﬂo than naxﬁ..pnl.u.la.
chrek 12:8%%rue;
hold¥l:=tadase;

| neldso:xfalae;
Wold30: afulae;
old40 aZalwe;
holddgmtrue;
hold20:salie:
if not teat cont than
hegin

©tast dayind;
dey inc:errge;

'lut.d_auto} .y

10




complatacefalan;
tdiab.ﬁd:*!ulu;
Jaat, readihg:ad;
Lirsy plotimtrys;
sacond.plotiaieng;

Tapaxt

repEAt

. wady

for [:» to & do
© temp,read(I};
fop Xt X de . .
Cya_pend:adata{lislase daTalTi+0.1 3
12 ra_read then
bagin
© for Iin0 te 3 do
tant rand (1)

for =0 vo 3 da .
o resdindatalLisiant dutalilsa. 13

g e rend than

bagin
dulay (300023
Tor Tiwll to 3 de
tonp, randi{l);
wnd; :
i calibration then dispiay.1
alin '
begin
display. time:sdispluy, tiselt
i diaplay timex0 then
displey.t;
wnd; :
dittimdazalo])=Low, val ;
$F ALy (abs{lim amal 111D +aba Qi snad 1[92 1072
than Yow vadiwdatafodi '
A Yom valowhigh vl then mdiab,end:stroni
if multd then
tugin '
3¢ hold¥g then tempinyl;
it heldsg then tewp:=80;
" AT 1a)dS0 then tampieS0:
S Reld40 than tampined;
1 hold30 then Lumpiwdl;
3t holdl0 shon temp:al;

. LH )
4 held then low,val:wtemp;

e t;qw.vahuia.ﬂull{ﬂ+a!;'nt))?dutntl] then aiitch,tﬁ(i): :
if Clom.yal+(limamalilzlecs2get)Jcintall] than sitch oo l);
$¢ datal1]585 then awitch, eff{1);

192



.nd.: . _ _
12 thourso} swd (na% dey.ined then
Begin : S :

5 adisboand them nitch..n_ﬁm:

" GatTinethourmia, san, sesli0) ;

§# wultd thay
bagtn h T
it {*hours0} or {hoar=12))
and (nov check,i2) than
hagin
. chack, 12:%tree; -
if multl then
bugin )
1f HeldEO0 then
bagin - -
Aeld “a-(hha:
102470 Ay run;

\

wad;
1# heldB0 then
. b.‘h&. g .
kold50:Ealung
R ldGintrue;
mdi o
12 HOLI40 then
begin
hodd40 miinlan;
holdS0:wtrue;
shd;
A hoXd30 than
bagin
hold30:=falne;
hotddt:wtruw;
i '
if holdat then
bagin
heldd:nlulsa
hold30:=trun}
T
and:
andp .
© 1# {hourst) or (hourmi3) than
chuck, 12 swfukan; -

teat dayingeat.duyl; '
duy dncietrue;

nnd; .

if (hours) than dey.ingiefaies:
" &f walibravion shen display.t

_ sine o
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RS

. bagin e
' 12 Afuplay.tinem) then
beghn
I;{ display.d:
* display tins:m30;
and; o
ez - ' T
' zsm.emk-amt.eapwmmmmwammcmmm
g (tim.,r:luckhlutmadinvn
- or {leas ..rcaﬁiu;-m
R fﬂnm"ﬁjmut,idﬁlm}ﬂw.ﬂip) Shes
Mgis N
Pleg szors;
lasy rudingmtm..chwi.

wed;
£f ot hedd the
pomer, check;
pulse;
g.ﬂu..chukv? \dap:\wrk;hop\gihban\coacrnc\:ontdir\:tt\p fon?  AYOR.TeNT) |
241 cltnck(’F‘.\dtpt:\wnu.-l'anon\;ibbm\qnncrno\enntdit\ﬁh .tont Erans, Piles);
“tile.checkCIF: \ﬁupt\#eﬂtshhp\slhbm\t‘umntu\cunidir\ﬁh.em' Jlond Timize) ;-
ﬂh..chcckI’F.qupt\amzhnp’t;ibban\t'amratt\camar\zi- pt’,smd.ianiu)- -
an checking ¢x2} _ _
22 stop.tess thes . A
begln :
complaterstras; _
plot, store; . ' : ' W
AawignlP, ¥ :\aapt\warkuhop\sibbun\comzun\centdu\uap o) ;
" Ersani®);
and;
- 48 gxank tiles then
“bagia . -
Tiletoans; | : _
Aapign(l, P \dapt\wrknhap\;ibbnn\comnz a\cnntdi rifile,con? l B
Erais(F); :

W

\‘.\
b

.and;

37 load, limits then

begin '
load nat, Aimitas
" AsaigndE , *E: \dapt\\terkahnp\;1bhoa\ean¢rn-\cuntiir\lin. een'i H
EvanetF);

Wnd; _

32 aand. Xinits than

bagin
send limise ety :
AnwigndF, §: \d-pt\uurk:hop\nihbun\ccu:r.u\:untdix\lh.gat 3
Erasail); B - :

and;
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{314y  {u/o chtctin; on} . :

' unpil {xeypressed) or (tnlt.dmdar..nup-':l.) or (cemzm’);
if Rayprissad thm ' :
bagin

. TaBp !llldkar.
i vespil than
tagin
roay--ﬁndic:. .
1F raspes3) than !iia.traas-
44 DeapwhiS then priatutast;
iT rappeR1G then couplate:strue,
12 tenpe#35 then '
' ln;.’m
ButhActivaPageil};
Set¥isualPuge(ldy
sor Format (TaTse) ;

Liwiv et {malti),

Ssthctiveragelt};

SatVisnalPagela);

ohd}
" end wise complatesnsrue;
unil zomplete;
$ile.trans; _ _
PRI TporeA] = 03 " {aot hesters o2}
poxt.aiel; '
Hovalo (0, vound (Q0eTathaxY/I5));
21, Line; ' .
amra{o.rma{zmunmms» H
clr.iine;
KavaTo (0, raand (224Cnthaxy/280) ;
clr,ine; ' '
] nm'rutmumdtaamem‘uzm.
ol line;
Movelol0, round{S4vdatinxy /261
el line:
HowaTa {0, cound (2kesdntMaxts 28 b} H
Celedine
wnd; {capturs dasa}

procudurs closw demn;
var _ _ _
TARSUEA I AITHONNRARALE

'pelsr.filc:to:t;.

hagin




ser Jormat(falee); _ .
PORT[partA] :» 9 {¥at heutars off)
port.ary _ . : . :
pU_wtey(SUTICK OYF THE PUNP/STEARER 7 responce};
pr.alzy{*SNIICK OFF THE BEATERS ! zraspones);

i cleary - : - )

Pile, check( pones datt Fite there);

T 2ila,thars then

_gnd;

bagin . _
Pr.aTeyCPrint Ponar Yailura Tines (Y/¥4) 7 .senpenuel;
pR.CINRE: ' -

and;

it {Zasponcemiy*} ar {rsspencani¥t} then

begin - '

. writslpCley, POVER FASLORE/S &Y TRE FOLLOVING TINE/S :-*);

writeln(las);
- asaignldata tila, ‘pover.datt);
rexst{dste tile), ' '
rapank ) _
' . rasdln{data Pile, wessaged;
_ wrivelnllst mensagel;
untdl woCdntn, tile); '
westainliat <hol{0d}; -

- 1w ehack rpowar tat? File there);
it $ils,thers then

begin -
ageignipowar,file, ‘poner.tattd;
Exawuipover, file}; '
_paver.oftiatalung _
HovaTo (0, Tound (23 0atRR/25) ) 1 CLR LI0R;
w3 ' .
wnd;
¢

procedize ﬁlut.old.d_atn:

var

34K A0kagers
MEERALRIFCTAUN MNENALN
old,ek:bonlent; | '
rtsp:ehlr}

£uneeion opan A4, Tilebuslean;fopens data £ile and seads parimetass)

L owar

id.-tAtus Lile Keutus Fike ok boolenn;

Xad:integar;
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bagln
. dirsctery: _
filestatug:ocrae;
file, ok:wfalna;
As.clenr;
17 1ot tastcunt thag
bagin S
while not $3i4,.0% do
vegin
PREILORNIRR FICE WAKR ° fllw.vamed;
it lengeh{filu_vama)<s then File.ok:utrue:
3¢ nst Mle.ok Thea -
bagin

ex wrizal’Nane sust xa Tesy than B chinractess'd;

and;
nd; .
PRLClearing, Clusst
Fila e edata driverf il naned? 5180
Cund elss : '
Chegtn. S _ _
o uti;atdata.ﬂh;'pnnz_'.tit‘);
rexasidata, file);
resdin{data,. fide, file body);:
Cilw i cvdatn drivatlile, bodys? et ?;
polse dilanamsndaen delvedtile badyes pls?;
ruadinidats £3 10,0 penr S montl n, day xo0ovk;
eadinlduta, 2ile, 5, heur 5,000, 0,000, 5, 388500} ;
rasdindduna Me. 3 o
sdiab and mJel; i}
readin{data, e, 3);
dnr.in'c!-:!-l;
rewdin{darta, filn, nexy,.pulne);
clone{duea. filal;
ond;
Tile.checkifila nama Pila statin);
it #ils.stotus thes
 tegin '
assipgnidatatile Lile,neme);
rosatidasa, tida); {opans data 104}
upin.old..fih:itrut;
end alse
hagin
sa aritaC'FILE ¥OT 0N RISK D211}
da)ay{2000}; _ '
opanald File:wialae;
ody '
Asmignipuian file.pulns, fileo nuwnd;
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Caw s

and;

bagin
ok:apen, a1d. File;
tir;i;pllt:!trﬂi:
secesd plot:=tone;
T it ok thes
bogin .
for 1wy ﬁ 20 dv
readluldusa tile, narsuge);

o pundluldern, 2i3e,xe88);

dzaw.axislialsel;

: ripl.i‘!. : _ o
rendldata, £51a, tons.duay, hour mdn, anc nei003 1
fax Jiel to 3 do _

_ rand(daea, fila.datalIT1;
rasdldnta tile, reap);
:Endlntdna.ﬁh);
old:wirne; _
R plot. dutalold, Firer, plot, second.plot)h;
' " 4 nat Firet plat than secend plov.edelan:
fixae plotiefaloe: IR
Tor XisG te 3 do
last datalR] sndatalRy;
watdl sef{dats fileld:
ciosw(data, filed;
if nat tear,gont then
print.vest;
and; '
wnd:
.
prosedure re svark;
r '
| ERrrealy
hourotala: intager: |
. bagin _
plu:..oid.,din;

'ﬂotfincthanr,min Aee aeciQ0);
dutOute(ysar, month,day,dayodunak}
haur, coda.shegr;

if winda min shen
begin .
Wi emine6;
nour.¢adq iwhour, caleml 3
and; .
min wmigt~a.min;
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and;

£¢ houroeslecy hour %hnh:
blsil ' N
weur aale:xkonr.catorid;
duyz=day-5:

aud;

Boup whoui calcs hour;

1£ doy<sduy then
bugin '
A sonth 1n [1,3,5,7,8,10,43] then
f\ | dngrmeaysdty
1\ 2 w.montk in [a, a.a.u! than
! L dayedapHyo;
l’! t.mnthta than
bagia
' | 2 wyessFIOPS than
' dty:-daﬁﬁ‘.
alse <
daysndayean;
ahd; '

and;

day:mduy-s_duy;
Btti‘m{hwr.uh .0.0}
tent_duyimany;

pownr of Fiafalen;

data cepturaltalse, Talue);
vast _cont:mfalan;

begin

initialine;

" mer,dutmat{teun); '

Tile check( 'patn-.t“'.ust.cunt) {ebnek 17 rebooted aftex powar failure}

TPt
naucsanphtﬁuphn'-inr.{lrmhﬂodc}

¥ (Qraphlnivex<’BAA) AXD (ﬁuphﬁr er<svan) un tﬁr&pmiﬂmﬂsrcnem! tmm._

begin

an writelies Diaplay nwicq net tuitnblc qnu.‘v

Aeluy(5000);
Avgret 'Rtror' ¥i
wmd;

bagin
i (Graphnwivuﬂu&} '.'!m\
Begin
Graphiode: -mm. )
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<~ 

*}

. InivGreph{SraphDriver,drephfoda,??)

apd : ) .

tliu

bagin

Sraphiods -u:ms i

InicGraph(Uraphbriver GraphNode, 1)

sndi . '
- mertormae{false);

tid:

Sutdctivertapu(0};

Bat¥iswalPage(0}; _

!ceh:u!trhtmm«mm.ﬂarubir 1);

A not bast_cant shan

begin
n..mnut Yamint o of sptiens);
i optionslopt ion.aa,.ef.ept:eu) :
u...eluu,
snd slse
optionel;

i case optisk of

0: bagin
| RestorsTriMede;

Exac{ta:getelock.com?, ").
11 Dawkrzor<d '.'lun
bagin

blwnty

neitelnl 8t Doakerar) s
wid §
Datay ({20043 ;
SatGraph¥ade{Getdrapinode? ;
Acr Lormnt{faleay;

if £o% (ek,LoRy then

hagin

Tile chack{*poger. gast, Tile, thera)

- 42 il thers then
bagin

begin

adeiyn(data file, power .datdd;

sxanaldutatile) ;

sad; -
pr.alenry

whid;

Limit aet(Inlye);

shacklisg;

inpuv detailaifalael; -

pt.ﬂfsyt'!'nu <Entaxd to sur: ‘rut'.rnpnnu)-

110

pr ey ODELRTE PUNTK FAILURK DATA RnLE t"{l) *,hspemcn) H
it {rasponceniyt) or {reaponcenry?) th-n



G

=i
¥ agt cont than te.ggent
T '
bagin
draw axis{false);
Gathatali yanr i, month o, day 5 dowd [
ferTiwe(a hour 3 1k, 4.502,5, 3021000 ;
- SarTiwe(s,4,0,9):
sost dayiw0;
 datacaptuveCIales falsel;
o '
prink. taxt;
r.lou:..ﬂau;

i: plet.old dats;

NN

%)

and

a7 begln

{*

2: tagin

Emdtoralytiede;
Exae{rasganclatk.cont, 33
2F Toxkeron<s0 then
bagin

Tieaks
writeln(*#?, Hoskrror) ;
andy .

© Galay{#0003;

Yet@raphifvde(Gatdraphiiode};
sor Format(falinl;

Timit, aat{faisel;
‘chegklint;

" Inpub detailsltune);

" pa sy U/Noltipte Point Galibration T '.ﬁrupoagc):

multd raaprs{Tesponcen?¥?} op (rasponces’yt}s
pu.ﬁl!:st 'Prass <Entar> to 3tart Teat? respancel;
deav, axisi{ealne); o '
QatDatels yusr poronth . oy, 0. don);
GatTima{r hour sonin aanee 0.0ee100)
St TimelC,0,0,03; '
sask daywd; ' .
data..upﬁru(tmu.mh;.ﬂnp};
print.tasy;

. wioaa, oW '

_ &tithmcriﬁaﬂti
Execl azgatelock.con® )
dedny(1000);

- Clesers
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and.

Brac(a.comand.com?, 1/C dater);

Bxent ta:coemand.cont A JC tinat);
Awlay{1000) ; g

- RlxeBor;

Bxet Rigavelocksoht, +1);
1f DONXERSTGU than

begin '

lahat;' _ o
writelnl# DosBraor) ;
wd; .

" Delay {3000} :

endy
kil ; {onne}

Sazbraphisde{tetiiaphliodn);
Ra.clear; o

L dgw doraat{Taiee) ; l.__"

tptdl epzionsd;
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B2 CALUTILS.PAS

‘unit ealutdle;

v

4.F Gibben
-Fasulty of Hnginsering
Wity Uni.vn‘aity '

L L L

U

Incerdnce -

Unen
ort,
Dew,
Printer,
Urapk,

- amldgra,
bgifont,
bgidriv:

. congt - o .
ADksb % 4700; {2eb from A/D Converter}
ADngh = #7053 {meb fyom A/D Converses}
. ADson ® $70%; {Canirol and Halsiplexer Salection}
ADset = $703; {fontrol Vord fur A/D PRI}
Cparta = §708; {Part A} '
porsd = §70%; {Port B}

portd  w 4TOA; {Part G}
portast = $70B; {Cenrrul Vord For PRI
Adonstizesl w 3.50%07av3;

Peorptizaal = -5, B02¢%T;

Reirsal » 100;

r -
aanent , ax3endev undl ,Aand2, etonel, Stonald, _
- admixtupe dila, body yEate e pulae2ile newe yph T lennme LAECRSD KENRRES |
mAbER LI e tane mateh, 110, bady: SEraRMAIREN; '
Gay.atopiinteger; R o
tostdey. hour min, ans , 3eciOl, yoar monthoday dayofveskivord:
1002 18 MER N I0G 5, 0STO0 S 00T, S Wo0Eh o duy o domewond;
Eanp AP LA tanp  Sem,axk tut  adilx Waas mas poner:Tanl
Tm darge Lin amald oan, stonsavsayll. 2 of zeal;
affsetizesl; _ '
dataiareay (0. &) of ready
i1aat. drbararragl0. . 8] of vwal;
temp, cnl:array[0..3] of rexl;
pank.oud tarxayl(l. . 2] of rani;

113



It

© low.wwl, ki;!s.ﬁdmmt.ﬂfand! :
'pu!.u..f:u'.t.iph.!ih,dul..ﬂh,nteuih*tcﬁ" "
dura grlvaeiving;
rn'j:’sn'arcm;
pori .l.-im:u,
Al mst.puln.nptiun,u.ﬂ sptions: :huc;cr- -
s :t'i.ihratiun.ﬂﬂw.plat,nunn&..p!u,znt,cm,ponr,.ﬂ!.ﬁh_thﬂ:hohmi
| adiab.end.day.dne, srang.date:boolean;
SrivtEavarpototar; o

9:«“!:'. diracuery:
pracedisce Abactidng : steing);
- procwdas BereCepy(Invarss : boolesn; Node : byte; Max.y-woxd); { EPsOX } -
progeduca spuk filstheld: :snlm),{npom dita 2ile and ronds purwnuu}
%mmneo chuakling; _
precednse m:.&ctma{hald:bnﬂm).
- pracatdurs it s {Convrala remination ptoecn if therw ix an aprer}
9mdcn IGMdnnJ.tc.{um valued Crom dnfunit £1la}
pracadure Ihivtalise;

Inplemantation

S _ _ s _. 3

© precedusé. divectoery;

ar
T3 rinteger;
giriatosSearchbac;

- filastringrPathStr;

- d4rDieBug;

Home : ¥nmedtrs
FrtiExolir;
calairenl;
saapchar;

. hn;in
N3 CLERR;
FindFirst{datadrivatte et AnyFile Dirinted;
#HleaniagDizInte. Nake;
it DosEryo. s than
begin .
F!lp!.!.t(ﬂl-,nrin;,dit.'aua e:t}.
caleimi;
cm:-tcucucﬂu.nidthiao. _
HovaTo(round (euc) raund(tmain, sere cn‘.sizcl 1901
 OutText{name) '
Joez,
© yapaat
for Y=g to 1Y Ay
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o

h-;in _
- papaag

Findkaxt(birato) ;
i¢ Dosfrrarsd then

. bagin

ke stxingieDiziato Ruama;
PSR4 L la srring, diT, Name , 638} 3

- uakewlly _ .
caleiwgeicelsucroun widthinn:
 NoveTolroundleaic) dat¥d;
| QueTexslnamed;
. wid;
S C Fieieis
7 unkii D5;
nuxt, Line;
Jiwi;.
wad;
42 TosRrror=s thes
| bagin .

T prntsyCiPrens <Bnter> for Fexs Pege = tranprin)
pa.clanr: o
ks, clear;

: and} _
untdl DusBryersid;
“end; '
nd;
e IEI AL LA R SRR NRE . » S4nnan}
provedure Aborb(Hag @ stringd:
.bl'siu ' _
Weitelntieg, 1 ¥, GraphErsocteg(UrephRenit));
Aaielt); '
. and;
¢ NEBEER R EIEI R T eI T ARRETREEE)

var
1. I, Top : ingeger;
Colortoe. Printlyse : byke;

ﬁfaccduxn DuLinu (Topiintager):

var
Jiinteger;

canng .
. Rita o aerayl(d..7] of byte

vap

fungtion ConmtruntByre(l, I :_ﬁtagnﬂ : hyts;

£128 .6‘1.33 |1ﬂaa1‘|=‘;)=.

1s

procedury HurdGepy(invarsw : boolewn: Node 1 byts; mex.ywardl; { E0a08 } _



Cliyte, X * byte;
hagin t ' .

T o Fakl 8

Chyts » 0

Fox K 1% O tw Yop do _

. %2 duiPirel(T, 1 + X)50 then

 Ulgea 1w CHyte or Bats{E];

CanssrustByte o CHyts; '

and; { JonntrectByce }

begin { Dobine }
Far el 46 10 do
._ilritctape.‘ iy
©4F Hode = 3 thex
Reitefle, "TLY)
'ala.' '
. Nritwllet, {1, Chr(Hodad);
Brivallet, Chellol{detiyxX + 1)), Ght(li’iﬁﬂit!lux + 1)} ;
fer 1 1w 0 2a GotHuxX do -
aqm
PrintByte := ComstructByne(d, I);
if Invarss thon ' _ '
FrintByte :® jot PrintByte:
Vrite(Lss, Chri{FrintByrad};
wnd; _ '
i2 Node <> 4 then
UrdtelniLat);
and; { DoLins }

begin { HardCopy }

fap = 73
Heds 3o Hode anid 73
12 (Hods » 53 ar (Noda % ) then
Modw 1= 4}
Writa(lst, “{:37924); _
for I 1= O to (Omax.y + 1) she 3) » 1 Ge
Baline(73; _' : ' :
b {{m_:Qy + 1) alr 3}
if tu,y 4 1) and T €5 O then
Dolina{(max,y + 1) wnd T3
* VriteLn(Lst, ~[’30);
and; { MardGopy }

{nus BN b Ak I 228 AR N SR S h A SRR )
procedurs npnn.ﬁ_hihﬁlﬁ:b&ﬂcm):{upms dats 2ilw ind reads paraneters)

var
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I
i
14

A

Lo Tl

@ﬁautnaus,!ilt.sﬁeu.ﬂh_olc:_ﬁenlﬁ:m v
16, ervor, 1 sdateger; : '

h;-ﬁ

icg

diractozy:
Filuatatos;werue;
. Mudle 23Te.statun oo

bigte

2300 ok LAt ne;

~AF dpt Bold then
bugiji
- whATe met Filw ok dn

bexin S
PRt RETER FILE NARE Tl budy)s
i length{¥ile bodyd<d then fiis nkistive;
32 nut 231e,0k then '
bagin ' _
Wi uritel anw must be Tess tb.» © chavactars');
i . . _
and; )
peLcIenr;thttenr; .
ile namewinta driverI il bodyF? dxt?y :
pol e file nameradata drivestilo budyd! ple®;
;ph,.ﬁh..nm:ld&t!.d;‘i“ﬂ_ﬂt,tmlﬁ taphts
LiTu, cheek{File.mume tile atatus) ;
Af fila status then
bagin '
as, r1ve{'FILE ALREADY FRESENTY);
- Ywspopceimd I ) _
whils not (reaponce $a [ige 093, 0, 200]) de
pa.wEsyCINRSTRAY OLD FILE (YAR)?, respates);
pa.clakt jas.clear; '
¢ sasponew in [5y7,'¥Y] then
filaatatusintalse;
ond;

“and wlsw
Cbegin

file atateevtalae; _
File tameimdata drivetihold. vatd;

" frlabodyiwiheldd;

puLae. Tile nase:mdate drivetfile bodys?, plat;

- aph Fila bameisdaca driverfile bodyst. apht;

- mhd;

if not Fila gtatus thean

bagin

 zoerdtafdatectile); {opans date fade)}

asnigndaca.dile Filv,nom): {c'hocka.m valid #34 nane}
ar o R o

Bt



e

A

: beg:.lt

)
Fauritetdagn2ile) .

a4} . _ L
I0. erver v ICKasuit:
48 10, erroymy ea-n'
bagin
- #ila ATARE st
.l AN egal Churatars uand in *r:u- lut‘)
and; : N
it {0 orroe<dd) and {10, eryore=2) then

:nrut(dan..ﬁh) tupcu dats fila ta Setarmine prrnr} -

nd;
and;
Tile stasus:=ialen;
while not t*iq_ﬂuﬂu 4o

pawfst( ' ERTER rmmmn PRI .F.' FILE JANS, * .mteh.-fih.baﬁr}
nateh e nane .-cllta..drinmnh.ﬁh.bndﬂ’ Adn2rp
e aritelmatoh Zile, mane); - '
e chackimaveh File name File_ntatug);
i# nat fllestatus thin
hegin - '
ag.eritel *RILE m raxssrn
hlue.blnt,
. end;
mé;
pl,.,dlur,n..nlnr ;#8.5) r,
Reaigniwatch, Tile match f4le.nesal;
Rasst{matah fla); .
Aywign(duta, 2ile Lila.nmme);

_ Asaim{puun.tut.pﬁlu.ﬁlo_nm): :

and;

I,

Rewrite(puine 2ile’;
Ulosalpolre, Lile} s
Aasigr(mphotale apicile e
Rewrituaph, iled;

Gles. Faph Fila);

e

procudurs checkliaty
buxin '

and;

pe aley (15 PRINYEDL READY 7 *, rasponcel;

pe. AEsyTIARR PUMPAIT. IRER SPERATING 7 7, Touponce);
pe.ufnyCARE THERHIGIUPLES CONKRSTED ? *,radpontc):
PRNTsy(*E§ THERE PONEK Y0 THE HEATGRS 7 ',respumcw);
paudnys’ 5 YHERS JUPRIGINNT WATRR IN TANKKS T *.xesponce);
paLciaNe; ' ' S

1UR



. precadura input dscails;

yar _
wissring:
Tiinteger;

higi.a .
" responesimind;.
. XUPNRE :
if not held then

bagin

. pu.ufst( ENYER CEMENT TYPK *,cemantd;

\ & pr et ENTER EXTENDNE TYPE ',axtander);
PLERCCORNTER SAKD TYFE 1 7, sand?;
pr.atstORNTER SAND TYPR 2 *,awnd2);
PENISEOIRUTER STOXE TYPE L * stoned);
pE TS BITER SIGKE TIPE % 1 atoinl);
pauLat{ 'RNYEN ADRIATURE TIPE !, adwixtured;

. pe e ORETER CRNERT CONTEET (xg) *,cem);

~ ps.wfr(IBRTER BRTEEDER CONTENT (KB} 7,08%);
pr.ErCISETER SAND 3 GONYENT (hg) *,aan(tl)y
pu SRR CRNTER BAKD 2 CORIRIY Chg) *,aan{2])s
PRI (IENIER STONE 3 CONTEST (xg) *,wton(]}; .
P wir (I ERTER STONR % CONTRNY (kg} *.utenlq]%;
PARST{KIIER YATER CONTESY (1) *,uaterd;
o L CENTER ADHIXTURE CONTAENT €1) 1,sdwix);
pr (Y ENTRR #A33 OF SAMPLE Chg? 1 oamp)]

il ’

s EATER SARPER(STARL) TEHPRRATURE (deg &) '3

paonfria, tamp}s '

low, valiutemp;

GxtTinedhou s ,win, Bec, 400100} ;

tethatw{ynne manth, day,dayafuank) |

if hold then
“Bagin

apen.tileltraed;
casponcewiyi;

sad o
' alss
- hegin _

© epentilettalan); .

I.i‘.l_!uln{ﬂntl,ﬂlt.wm TR - “Lcemant);

writelnidava file, "KXTRADER TYPE *._utandirl‘.

writeln{data Pile, SADTHPR L @ 7,sand);
writelnidata, 2ile  3AND TVPE 2 ¢ hyaandll;
writeln{data, filae,"3TORE TYPE £ = 7, atonel);

-wrdtalnldate fide CSTONE TYPE 2 @ ‘.sxenaRd;
 writalnfders, 231, *ADRIXTURE TYPK : ¢, adedixtured;
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o

il
{

writ-lﬁ(d;tif,ﬁ;c,’cmt GONTENT  r  7,cem8id, (g) )
sritaln(datn,£ile, 'EXTMNDEN CONTERY ¢ . 0 axt:ffsd,t Ckgd V95
vriteln(dava 2ile, SAND 1 CONSENT @ c.eanl1:6:3,0 (k) 723
writein(data_file,'SAND % CONTENT vt amnfd]:6:3,0 () '3
writein(dava Tile, 5T00E 1 CONTERY  :  ?,avenfi}:8:3,7 {kg) *);
writeln(data file, 'STONS 2 CONIREY 1 - 9,aton23:6:3,F (kg) *};
weitelnldara £ile, ‘VATEL CONTENT 3 tomtensfid, Q) M
uritaln{date.2ile, "ADRIXTORE CONTENT : #,admix:0:3,7 €13 %
writeln{data fils, '5ANFLE NASS I CTTH LM 3L H
aeitaln{daTi 2ile, SSANPLE TENPREATURE @ 7, sumpided,? (deg 0} *)1
wittelal{datra, tila); ' ' ' B
AriTeIntaate, Sile,ARY: 3, 0=) monthal, =2 yaansa};

weitadn{date 2ile};

wrisalnduta ile,mann:b:3);
elose{dara, filed;

Bawritelaphotile);

writaln{upk_#ile,cam:6;2);
writeln(aph #4%e, nxt:6:2)
weiteInl{aph fils,sasl2] 820,

. sriteln{aphfile, aanlil4:4);
writelnaph tale,avouf1l:6:2);
© grisalnlaphotiie,wtonf] 613}

writeln{sph.rile, water:8:2); -

- wrdteinleph 2ils, adnix:8:3)

Tand;

_wntil Cresponcasty’) er (ramponcawiyh);

EaD;

priteIntaph, File,mann:0:2)1
Clvu(sph.:!:l.u):

NY.CLEAR;

RESEY(data Zila)s
READLN Cduta M4l 835
ButTextiad; '
next.tineg

j GEL N

WHALR T 2= 1Y DO

sEaLn

!ﬁ_&ﬂi.l(dtﬂ.ﬁh;l! i
OurTexttad; -
PUTR ST

1 =341

CLOSRCdnta Ti18} 3
radponseisint g .
Pa.Eay( 'CORRRGT {Y/¥3),veaponcal

©re)

pracedurs Exiv;{Controls terminntion procurs i thare ix an error}

]



8=}

“hagin

PORTTpoxtA]} = 03 {aat hunters oft)
purt_n.=0; ' ' -
ClosaGraph;

ExitProc edxitfave;

wnd;

I

v .
Lileostatus:boolomn;

' pracedive loas.defaulta;{lands values £rom defantt #1tu)

- Rl Rileant;
. clli |_I H intt&lﬂ

bagin

T emalI01] oD, 08 {unt® on than o2 limite}

Limamall[2):w0.05; o _
Limlaxgelddsn-0.1;{unte on they off Limits}
Lim, targeld] .1, ' .
2440, chackCHSMit oal? ,#52e, HERtUR) 1

if Aor Pilestatux thes

bagin
' sapignlenl file, *Limit caltds
ronestaloal 2ile);
data drivewig:y;
effaev =l _
A, 66 N0 1
day, stopiwid;
h:l;'h..vé:-as:
ealibrasionafalee:
palae miniwit;
~For L:ixb %o 3 dy
‘sempucniilYonl;
for 1:m] %¢ 1 ide
tank.callt}:=0;
_und ' :
- alam
‘hegin .
~wusignleal filn, idnit.cald};
rosgtlonl File): o _
readlnical.tile,data_drive);
raadintoal dile,cffaet);
' rondinfeal file, tomp atapl;
readinlcal #4de, day.atapl
" paadinfeal £i1n highovadd;
sendlnfoad tile,ealid;
ealdbratlon:meading;
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roadin{onl, file pulew.mwing ;.
for £:%0 to 3 de
ru.d!.n(cai.._ﬁ.‘.t stamp galfX]);
Cfay Tawg te 2 do '
readinCesl file, tank_calirl);
L '
cleas(cal #ila)
" end; ' '

B

. prncédﬁﬂ Iniciaiise;

begin : :
PONYTADRat] 3¢ $9%;  {faftialiation of A/D PP}
PoaTIportaar] i« $85; {wat parrallal pert Avout,B8C-in)}
PORT[portA] = 0; . Inat henters cis}
- pont arel; '
ExitSavaialxitProe;
BxitProg:eainit;
Jond. defaulex;
{ Bagistar all the drivers }
it llosuturﬁﬂrdri\u:{mmuwr}‘.-n) <0 than
Abort('CoAMY;
ir hg_ilnrmId.riv_nr(le?dawiwf"":u) € 0 then
bort ('EOA/YAA]; ' B
18 WegiaterBiTdriver(WarcdriverProc) € 9 then
 pbars{Hegety; '
§F RegiatarBAldrivey(OATID:ivarProc) < O then
 AworxCADMING
. if nusutcrlﬁrdriur(lmz?onriqrPrcc} £ 0 than
Abart PG 32701) ;-

{ Bagistar 2l tlu fonta }
i RagintarBiizent{adothicFontPron) £ U than
Avare{'Goshiat); '
1T dsgiszarBoifont(eSaneBariffontirec) < 0 then
Abort{15ans¥erss’); ' '
it a.;nmmmm:mnmnevma < 0 then
" Miore{'8wall’)}s
i hxllurm.funttﬂriplui'unmu) L8] tlnn
Abort(TTriplex?);
poner, offrxfaise;
Llonuvalisd;
omd;
and,
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B.3 CONDATS.M

" eldar 21) _
#ilenawe » input(’Pleaxe anter the 1e name? 7,207);
volaingutCIFluase anter the Yolune of the Sanple (m3373;

% Onlculats the heating Rata
lowtneme » [filavane, b Jra’]

ol {f Toad ’ Joadammeld;
aval{{ vimant Filensme, 2, 131752

© ayndCL Temp- ilanwn, 1€, D 121D

wealCEA Tampe?  Piluname, 2(: 305205
aval(l X Taupwt f3lennwe, t0 7,40 ;00

% Tnterpulate dats o constent sawple Tate
cimynting-time{l}; '
HinTomin{tim)

Razlomaxieime); -

time2 * {KinTs1/6:MaxTT;%10 min intevala

- tdwed w gdme2(:);

- TampZ # 1nttrp:ftiu.1‘ap.tm2,’1&:&«:-*) m:\ '
C Tespaetonpafs);

Tenpi{iyelemp2i2); .
plot(timz.‘l‘enp%,tin,!.‘l'ﬂp.tiu.!..:l'mp)
title {2 Tamparatura 1}

peune

© Keadedlaty hesting £ato degrae /by
for AW2rAangth(Tenpd) '
Tenp3(LIn(Tanpa (i) wTenp2(iald);
| TepdCiInTaop3 (121 /8);
Tempir{i={Tamp2(i)«Tenpali~1 1/ 1/8) ¢
TemplraTompdr(:);
and

Klow pass #31tar 'mpa

[B,A] » wutterd2,20/520);% 2 hourly trlnd
Taspd = FILCILE(B,A, Tampd) 3
TowpdnTampd{c);

plovltimed, Tonph, tine?  Tempd, ¥. 1}
_titlelHaat Xate S7hpt) '
pauAe '

TampdnTempd;
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ﬁca:.eu:l.iﬂ the Bnargy from the zpicifia ¥eat valuw

Toadnane = {Filename, ' .wpht!

" aval{['load ?,lcadnamei);

aval{{*sasaw? filenane, *{:);73)

Yscala to sample manx L
Sotalmensvaumimans(1:00Y;

wans (1 :8Ymang g (] . 1) comans (DY, Frotal wans;
dunsmmans(n) fvol ' '

1 3H pf the sater,cewwnt,sud  wuig J/X (total of mix)
AH{T :6)wB80 Amagn (L 18) KPulten page 586

| SHCZ:BIMELTH. smeas{T 00 ATncropara page AR

SHTeaun(SH)¥tatal SH 37K ' '

SHEkgasHT/masaln)

% 2 of the watur,cement,nand iiq WK (with value for cenunt prated
SHICY:S1B80, wmaus(3:8) {¥Pulton page 85

aH3I[1)=0;

sHat2ymo;

BH2TI=0;

INTLEInG;

Ytoad shuat.dxt fepaclic hany Yor cured motar (wee Zaviwon{1998) pl1) -
shavahantfs,A); ' ' '
shimghanel:,2);
shdeghent(s,33;
Pispelytistaht aht,2);
piwpolylis{uht,sh3,2) ;-
ai=lpt{Ly p2C133;
alwarls);
a2eip1{2) p2lN]; -
E ol YIEHH
23 [p1(3) pMY;
adwa3i);
avgnes{langthini),1};
a[.25 .8); '
IO
Mate A}
Aelw A);
Adwle A):

bimARAALD _
brekNad:
LAwA3\RY;

platiahy ok, 1ot uhi, a2, Y0 ")

" hedd n
Jdm 35,
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inr Ia1:6 :
snpamtummm Jap2(2)452(1) .n-bacsmmm
" sMel:  iwpolyval (SKp,aht) :
Jate, 0T
wnd
~ plotfshs,SHe)
panns
hold ofl
data=[sht 3KE1;
gave ¢!\phdicariaon. sht datu ~ascid

worn{mans(7HenhsatBI)/ (nrns &Z)ﬂns\!}) sAnster/cemant Tatin .
‘pmlucrebll2)4hi{1) worshg{dieh2ll) mm(mmm.
SHtempapolyvadlp JempZ);

Ax{mix(Teap2) mtmpm. -

A=Al S '

exonan(lengthiad 133

Anfn A5 L

Lor Isd:langthl{SEeenpd

A‘zil'(lm&luutx m-aaumufmm B)Mi?&))ﬁ(mm(muu E)Hm(mua(?.a})) !Rmptni, .

AR )y

- bmAtAA2;

suempm-'mpzcmhtamm :

and

SHuvewpaStanp. » (maxs {1 omass (R imunn (Ti+mana ()
SHuampeEHtanp+aumiSRR) ;ftokal OR /K
SHTRE2ZuSHtamp, Soias(9) 5

plet(rined, SHTRE2) ;

title {'Apacific Neut o2 the Concrsts{J/Kg X313
21abel O Tapsrsture deg G5

yisbel{23/Kg K); peuse

tor iwi:lengtilrine)

ST IS AT/munn (9}

and ) )

SHY2»SHT2L )

datan{time? Tempd SHTKgZ SHTZ):

aval{Dave * $ikarane, ' she ¥, Mdata Jascii’)}

TompdlaTurpd. -(simseoohm: ¥i/oec. "3 (H/m"3) Of cament
Tarpa2eTenp3. +(SHtonp/I600/vold1 Hi/nae,m™3 (/"3 02 cemons

plot{time?, Tamp3l. /dany . stotal masa. Jonen (i) tive 2, Tempdz. tdtm.ﬂ:otnl.ms Jmutn}lﬂf‘ks :

tivleOHeaxr zate (K/kg) of cawant?)
Heap Rastsigun(Tempd)
daten [tiam‘-l Terpdl . fdens. vvotal mans. feina (1) tnpa: !cl-m.ttntul..nu: Tmangiils
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avil{lisuve f,fﬁtnm.*.hrn 'y data Jascti?])

' PalEe

Uintegrate the heating rats to give toral hast produced

yi~Tsapdife);
ink dsteiwcnuaumlyld S4600; #londas

“tot haniimax(int datal)

¥ Tampdzts ¥

_dnr dasadmousaun(y2) 4600; Sioules

ot heatTemax{int, davaz) g
ot henk kgwmax{int_duts?). fdm.ttutu_nua.fmsm

. 'piutttimz dnc datal. (duni.*total,m:.flul(ﬁ 71000, time2, Int.. data:.!dcns mtn,nua.fnmu} {1000}

%34 (7Toval Hust Dunerate {kI/HR)*) .
daranloima? intdata !aen;.*tntal_unu.fmsu) F1000 int dnaﬁ.f&-m.untu.nut Juunm.m:oo

 eval(Ermava ‘.!:!.muu. ant *dasa fascidt]y
. panks

. Jowdnasee[#ilenama, * . pixn?] .

avslll3oad 7 Toudnamed)
avRL{[*Tewpm? 5 Lannie, * {1 B
aval ([ vimen? 2ilaname AL ¢, 1X¢ L)
el T Tempe £ 0emama, 12, 3037])

Yendeulate max ting oF all pulses

for Iet:langeh{Tamp)

T bimel{T)eTemp(l) 1
¢ Tovhea{Ild10
© T tima{l)ma0;

wid

and

e timemmax (T tine);

Aealeulate meun pﬁm

PuITemp . 40 .U3Y2+10 KBNS {0hne pags 156}
Pult 40,5723 ;

i m..ponmaxt?) i

Eouloulate muan wHeLRY par pulu
mar_ SHEMIL powerEmar, tine:
Yexleulate temp increase in sakple
tomp_stepumax_at/SUTkg/mans (3}

% Filtar the Max pulve twmperature to 4 hanrly orand

% Devimaxe dats to conatan$ smph Tats
tinestina~tine{t);

MinT=min(tined;

HagTemax{time);



time2 » [MANF:30/60:MexT] ;%10 min inturvaly
timalegina2(a); '
TanpZ = int.tplhiw Tamp timed, ’11!1“:’1-

'm.p = interplitime,Tenp,tina2, *Iinear?);
PorTanp. ¥0.0372+10 556 ; 2{0hms page 155}
Pl 00,511 #.61:'&617. o! tutu powex

" k. fl‘«p! !:u poge 144
Lond probedat. :
kuk. nhmmn Yxsw pagn 158
Han-mm(kr a
ki{=k-Hoatty )

[y ) wontar(i, 2072400 ;
K2n2ilefileib,a k) |

kznkzﬂlqm.

plotitimed,k, ) .tim! m

Maxis(L0 80 0 13%; _ C
titlalTThernnl Gonducsivity (H/nk)*)
panEY . . .
datas ftiﬂ?. k2 X1;

CavalfCisave *,f5lanam, s pi2 * 'du’ca lneii’]i
AATE KR/ A/ BUTIEYIBO0H2H;
plut(ti«t!.diﬂ"

_ £45LeC Thuymal Difusivity tﬂ'i!nuﬂ')

 antas [hinez diel;

wral{l'xave ',ﬁl'tnm.".zﬁr ¥ data Jencii?]}

2
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B.4 PROBECALM
. clear all o Ty
1z '
loud powerii.cl : o o
ka=pouerifls ,1}; ) '
kpepowar(il:,2);

- w=onastlength(hpd,1};

Kufa xpl;

Aika; _

save probedet b

¥lead probadut

._h

keakp. sb(2)#b(1);
dasampke kel
- BEVE preh!con..dat da.i_a ~aseii
ﬁpﬁpalyﬁ:(kp-.h.ﬂ)
Yasve probudat p
Ykennolyvallp, kp)
{pauns

¥=0r.2:.6;.
oamidr
yux. &0 {2)+b{1);
Yympolyvallp, )y
kditdmpby(kneko)
maxdiffemax(kditsd
srror.toelaaxlkdit£)+100/2)
arror steingenumBatr {cals {axror, 2aei0) /10) 3
© yplusmyimax(kdlasd ; '
yrinypey-puxCkdits) ; _
Plutikp,ka, *sf .x.vplnu.x.yniaﬁi)

tit1e 'Conductivity Proku Calibratian®
*1abell Probe Factor?)
YiabelUk (/2501 _

Yaxiadlo .5 0 1.0} - .
tare(0,3,4, DEvror: 4=} arror.string ¢ fa0l)
pauxe |

xmD: 2:1.2;

L IO

ey .
simgederound(exror, £8) 7100:
xamxe2evoundlarren,2a3/100;
Pinysderoundiereor a3 /100;
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" yamy-Zesonndlairos. fa)/100;
YplotChn, ke, 41 ,xi v, 32,¥}
plot(ka ke, 4r x,¥)

hold on - . )

x1[.42 .22];

yi=[.6% .4831;

Yplosisl jrl.,'-')

yi={.86 .85); -
3p1nt(ﬂ;ﬂo""‘")

aold afe o

Keaxtd .24, 885, '2% £4 Error Band’)
wcki(fo 1.2 ¢ 1.41)

_ titlel(*Conductivity Probe Calibrauien ¢! dats *373)
xLabel{'Tharmsl Conductivity (U/aK) )

: yhb-u'calcolu:d Thermal Canductlvity (WK} )
Fraxt{.f, 04, 'Caxdbuardr)

toxt, 08, .18, Pine’}

text{.2% .-@.’fotlon’) ’

Luaxel .44, A4, Haafn Yaxt)

Yeaxt(.638, 596, Water?) .

taxu{.98,.92, "Oatbon)

 taxel0.3,1, [*Exgor: =9 érror string * 28°1)
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B.5 HEATMOD.M

" tlewr all

 filaname * inpusCoPleaxs snter the fils name? 1,013 A

Joadnume = [filenass,’ hr2']
avel{["load 7, loadnamal}; _
wynl{I*tima=! Ailename, 2z, 1) 11)
qu(t’haat..ﬂt#* »Filoname, 102,237
Iondnawe = [¥3ilanane,,p12i]
aval{{laad +, loadname]};
wval{(?cande? filename, (1,2} ;1])
losdname * [Tilenane,?, Kra’) -
aval{{7icad 7 loadninal);
wvalil geast, tempw? .ﬁhnm, HL1,2)50)
| dTa500;3%10 nisutes ateps '
22 Lengoh(tine) <Lingthlcand)
Tenelengch(sine);- o
Celxe

hn-hngth(gund) H
el

tor imlilan
Simapliineina (1)
ond o
tinantimap;

Ydalowlate nods capeisy
dengminputliPlanss antay nnplo ﬂcn:ity’! ');
Ax, 1 {4100mm betywan noder
shainput{*Fleane mtu; the gapla's apmiﬁt‘.‘ Howt? )i
CCL.1)udanavdn/2salt;
(43, 1350(8,4);
Por 1MRidd
QL5 , 1) 9deng bdyinhy
and
for i=1:13
_Tal3 A )=Btars, aamp;
| 43, )Instart temp;
TIL (2, dImStark tonp; -
end -
Yalenlate node tappRLAtUTel
for 4a2:len '
For jwRiie
qtj)ﬂhnu..m.n(1-t}tdxtlnoo.2tﬂnntt aTen} _
R{IZI=1Z, O00000001 ; NLams. o0 inavlated side Ck'ﬂ 026)
RCUO=L A Kok due to Sanvaction
fox k211 - '
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BCkymi/ tennd(i-1)/dx); -
F~.mgpd |
i‘%\j“‘i : . . : .
Sum{1)sStart, besp-Ti(L, i) {NStars_taupranbiont ' . S s
Sum(1)uTACE, 3~10-TL(L. )
- R
Sum2INTA(E, J41) =110, 305
Sun{t)=Sun{1)/RCIuE);
Sum{ynSumin /RT3,
Bom{I i mEnm (17 Bumi2);
HECE , 3)mgl H8um(S);
T!Ci.jl'((drlcfj,1))#{qﬁj}*5uut33))*11{1,3}.
T20L, D=Stant tanp;
. T, 19)yuStart, tasp; -
TALL, 33wTR(E, 1%;
BL203, §)=q(§) s¥Adiabntic conditionl : .
' T, pralld/ods, 133#;(53}*131t1.1>.1hdinb-tac conditions
1305 L)=Start tenp;
TH(L, 198t AT, S
T340, 391304, )5
" end : :
and '

" losdnama = [£4lenane, F hrat)

evar(l loud ¥ loadnane]};
'waltt'tiuﬁi-_',ﬁlunm.'{a.i);‘l) _
aval( [ heat.eataln? Filenwae, 7<0, 80501

subplat(3,2,1)

plot{vine,¥2)

nat’ramptrnuru o nun‘anr(tihmn) MY
titlals)

xlabell Houeet)

ylabel{ Deg &)
- axia (LG, 100,20,680]

timantime(:};
dataw{vime 12]; -
aval{{'save *,tilename,? mod 7, dava farcil?])

aubplon{?,2.%) _ .
plotltime, T20:, 125  time, 732,73, %)
title Adinbatic Comp. '
xlavul(douts®)

yiahall Deg 043

axi st [0,100,%0,601)
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luiﬁplut (2.2.53 _
plosleine, T5(:,7), bined Jhens tatel, 7123
title *Test Comp.’

xlabed(tonrst)

ylabel(1Dag ©)

axda([0,100,26,80])

| oxpeirizll;

 ubplot(d,2,4) -

- platlxp,T20344,3),*. )%, xp, Y3(144,:3)
+it2a 'Prefile at 2¢ hrs?

xIabel OPonition’}

 y3abel0Dag 003
axis(10,12,20,801)
stepsimunlitfay); -

 taxt (.6, 55, Simp 7 steps w1}
rext{xp(1),120144,1),% Ambiant?Y
et (Oopl2) , 12(164,2),7 Sarfuga’d
:wazcl:_"gnxt 3, 2% anemel);

xpmapl:d;
| Tewawtalsy;
tewonTa{1ae,:3;
- tywomptunln);
dutaefep ttwe] .
aral{Dsave ¥ ATenome, tmed ¢, Ydsta Jaseiid])
Ypansy

Kaubplonde, 1,1 _ o

%plot time HLO: 8D, 8ime, HE2(:,30) _

Zricle ‘Folystyrwis Tusulated ‘Adiabatic® Cxdorimater?
Axlabel( Hourar} '

?Qyubult‘rnur {0y
' Spuaune

Fhospe{cumymmtHL2(Len,3) ) ,#000) «{cumsrm(HL(Llen 33 ) 0800}
Yptatisine,Loan) T S
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B.6 HEATMOD2.M

cleay 11 .
filenwma = inpnt(Pleans snter the thermal Information File nm‘r-".'s 3}
£ilenon? = Input('Pleake sntar the medel test Pile name? 1,:39);
Loadnene # [fitanans, 7. he2?}- ' o -
 Ioudname? * [filenma, ' medt]
 aval{{'1ead *,londnansd};
aval{f11osd ? Tondewnnlll;
orsL{D bt Filanwma,  1,43541)
avalilshent catawt 2iTaname, 2 {1,231°1}
sval(Eshwm! ilamaed, 113) '
© luadname ® [£41lename, . 512Y]
~aval(l?3oed ¥, loaf cmal); _
wyalCEreonder Rienmw, {0 7YY
Ylondnume # [Fllenims,F hrat} '
Fayad{D1end # Tondname] ) ;
i Langthitise)<lengrhlcand)
Lenslangthieine) ; '
.__:ln
Lanwlevgthlcandl
and -
for Inl:len
" timnpi{d)etine{id;
and o
Timuntinap;
Tz 1oz, 13-Tm(2:0)
RisTwein(Tal: 10);
PaxTrmne(lnls 1335
vimeZ * {HinT:10/80:Waxl] ;%10 min intcti_alu_ _
timed * viwe2(:)}; :
Tw # incarpil{lel. .13.1’u._tin!2. Hlineart}y

%Corpoct vavistions in sensor values with Tasspect to purface LanpaTature
tAI0NTIEL, 2 TMEL B2 ' '
T2 B)ntmis SIeeditd;
rddrentin{y STl , 65
Jml: B)ulnl:, 80 ediss;
BALEITIMC D3=TmC1, 73 §
iz, 7iem{:, Tivedaa Yy
teodsTud: ,1);
anb, tewprim(: 4),
Tor inf:lwn
waan.anE, TaRpt 1) w mannCawb Sempl;
and : ) -
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Rean anh, Sonpemens Nl tenpld;
. Boars_ tumpmenb_tenpll);
4THE00; 10 minater stepas

¥orleulate node capeity .
dengainput(*Pleass witar sawple a-uity? *),
dixw, 1 (1000 betwsan nodes
. alminput{*Pleazs eatet the zemple's npac:l.ﬁr.- hunt? 13
BLE, Admdenavix/2esk; : '
C113, 14080, 1)
oy de2:12
" G4, A Imdennedinnh;
- wtd . ’
fop w1l _
TL(L L) =Bvaxs, tomp; -
fz(!..i}-stut“tap':
0, d)mstart tewp;
and .
¥Caleylate node Lonparatayey
RE1)%1/20;5Lonn dus te zanvectlon
for ju2:lan '
- for qu .
R(kitnif\‘.cundti-z}f&:). :
it '
jma; N
q(j}thue..mtnﬁ-i)tdat:wo %(Wunit srexd
Sumtd bomunn amb, tamplid=T004, 43,
- Bum(2IeTL(L, JHYTALL, 33 _
Sum{linSam(Ia 80 ~1Y:
Bum(Z)mSum(2) 74{4}:
Sum(3yaSum(1y+8um{2);
HLC3 , §3mql 1 48umta) ¢
TR0, HACAT/CEH, 13 e {qUid+oum(SI I HTE (L, 35
T2{d 1)e8tart, Yanp; ' :
Fa0adnitarvotesp
1L, Pwrst )y _
HL2EE, Pwqlf) jRAdiabatic condiviony
T3¢, j:aﬂd‘rﬂ(j l.ihq(jn-'-‘faiﬁ,ji,mdhbu&c sonditions
T3 1 )n8tart Canp; :
Tati, 18)x3tart tusp;
T3, 0130, 30
far ju3:8
glAyehantorateli=1) tdxixm.x (ifunit aread
SumCINTLES , J=13=T4 0L, )
Sinpemenn,anb SenpCilat10d, 35
1P jeea _ o .
Rinawabal( $2U3nas 0 AT+ 023 0017 (Sinard, 3321'2”3) b3 H
Yvee page 137 ' :
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slse
Rinswalnt1/(83meny, 37740.02)) sXsae poge 137
Rplaamatall/(Sing+ 8)1;
Sins«3ing/Rine;
Sptlanbumi1)/Rp)es;
Sum{2IT1E1, 1E1I-T11. )
Sum(LInEem(1) AL i-1Y;
- BualayesunlP IR0
_ _ sms»smummzmmuﬂm
tu.(i.ja'qtjhm(a!
ms.;;-ztemu n:thcj)ommnmn.ﬂ,
1204, 1mStars teip:
Tali, 13V 8xar, bwap;
CTIL, JINTRCA )5
mu.,s;-qu) ¥Adiabatic conditione :
m(i.j)‘(‘.dﬂcij 1) hq(j))mtﬁ 3 .milhtic cﬂnditiom
THE, LinStast terpy
F3(4, FIYestary, omp;
TIIL,JIMIB0L, 303
end
md
wat

aubplet{?,2,1)
_ples(time,T30:,203;

Hodd on '

- ploti{tmod, Dal:, ), 1)
tpld off -

a={igurface Tenpuraturell;
titlein}

aiabadl Houru ) _
Ylahell ieg 41
wxin{{0,100,20,401)

. subplatl,2.12}

plot{timg, T2{:,30}; -

hold oh '
' plat(tmd.'l‘u( ,-n 111);

hold off :
sul Tamparature at 1o0nm0ds
riviels) . '
xln'hd'-('nguu*) '

ylebak{iDag G*)
siist(0 100,20,40})

eubplat(2.2,3)
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E

ploxltime,2¢ 1,430
wold on _
plovitmod, Ta(s\8),%:%);

‘hold o
-title "ampevaturs at F00om’

ylabel{Koura?})
ylehallspag 61
axi#({[0,100,20,401)

2apldt(3,2,4)
. Plovltine, T2z, 533

hoid on

- §lonimid el 8, 11025
foig e _
sitke *Tapperaturs at 300wt
- x3ab#LCHournt) '

yintal{ Dag G*)
axie{(0,100,2¢,400)

timltiuif:}i

davasltine T2€2,2) T2(:,8) 120z ,4) 1202, 50);
- aval{Dianve ¥, filerann,t moS 1, date fascilil)
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B.7 HSHMOD.M

 clenr a1l

Filanune in_puﬁ(_’ﬂtut snter the fiie sema? 2, %%%);

-Toadnumn w [£ilenwas, *.5r27)

sval{{*lond ? loadnanel};

~wvAL{{ eimenr Fideneme, 101, 005000
" evallltheat, ratest Milennee, {1,235

Toudnase # {#31ename, ¥,p127]
svallllond ¥, 2aadumnel};
avalCl?sondw? , idename, {2, 20 170D
losdnens » {filesane,’ hrat)
ou!.([’lud 1, laadnumel):

 wwal Ol Btacy towpst Silaname, 1(1,2); ’J}

Tosdoame = [#tlename, ! ahe?]
vall{[*losd 2 Joadaame]);
aval{[iahe? ¥ilanane, 7{: ,93;°0)

C ATHB00;%1C winuies aiaps . o

it langthitine) lengthicond) e

. tenslangehltined;

alga .
Tanmlangthloond);
and

© Ror i%i:len

timapldyerimalil

. 'aapm-snm:
aomd

imenyinep,

_ aheahp;

xmﬁuluo nody eapeity
densuangne{ Plessy enter sanple density? *3,
dxw. £ ;4100w hatwaan nodes :
QO3 I%dannedas2 . vah;
T3, 0n001,1)5
for isdiaR
oid,: )‘lﬁunitﬁi.uh_ 3
snd ’
for sl
' TiE, L inStane. semp;:
T2 d)eSrary tenp;
T3101 LInGrare tanp;
vad o

):caxnuhu nodn tmpuntnru
tor t‘ﬁ.hn :
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for §e2:2
qf S ¥npunt  eata (1~1) 3k 61000 .1(!/11:11: aruw)

K{13)wy /. 000000001 ; Mhons on insulated xido (k-n\ m:

CRELyar/20: % axn dus t¢ gonvaction
ok kngiid
Rt Hoondli-13/dn) 3
i Juwl _ :
- BuMCIInSLart, Lamp-TLCL, §) 1 45eact, senptunbinnt
olas . . . .
SumCI)WTL(s , §=13-T184, 53
and - _ '
 SwnC2TL0L JH-TL0LL 9
Sunteresum(e/RCiuld;
- Som{2)uBum{D/A);
- " Sum{B)uSua {1} +Sun{2);
LG, Dugl D 48uml3); ' .
1203, PDRLLAT/OT], 1) Do (gl +BumII NHTALL, 55
1345, \)nStart_ tonp;
T2, 13)vStart tomp} -
T401, DeTaC, 33t

© KRR, gl shAdiakattie conditions
TH0E, SIuCCB/0U1 11 10q (330403048 5 YAdtabab e acnditiann

T30, L=kt temp;
1504, 13)n8tare, Samp
PATTER DL, TERH
and '
and

. eadnans = [#ilaname,’.hta'}
wval{[*load ! Jlosdnaweld;
svali{Peimeixs Sikemame, V(2 10510
sval{Trhaat ravelot Lilarane, ' (:, 201" 1)

mubplok(2,2,1)
" plat{tine,T2)
su{iTawperatyres (! m!af.r(ﬂ!.uui) H
titleial
xlabell *Hours )
yiabelPbeg 0V
eeixil0,100.30,001)

t'iucn;cim(');
dataultime T2);

wval{['save 1 M lsnwme, ! 0ed ! 'dna Iue&i*])

. subploti2,2,2)
plot{time, TR, 120, tdme, 1340, 70,2:0)
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tisle *hdiabatic Conp.?
xlabel{'Honrary

yiahel (*Deg 07}
ania{l0,100,20,80]

snbplot(2,2,%) . .
plotlsime, 230,73, thenl heat, 2atnt, 13 7)
thtle "Tant Joup,?

xlabel{ Houra’)

O Wlube LU Dk 00}

axis([0,100,20,801)

xﬁ-l:l:iﬂ:

subplovl2,7,4)

plotlap, T20044 03, 70K, 2, 130344, 1)}

| tiele 'Profile &3 M hra?
xiabel{ Position?)
yiabal*Deg 60
axdy€10,12,20,800) -
stspavpumiatn{dz);
toxt(.5,85,[19¢upc 1 steps w71}
taxtsp(1) ,12(144,13,* Awbient?)
taxtap(2) ,120544,5) 7 Surtaca®)

- Ao ligrexs * Filuname])s

xpexp(s¥y

Terowya(:);

tenon2(144,1);

ttwongtwole);

dutaxlap tews) - _ _ .
weal{ltsavs 7, filonne, ) .mob ;2 data fascidt])
Ypnuan

Yaubplon{1,1,1)

Yplor{eime, HLC: 30 s eime, Wi T: 402

Teitle Palyatyrenn Insulated ‘Adiabutict Balurimetsrt
Yxinvel{Naurs?) ’

Fylatal (r2anar (WD)

Hpause : : R
FLonsn (eupaum L2 (Ten , 337 #8003 = Lentamn OIL (Lan .3)) +500)
Yplet{tine,Lonss E '
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B.8 HSHMOD2.M

clenr all . .
Titename = input{?Flease suter the thermal information Zile name? *,'ai);
filenamed ® input('Plesss antar the Nodel Test Tile name? 7, 7a?);

‘Joadname ® [2ileneme,? Ar2’] -
- Joadnamed ® [2XNeneme2, b med?l

sval{li2ead 7, loadnomeld;

sval{l"load !, Josdnamel);

wvat {Limem #iTenane, *{1,1357])
wval{{/haat vates’ Filename (1,210}
avkL{{ Twe?  Lilunimed, ;1))

. loadoume = (filenams,?.pl2?]

anl{t'iud * Lopdsane]) ;
wval(Dicondm? Filanema, +{z 205003
Ioadnama * [2ilenans, ? . ahet]
aval{l7toad ', londneme]);
weal[tabm? Silenuma, 1 €5 3531

Plosdnane = {£1lename,? hra?]
" Yowad{[*lond 7, loadnamel)y '

it Lenghltine) Qungehlivad)

Tenmlesgrhltined;

slne

. Lenwdengthleondi;

and. _

for imtilen
timep(l)msinali};.
ahp{idmgnlils

. and

timaxtiimvp;
shashp; _
Tl 1wIml:, 1 T4 1)

RinTaminlTe:, 10}

HExTomat (Tinl1,13);

Yime? o ININT:10/60:HaxT] ;%10 min intervals
timn2 = tinel(:);

m = interpl{Tuis, 1), Tw, tine2, *Tinear?);

¥Gorreat varaations in sensor waluas with rusepact ta mr!nmi_ Remparatura
tdittaTm(l, 2)~Tall 5) 1
Tl Syl Sreedifs;
sdigfaTn(l,2)~Tw(L.60;
To{: 61Ty ) HEdATE,
tdiffwtmiy, 2-Tal1,7);
TRl TinTml s TiFedied;
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tmodnlm(:,13;
anb Lampelmli 4) 5
for d=i:len
mm_mb.tmp(.i.) = nm(uh.,tap)'
end
A, auh..tmp-um_nab..tup O
" Start tawpanb.templ)
dTB00;%10 minutes stups

%oaleniste nods cupoiby _
dens=input (*Flazse anter sumple dqnlifx? ')§ :
dyw,1;%100em betueen nodes
o{1, Imdenswdx/z palt;
L3, 10m00L 0 ); '
dor Imgiild
BG4, s Jadannedx. eah;
and
| for im1313
TL{L, D)=Stark_temp;
T2 A Y»3enrt tempi
THLCL KuSnrtatangps
g S o _
¥Oaltulate node vemparutures
- B{L)#1720;¥kosn duk to convection
| fer iw2ilen
Tor ksdiil
Rikd#t/teand{i=12/de) s
ownd
Ju;.
q(j)-hut_.ntcti-ntdmiooo'ﬁv‘.ﬂinnit ares)
Sun{L)musnn_rub., tup(i}-u(i,j).
sw(z)-'riﬁ.ju)—‘nu.jl, '
 SumlL)msumCAIR(I<1);
Sum{2)w5un (2 RS
Bum(3wSun{1)+8um(2) ;
WL, 1y =g Fetum () §
1201, P=AT/G, mﬁqcmmtammu,ga:
rali, 1)mEtart temp;
TR(3,13)s5care temp;
Ti (1, PT2(8,5)3
HLRCE, JYwq(l) s YAdinbatic conditions _
Tati VJIRCLATC() , AY 1a I TaL L, ) n.ldms\tic cenditi.ens
1'3(1 1?*8“1*:.5«151:, i
yrit) .13>-$=qa,=wp.
TR, DnpdlE; 3
for ju3:4 '
qu)uhnt_ntu(1*1)4&:&1000‘!(}!!“1'4 nru)
Sum{LI*T8CY _1—1)-1:(1 b '
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_ ssnmmw,mpuv-u(z;m
it gusg :
nmubn((mammo.a‘rrw 02)J4(1F(8Lnpe0.1121-25 aa))) .?.zu pm 137
: slee -
mmma/csmmo.anm.mn;zn. ;ug& 127
© snd
Epinswaba(i/ (Sinue.8)Y;
Singmfing/Mius;
" Bplassmm(1)/iplen;
BuoR(2)eILte, J40)-TE(L, 33
Sun{y=Sum{L Y FRCS-13;
Sun(2)*Sum{2 /Al ;
sunt:immmguczmamspm; :
LGS, $)mq{§ 34 Fnald) ;. '
Tats, ys(tdr/oed .i))*(q(jh-s“(anﬂnu.j);
1203 31*3:::‘:_1;»1:, o
208 ,18)=3kaxe tomp}
TL0L, erats, 3
RL2(1,J)=q () s¥Addukatic conditiony
T84, JYw{T/0, m—chmmt:,;).ms,aum conditiony
T4, 1)=drare,,
_ R(&.u)ﬂﬂtuc_topp. _
T31{L, 39034, 5}
_ and :
wd
wnd

wubplos(2,%,1)

plot (time,720:,20);

held on . .
plotitmod Twl:,2), 7323}
hald off

anliSyripee ‘hnparuun’] :
titiels)

 Xlabarf tHours ¥y

Ylabali i Oeg 03)
ainf0, 100,20 ,40])

ubplat(2,2,2)
plovlvime,T2{:,30)¢

hold on

Cpros(enod, tm{s, 73,310
hold aff .
i-f"‘i‘ohpauthn at 100mm'); .
titlaln}

© slabed{*Woursty
ylabal(:Deg )
axda(00,160,20,401) .
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.

subplat(2,2,3)
| plostiine, 120:,4));

hold on

plotitmad, Tml: ,5),2:%};

hold off -

' sitle Tlepipyratice ot 200mm}

:tlabcl_t YHours?)
yiabel{'Dag £1)
- uis(to,:oo,ﬂo.qn}_a

anbplet(2,2,4}

- plotfEine, T30, 6);

hold on

plot{tmod,Tmlz 8),%:%);

hold off _
Hitle Temparstuse At 200y
xlebal( Hours?}

_ ylabel(iDag 4 _

7 axis(l0,100,20,401)

“timwetimal:);

-datenltize 305,20 T20:,3) T20:,4) 1T24:,583)

aval(Lemavn O, 84 anwme,? mo8 7, 0datk faxeiti])
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