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Anotace

Tato prace si klade za cil popsat metodu méfeni toku tepla substratem nebo pidou pomoci
samokalibrovatelného cidla tepelného toku HFP-01SC (Hukseflux, Holandsko) a potvrdit vhodnost
jeho pouziti. V neposledni fadé by meéla byt navodem k aplikacim s pouzitim tohoto ¢idla. Tato
prace by mela byt pfinosem oborim zabyvajicim se zruznych duvodi méfenim toku tepla
v substratu nebo pude.
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Abstract

The aim of this thesis is to describe a method of measuring the heat flow through the substratum or
soil with self-calibrating heat flux sensor HFP-01SC (Hukseflux, The Netherlands) and to confirm
the appropriateness of its use. In addition, this paper should be a manual for applications using this
sesnor. Submitted work should be a contribution to disciplines dealing with measurement of heat
flow through the substratum or soil.
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1 Uvod

Cilem této prace je srozumitelny popis méfeni tepelného toku v substratu nebo pudé€ pomoci
¢idla tepelného toku HFP-01SC (Hukseflux, Holandsko), ndvod k realizaci méfeni a préace
s programem Most2.3 verze 230.54 urenym k préci s daty poskytnutymi dataloggerem M4216
vtomto piipadé ukladajicim elektrické veliCiny z ¢idla tepelného toku HFP-01SC a dalSich
odporovych teplotnich ¢idel Pt100, pouzitych k méfeni teplot substratu. Soucasti prace je
vSeobecny uvod do problematiky tepla, vedeni tepla a vlivii na vedeni tepla. V praci je také uveden
vyiiatek z normy CSN CEN ISOITS 17892-1 pro vypodet vlhkosti substratu nebo pady. V zavéru
prace je vyhodnoceni a porovnani meéfeni tepelného toku v substratu nebo pudé pomoci Cidla
tepelného toku Hukseflux HFP-01SC s tabulkovymi hodnotami a s hodnotami ziskanymi vypoctem
dosazenim teplot ziskanych ¢idly Pt100 a toku tepla ziskaného ¢idlem HFP-01SC.

1.1 Teplota

Teplota (podle Broz a kol. 1983) patfi mezi zdkladni pojmy termodynamiky. Mame-li
termodynamickou soustavu v termodynamické rovnovaze, tj. ve stavu, ktery se neméni, pokud
nezménime vnéjs$i podminky, nedochdzi mezi ¢astmi soustavy k vymené tepla. O takové soustavé
fikaime, ze ma stejnou teplotu. Teplota je stavova veliCina, kterd charakterizuje stav
termodynamické rovnovahy. V Sir§im smyslu uzivame pojmu teplota i u soustav, které nejsou ve
stavu termodynamické rovnovahy (napft. studujeme-li tepelnou vodivost téles).

[1]

1.2 Teplotni stupnice

Abychom mohli porovnavat teplotu télesa (podle Broz, J. a kol. 1983), musime ho uvést do
stavu termodynamické rovnovahy s jinym télesem, které se nazyva teplomér. Kazdému stavu
teploméru je tfeba pfiradit urCitou teplotu. Toto pfifazeni, které je v zasadé libovolné, definuje
teplotni stupnici. Pfi stanoveni teplotni stupnice vyuzivame toho, Ze zmény stavu libovolné
soustavy jsou spojeny se zménami ruznych parametru, jako je objem, tlak, elektricky odpor,
magneticka polarizace a dalSi, jez danou soustavu charakterizuji. Pfitom se predpoklada urcita
funk¢ni zavislost ptislusného parametru na teploté, napt. linearni zavislost objemu nebo tlaku plynu
na teploté, exponencialni teplotni zavislost elektrického odporu nékterych polovodict a podobné.
Charakter takové zavislosti je rizny podle druhu pouzitého télesa (teplomérné latky) a zvoleného
parametru. S jednou latkou nelze vystacit pro Siroky rozsah teplot, s kterymi se setkavame v
okolnim svété. Pro rozsah béznych teplot se jako teplomérna latka velmi Casto pouziva rtut a
parametrem se voli objem urCovany z délky sloupce rtuti v teplomémé trubici o stejném prufezu.
Teploty pfifadime tomuto teploméru tak, ze zvolime dva zédkladni stavy, které se nazyvaji bod
mrazu (0 °C) a bod varu (100 °C) a pii kterych vychdzime z rovnovahy dvou fazi vody za
uritych vnéjSich podminek. Bodem mrazu rozumime rovnovéazny stav mezi ledem a vodou za
normalniho tlaku, bodem varu rovnovazny stav vody a jeji nasycené pary za normdlniho tlaku.
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Bod mrazu, jehoz teplotu oznacime ¢islem 0, a bod varu s teplotou oznacenou ¢islem 100 tvori
zaklad teplotni Celsiovy stupnice. Teplota v Celsiové stupnici se obvykle zna¢i symbolem 7 a jeji
jednotkou (i jednotkou teplotniho rozdilu) je v této stupnici teplotni stupen Celsiuv (°C) Teploty
mezi bodem mrazu (0 °C) a bodem varu (100 °C) ur¢ime na zdkladé predpokladu o linearni
zavislosti objemu rtuti na teploté. V mezindrodni soustavé jednotek SI je zdkladni jednotkou
teplotniho rozdilu kelvin [K], ktery vyjadiuje 1/273,16 — tou ¢ést termodynamické teploty trojného
bodu vody. Teplotni stupnice definovana na zakladé¢ vztahu ¢. 1:

T=T0-¢
(1)

kde 70 = 273,15 K, se nazyva stupnice termodynamické (Kelvinova) a K je znacka jednotky pro
teplotu 1 pro teplotni rozdil v této stupnici, nazyvajici se kelvin. Teplotni stupnici zalozenou na
rovnovaze dvou fazi vody v bodu mrazu a v bodu varu ovliviiuje vnéjsi tlak. Proto byla v soustavé
SI pro termodynamickou stupnici pouzita s vyhodou definice pomoci rovnovahy mezi tfemi fazemi
vody v takzvaném. trojném bodu, k které dochdzi pii jediné teploté a jediném tlaku.
Za termodynamickou teplotu trojného bodu vody byla pfijata hodnota 273,16 K, ktera tim ziskala
charakter univerzalni konstanty, kdezto pro bod mrazu vychazi v termodynamické stupnici teplota
273,15 K; bod varu neni v této stupnici stanoven dohodou, ale jako hodnota, kterou lze ziskat
meéfenim. Pomoci teploty trojného bodu vody (273,16 K) je urCena jednotka teplotniho rozdilu
kelvin K. Svou velikosti se kelvin shoduje s teplotnim stupném Celsiovym. VétSina fyzikalnich
zakonti ma pii pouziti termodynamické stupnice jednodussi tvar nez pii vyjadfovani teploty ve
stupnici Celsiove. Presné urCeni termodynamické teploty je vSak velmi pracné a naro¢né. Proto byla
k usnadnéni praktické termometrie zavedena mezinarodni teplotni stupnice, kterd je v laboratofi
snadnéji realizovatelna.

[1]

1.3 Mezinarodni teplotni stupnice

Mezinarodni teplotni stupnice (podle Broz a kol. 1983) se zkratkou ITS-90 (zkratka anglického
nazvu The International Temperature Seale of 1990), byla pfijata Mezindrodnim vyborem pro vahy
a miry v r. 1990 a nahrazuje Mezinarodni teplotni stupnice starSiho data. ITS-90 slouzi k usnadnéni
pfesného méfeni teplot dostupnéjSimi prosttedky, nez je tomu u termodynamické stupnice. ITS-90
byla zvolena tak, aby teplota podle ni méfend co nejpfesnéji aproximovala, tj. pfiblizila
termodynamickou teplotu; rozdily lezi v mezich chyb soucasnych méficich metod. Mezinarodni
teplotni stupnice 1990 rozliSuje mezinarodni termodynamickou teplotu T9y a mezindrodni Celsiovu
teplotu toq. Celsiova teplota toq je definovana vztahem €. 2:

too =Too — TO
(2)

v kterém 70 = 273,15 K. Jednotkou mezinarodni Celsiovy teploty toy je Celsitv stupen °C,
ktery je roven kelvinu K, pravé tak jako v pfipadé termodynamické teploty 7 a Celsiovy teploty 7.

[1]



1.4 MnoZstvi tepla

Pti kontaktu dvou razné teplych téles (podle Horak, Krupka, 1981) nastava vyrovnani teplot;
teplejsi teéleso ztraci teplo a chladngjsi prijima teplo tak, aby meéla obé stejnou teplotu. Je tu
podobnost se dvéma nadobami naplnénymi kapalinou do rizné vysky. Spoji-li se obé€ nadoby pod
urovni niz$i hladiny, vyrovnaji se hladiny, a to tak, ze z nddoby s vyssi hladinou pieteCe Cést
kapaliny do nadoby s hladinou nizsi. Pfitom mnozstvi kapaliny, které odtece z jedné nadoby, rovna
se mnozstvi, které do druhé nadoby pritece, takze se celkové mnozstvi kapaliny v obou nadobach
nezmeéni. Podobné si pfi vyrovnani teplot t; a t, dvou téles, které odpovidaji vySkdm hladin, 1ze
predstavit, ze jista veliina, kterd se nazyva teplem, pfechéazi z teplejSiho télesa na chladnéjsi,
pfi¢emz teplo Q° vydané teplejSim télesem se prave rovna teplu Q, které pfijme chladnéjsi téleso
(nepusobi-li ovSem obé té€lesa na sebe chemicky a jsou-li dokonale izolovana). Celkové teplo
soustavy obou téles zustava stalé, takze pro vyrovnavani teplot plati zakon zachovani tepla.
Takzvana , Fluidova® teorie tepla, podle niz je teplo jakési nevazitelna substance (tepelné fluidum,
kalorikum), které ani nevznikd, ani nezanikd, ale prechéazi jen z téles teplejSich na chladnéjsi, se
udrzela téméf az do poloviny 19. stol. Prestoze nedovedla vysvétlit nekteré jevy, naptiklad
zahtivani téles pii praci sil pfemahajicich tfeni, ma ten vyznam, ze zavedla jednotku pro mnozstvi
tepla, které se doCasné uziva dodnes. Za jednotku tepla byla puvodné zvolena kalorie, oznacovana
cal, coz je takové mnozstvi tepla, kterym se pfi normalnim atmosférickém tlaku ohfeje 1 g
odvzdusnéné vody ze 14,5 °C na 15,5 °C. V technické praxi se uziva Castéji kilokalorie (velké
kalorie), oznaCované kcal a rovné 1000 cal. Je to teplo, které ohfeje za normalniho tlaku 1 kg vody
ze 14,5 °C na 15,5 °C. (Teplotni interval je tfeba zvlast' definovat, nebot’ k ohrati 1 g vody o jeden
stupeti v jiném oboru teplot je tfeba jiného mnozstvi tepla nez 1 cal.) Takto definovana kilokalorie
se nazyva patnacti-stupniova nebo Maxwellova a oznacuje se také kcal;5. Kromé ni byly jesté
definovany jiné kalorie.

(2]

Domnénka, ze teplo je néjaka zvlastni latka (podle Hordk, Krupka, 1981), byla bezpecné
vyvracena nescetnymi pokusy, které provedl v prvni poloviné 19. stol. pfedevsim James P. Joule a
to aby se vysvétlilo, pro¢ se tfenim télesa zahfivaji. Zjistilo se totiz, ze mechanickd prace
vynalozend pfii téchto pokusech a vzniklé teplo jsou vzdy ve stejném pomeéru nezavisle na tom,
jakym zpusobem se mechanicka energie pfeménila v teplo, zda tfenim, nebo stlacenim néjakého
plynu apod. Z toho lze soudit, ze teplo je jen jisty druh energie tak jako mechanicka energie, a ze
tedy zakon zachovani tepla neni zvlastnim zédkonem, ale je obsazen v obecném principu zachovani
energie: Pfi pfeméndch tepla v mechanickou energii nebo v jiné druhy energie je ubytek tepelné
energie umérny piiristku energie mechanické nebo jiné, a naopak. Nenastava-li energeticka
pfeména, ma celkova tepelnd energie uzaviené soustavy stalou hodnotu. Stejné jako se mechanicka
energie télesa méti praci sil, které na téleso pusobi, nebo naopak praci sil, jimiz téleso pusobi na
okolni télesa (jde-li o ubytek jeho mechanické energie), méfi se i mnozstvi tepla, které téleso pfijme
nebo vyda, praci sil, odpovidajici pfislusSnému zvySeni nebo snizeni energetického obsahu télesa.
Teplo jakozto druh energie zvlastni jednotku nevyzaduje; 1 u ného plné dostacuje jednotka spole¢na
pro vSechny druhy energie, tj. jednotka SI joule [J]. Kilokalorie neni tedy jednotkou zvlastni
fyzikalni veli€iny, ale doCasnou (po 1. 1. 1980 zakdzanou) jednotkou pro energii nebo i
mechanickou praci, které se vSak z historickych davodu v technické praxi pouziva jen pro jisty druh
energie, a to pro energii tepelnou. S jednotkou SI, joule, souvisi pfevodnim vztahem

1 kilokalorie =4 186,8 joule = 4,1868 kJ = 4,1868 kWs

[2]



1.5 mérna tepelna kapacita

K stejnému otepleni riznych latek téze hmotnosti (podle Horak, Krupka, 1981) je tieba rizného
mnozstvi tepla. Pro vystizeni této skutecnosti je zavedena veliCina mémna tepelna kapacita (mérné
teplo c¢), definovana jako mnozstvi tepla (), kterym se teplota latky z teploty t; zvysi na teplotu t,,
délené hmotnosti latky m a zvySenim teploty t, — t;, tedy podle vztahu ¢. 3:

= ¢
m.(t, —t1)

€)

Protoze se mérné teplo dost malo méni s teplotou, je prakticky ¢iselné rovno teplu potiebnému k
ohrati latky s jednotkovou hmotnosti o jeden stupen (z teploty 7 - 0,5 °C na 7 + 0,5 °C). Méma
tepelna kapacita je konstanta, takzvana latkova konstanta, o rizné€ velkych hodnotach, pro razné
latky riznych skupenstvi.

[2]

1.6 Sifeni tepla

Tepelna energie (podle Horak, Krupka, Sindelat 1954) se miize ifit v podstaté dvéma riznymi
zpusoby, které jsou po fyzikalni strance zcela odlisné:
1. vedenim (kondukci) a proudénim (konvekci), pfi nichz zprostfedkuje pfenos energie hmotné
prostiedi.
2. zéfenim ¢i sadlanim (radiaci), pfi némz tepelnou energii pienaseji elektromagnetické viny,
které se §ifi 1 ve vakuu.
Castice (molekuly, atomy, ionty), z nichz jsou tvofena fyzikalni t&lesa, nejsou v klidu, ale v
Castice neustale v silovém poli ostatnich (hlavné nejblizSich) ¢astic a vychyleni kazdé z nich ma
proto za nasledek vychyleni sousednich castic. Nema-li proto téleso ve vSech svych ¢astech stejnou
teplotu, vyrovnava se vzajemnym pusobenim ¢astic, napiiklad molekul, jejich kineticka energie.
Takze teplejsi Casti télesa s vetsi energii molekul se ochlazuji a chladnéj$i ¢asti téles s mensi energii
molekul se ohfivaji. Ponotfime-li naptiklad téleso do 1azné o jiné teploté nez ma téleso, déje se tato
vyména tak dlouho, az nastane ustdleny stav, v kterém ma celé téleso stejnou teplotu, stalou i
Casové. Jsou-li naproti tomu dvé casti télesa trvale udrzovany na nestejnych teplotach naptiklad
dvéma laznémi, maji molekuly v teplejSich Castech trvale vétsi pohybovou energii nez molekuly v
chladnéjsich ¢astech a dochdzi k trvalému pfenosu energie z teplejsi Casti télesa na chladnéjsi ¢asti.
V obou piipadech oznacujeme prenos tepelné energie vedenim tepla a to v prvnim piipad¢, kdy se
teploty raznych casti télesa postupné vyrovnavaji, jako neustalené (nestacionarni) vedeni a v
druhém pripadé, kdy je v télese Casove staly teplotni spad, ustalenym (stacionarnim) vedenim tepla.
[3]
Je ziejmé, e pienos tepla (podle Horak, Krupka, Sindelat 1954) se znatné zesili, jestlize jsou v
pohybu ¢asti hmoty vétsi oproti molekulam. Tak dochézi v kapalinach nebo v plynech, zahfivame-li
je zdola, k proudéni, nebot’ dolni Casti se zahfatim roztahuji, stavaji se fidSimi, stoupaji vzhuru a
prfindseji do chladné&jSich mist teplo. Chladné&jsi ¢asti kapaliny naproti tomu klesaji do mist bliz§ich
tepelnému zdroji a rychle se ohfivaji. Teplo se tedy v tomto pfipadé pienadsi kromé vedenim také
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proudénim kapaliny nebo plynu. Neni-li v proudici latce vSude stejna teplota, pak je proudéni
soucasn¢ provazeno prechodem energie od Castice k Castici. Také proto oznacujeme takovy pfenos
tepla jako proudéni ¢i konvekcei tepla. Pritom proudéni kapaliny vzniklé pouze rozdilem hustot v
kapalin€é oznacujeme jako proudéni volné ¢i pfirozené. Naproti tomu nazyvame proudeni kapaliny
nebo plynu vzniklé vnéjSimi silami (Cerpadlem, ventildtorem a podobn¢€) nezavisle na transportu
tepelné energie, jako proudéni vynucené. Uziva se ho v riznych aplikacich (napfiklad teplovodni
vytapéni) k zesileni prenosu tepla konvekci.
[3]
Tepelné zafeni (podle Horak, Krupka, Sindeldé 1954), nebo-li salani je zcela jiné povahy,
protoze se jim prenasi tepelna energie z télesa na téleso, 1 kdyz prostor mezi télesy neni vyplnén
hmotou. Rozdil se jevi také v tom, ze prenos energie zafenim mezi dvéma télesy vznikad, 1 kdyz
teplota prostfedi mezi nimi je podstatné nizsi nebo vyssi nez je teplota obou téles (napfiklad
vyména tepelné energie mezi Sluncem a Zemi), zatim co k vedeni nebo konvekci tepla dochézi
vzdy jen ve sméru klesajici teploty. Tepelné zafeni (vinova délka tepelného zareni je od 770 nm do
1 mm) je stejné povahy jako zafeni svételné (vinova délka svételného zafeni je od 380 nm do 740
nm) a patii do skupiny fyzikalnich jevi, které souhrnné oznacujeme jako elektromagnetické zafeni.

[3]

1.7 Vedeni tepla

Udrzujeme-li protilehlé rovnob&zné povrchy télesa (podle Horak, Krupka, Sindeldi 1954),
které jsou svymi rozméry znacné vétsi nez je jejich vzajemna vzdalenost na stalych teplotach # a #,
(tn > 1), vznikne po urcité dobé rovnovazny stav, pfi némz prostupuje teplo télesem z povrchu
o vyssi teploté 7, k povrchu o nizsi teploté 7. Teplo O, které projde za dobu 7 plochou S (malou proti
povrchu télesa), je podle zkuSenosti pfimo imérné velikosti plochy S, teplotnimu rozdilu (4 — 72)
a dobé 7 a nepifimo umeérné vzdalenosti d mezi protilehlymi rovnob&znymi povrchy télesa tedy
podle vztahu €. 4:

t, —t;

=1.5.
¢ d

4)
[3]

1.8 Tepelna vodivost

Konstantu umérnosti 4 (podle Sazima, Kmonicek, Schneller a kol. 1989) oznafujeme jako
tepelnou vodivost materidlu télesa. Udava mnozstvi tepla, které projde za jednotku ¢asu krychli
o jednotkové hrané¢ mezi dvéma protilehlymi st€énami, mezi nimiz je teplotni rozdil 1 K, jsou-li
ostatni stény krychle dokonale izolovany. Rozmér tepelné vodivosti plyne z vztahu €. 5:

_Qd
C S.T.(ti—t)

)
Tepelna vodivost tuhych téles podstatné zavisi na druhu latky, na jeji struktufe, popt. na stlaCeni.
U porovitych latek zalezi na velikosti pora a na druhu tekutiny, ktera pory zapliuje; u sypkych
hmot zalezi na stlateni a velikosti zrna; u krystalickych latek na fazich a jemnosti struktury; u
amorfnich latek zeyména na stupni orientace molekul.

[4]
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Ryzi kovy, které jsou dobrymi vodi¢i tepla, maji tepelnou vodivost vzdy vétSi nez kovy
zneCiSténé nebo slitiny. Tepelna vodivost Cistych kovu s teplotou klesa, u nekovti naopak stoupa.
Slitiny maji chovéani ptfechodné. Suché porovité latky jsou Spatnymi vodici tepla a hodi se pro
tepelné izolace. U vlhkych pérovitych latek tepelnd vodivost s vlhkosti pomalu roste az do stavu
ptirozené vlhkosti, potom néhle stoupa i na hodnoty vétsi, nez jsou tepelné vodivosti latek ve smési.

[4]

Ze vsech latek (podle Horak, Krupka, 1981) maji nejmensi tepelnou vodivost plyny. Proto je
vodivost latek, obsahujicich v drobnych dutinach vzduch, ktery v nich nemuze znatelné proudit,
pomérné mala; uziva se jich jako dobrych tepelnych izolatort. Jsou to napfiklad skelna vata,
penovy beton, cihly a podobné. Tepelna vodivost takovych latek vSak zavisi na vlhkosti, a to tak, ze
vodivost vlhkych latek je znacné vétsi. NejlepSim tepelnym izolatorem je vakuum (v ném se ovSem
zase znateln€ji projevuje tepelné zareni). Vakua jako tepelného izoldtoru je uzito naptiklad
v takzvané Dewarové nadobé (znamé také naptiklad jako termoizola¢ni lahev, nebo-li termoska),
pojmenované podle jejiho vynalezce Sira Jamese Dewara, coz je nddoba s dvojitymi sténami, mezi
nimiz je znatné vysoké vakuum. Tepelné zareni je snizeno postiibfenim vnitinich povrchu
dvojitych stén.

[2]

Tabulka 1 Vybrané pFiklady soucinitelii tepelné vodivosti A materidli podle jejich publikovani. Z tabulky jsou zFejmé
rozdily soucinitele tepelné vodivosti A u stejného materidlu, dané pouZitou metodou méreni téchto hodnot. [5, 6, 7]

Soucinitel tepelné vodivosti 4
Farouki (1986) Drbal (1969) Geiger (2003)
A A A
material material material
[W.m 1K™ [W.m™1.K™] [W.m™1.K™1]
Kfemen 8.4 suchy pisek 0.19 sucha piscita 0.167
’ jemné zrno ’ puda ’
vodou
mineralni 59 nasyceny 163 mokra piscita 1167
puda ’ pisek jemné ’ puda ’
ZIno
. d
organicka vodou ) _
ada 0,25 nasycena 0,46 raSelina 0,063
p raSelina
hybny
vzduch 0,026 vzduch 0,02 neybny 0,02
vzduch
voda 0,6 voda 0,5 stojata voda 0,628
led 2,5 led 23
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1.9 Tepelny tok

Hustotou tepelného proudu (podle Horak, Krupka, Sindelat 1954), nebo-li tepelnym tokem ¢
oznacujeme mnozstvi tepla Q proslé za ¢as 7 plochou S kolmou ke sméru toku tepla, délené dobou
a velikosti plochy, tedy podle vztahu €. 6:

ool
S.T
(6)
[3]
V télese s protilehlymi rovnobéznymi povrchy za ustaleného stavu je pak podle vztahu €. 7:
t, —t,
(7)

[3]
Uvazujeme-li uvnitt téles s protilehlymi rovnobéznymi povrchy tenkou rovinnou vrstvu tloustky
dx, je patrné v obou rovinach, které vrstvu ohranicuji, pokles teploty dz, takze hustota tepelného
proudu vrstvou je podle vztahu €. 8:

dt

=—A.—
¢ dx

®)
[3]

Zapornym znaménkem naznacujeme, ze teplo proudi ve sméru klesajici teploty. Pomér d#/dx
nazyvame teplotnim rastem nebo-li gradientem a oznacujeme jej obecné: grad . ¢

[3]

2 Vypocéet vihKkosti dle CSN 17892-1

CSN CEN ISOITS 17892-1

Tato technicka specifikace popisuje laboratorni stanoveni vlhkosti zkuSebniho vzorku Zeminy
pomoci vysouseni v susarné, v ramci rozsahu geotechnickych prizkumu podle prEN 1997-1 a prEN
1997-2. Stanoveni vlhkosti zeminy je u pfirozené Zeminy pozadovano pii jejim zatfidovani u
zhutiiovanych zemin jako kontrolni kritérium. Vlhkost zeminy se stanovuje u zkusebnich vzorku pfi
veétsing polnich a laboratornich zkousek. Zakladni referen¢ni postup stanovovani vlhkosti, bézny v
laboratorni praxi, je vysouSeni v suSarn€. Vhodny postup pro stanoveni vlhkosti zeminy je urcit
hmotnost vody odstranéné pii vysuSeni vlhké zeminy (vlhkého zkuSebniho vzorku) na ustalenou
hmotnost v regulovatelné susarné pri stanovené teploté a poté tuto hodnotu pouzit jako hmotnost
vody ve zkuSebnim vzorku vztazenou k hmotnosti pevnych ¢astic vzorku. Jako hmotnost pevnych
castic vzorku je pouzita hmotnost zeminy po vysuseni.

[8]
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2.1 Terminy a definice

Pro Ucely této normy plati nasledujici terminy a definice.
vlhkost zeminy (water (moisture) content) (W)

pomér hmotnosti ,,porové™ nebo ,,volné“ vody, z predem urCené hmotnosti zkuSebniho vzorku
zeminy, k hmotnosti ,.suchych®, pevnych ¢astic zkusebniho vzorku zeminy

V této souvislosti je zemina povazovana za suchou v moment¢, kdy uz nemuze byt odstranéna
zadna voda ze vzorku pfi teplotnim intervalu 110 °C + 5 °C.

[8]
2.2 Pristroje

2.2.1 SuSarna

Je nutno prednostné zajistit uzivani suSarny s nucenou cirkulaci vzduchu, schopné zarucit
konstantni teplotu 110 °C £ 5 °C v celé suSici komote. U suSaren s nucenou cirkulaci vzduchu
nesmi byt odtah vzduchu pfili$ silny, aby nedochézelo k premistovani ¢astic zeminy ze zkuSebniho
vzorku.

[8]

2.2.2 Vahy

Presnost vazeni vah musi byt:
— + 0,03 g pro zkuSebni vzorek o hmotnosti 200 g a mén¢,
— + 0, 3g pro zkuSebni vzorek o hmotnosti mezi 200 g a 1 000 g, nebo
— + 3 g pro zkuSebni vzorek o hmotnosti vétsi nez 1 000 g
Presnost stanovené vlhkosti na vahach, které vyhovuji vySe zminénym technickym pozadavkim,
odpovida tfem platnym ¢islicim.

[8]

2.2.3 VysouSeci nadoby

Vysouseci nadoby na zkuSebni vzorek musi byt z korozivzdorného materidlu a odolné proti
zméné hmotnosti pfi opakovaném zahtivani, zchlazovani a CiSténi. Potfebny pocet nddob ma byt
uzaviratelny. Na jedno stanoveni vlhkosti zkusebniho vzorku je zapotiebi jedna vysouSeci nadoba.

Podle druhu zeminy se maji pouzit ndsledujici vysousSeci nddoby:

a) pro jemnozrnné zeminy: sklenéna baika vybavena sklenénym vikem, nebo vhodna
korozivzdorna kovova nadoba;

b) pro stfednézrnné zeminy: korozivzdorna nadoba o kapacité 500 g;

¢) pro hrubozrnné zeminy: korozivzdorna nadoba o kapacite 4 kg;

U hygroskopickych zemin, nebo pokud je za zkousky vlhkost vzduchu vétsi nez 60 %, ma byt v
piipadé, ze hmotnost zkusebniho vzorku je mensi nebo rovna 200 g, na stanoveni vlhkosti pouzita
uzaviratelna nadoba. Funkce uzavéru je zabranit ztraté vlhkosti ze zkuSebniho vzorku pted
pocatecnim vazenim a zabrénit absorpci vlhkosti z atmosféry pted jeho kone¢nym vézenim.

[8]

2.2.4 Exsikator

Exsikator musi mit prfiméfenou velikost. Exsikdtor neni vyzadovan, pokud jsou pouzity
uzaviratelné nadoby. Funkce exsikatoru je zabranit absorpci vlhkosti zkusebniho vzorku v pripadé,
Ze neni pouzito uzaviratelné nadoby.

[8]
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2.3 Priibéh zkousky

2.3.1 Priprava zkuSebniho vzorku

ZkuSebni vzorky, které se ptfed vlastni zkouSkou skladuji, musi byt uchovavany v
nekorodujicich vzduchotésnych nadobach, pfi teplotnim rozsahu ptiblizné 3 °C az 30 °C a v miste,
kde neni piimé slunecni zafeni. Stanoveni vlhkosti ma byt provedeno co nejdiive po odbéru vzorku,
zvlasté v pripadech, jestlize jsou pouzity na odbér vzorku sacky nebo potencionalné korodujici
nadoby (jako jsou ocelova tenkosténnad odbérna pouzdra, natfend odbérna pouzdra, apod.).

Zpusob odbéru zkusebniho vzorku a pozadavky na jeho hmotnost jsou zavislé piedevsim na
zkuSebnim zdméru (pouziti), druhu zeminy urcené ke zkousce a na druhu vzorku (zkuSebni vzorek
jiné zkousky, ze sacku, z d€lené penetracni trubky apod.). Ze zeminy musi byt bud’ odebran jeden
vzorek reprezentujici celek, nebo z kazdého typu zeminy musi byt odebran zvlastni vzorek. Jestlize
je zemina slozend z vice vrstev, pak odebrany zkuSebni vzorek musi byt reprezentativni pro celek,
nebo se musi odebrat zkuSebni vzorky z kazdé vrstvy zeminy. Odbér zkusebniho vzorku z velkého
objemu zeminy musi byt proveden az po fadné homogenizaci celého objemu zeminy. Minimalni
hmotnost odebiraného vlhkého zkuSebniho vzorku se musi stanovit v souladu s tabulkou €. 2.

[8]

Tabulka 2 Hmotnost zkusebniho vzorku zeminy se urcuje podle ziskani zrna zeminy o priméru D. [8]

Pramér zrna D Minimalni hmotnost zkusebniho vzorku o
ptirozené vlhkosti
mm g
1.0 25
2.0 100
4.0 300
16,0 500

Z dodanych vzorki malého mnozstvi musi byt reprezentativni zkuSebni vzorek odebiran
nasledovné:

U nesoudrznych (hrubozrnnych) zemin musi byt tato zemina fddn¢€ zhomogenizovana a poté ma byt
odebran vlhky zkuSebni vzorek o hmotnosti v souladu s tabulkou 2.

U soudrznych (jemnozrnnych) zemin musi byt tento zkuSebni vzorek rozkrojen (pro kontrolu
vrstevnatosti zeminy) a poté ma byt odebran zkusSebni vzorek o hmotnosti v souladu s tabulkou 2.
Minimalni hmotnost vlhké odebrané zeminy nemé byt mensi nez 25 g, nebo v pfipade zjisténi
hrubozrnnych ¢astic ma byt odebirana hmotnost v souladu s tabulkou 2.

[8]

2.3.2 Postup zkousky

Do cisté suché predem odvazené vysouSeci nadoby se ma vlozit zkuSebni vzorek. Jestlize je
mozné nadobu uzavtit vikem, tak se ma uzavfit a stanovi se hmotnost vysousSeci nadoby se
zkuSebnim vzorkem. VSechny hodnoty maji byt zaznamenany. Jestlize je pouzivana vysousSeci
nadoba bez vika, pak zvazeni ma probehnout ihned po vlozeni zkuSebniho vzorku do vysouseci
nadoby. Pro snadnéjsi vysouseni objemnych zkuSebnich vzorkd, maji byt tyto vzorky umistény do
nadob s velkou povrchovou plochou (jako jsou panve) a zemina ma byt rozpojena na mensi shluky.

[8]

Jestlize je pouzivana uzaviratelnd vysouSeci nadoba, pak viko ma byt odklopeno a nadoba s

vlhkym zkuSebnim vzorkem ma byt umisténa do suSarny s teplotnim rozsahem 105 °C £ 5 °C a
vysuSena na ustalenou hmotnost.

[8]
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Pozadovana doba vysouSeni zkuSebniho vzorku na ustdlenou hmotnost se 1iSi v zavislosti na
typu zeminy, velikosti zkuSebniho vzorku, typu a kapacité susarny a dalSich faktorech. Vliv téchto
faktorti na dobu vysouseni muze byt predem stanoven kvalifikovanym odhadem, ktery je opfen o
zkuSenosti s danou zeminou a s pouzivanymi susSarnami. Ve vétsiné piipadu se za dostatecnou dobu
povazuje 16 az 24 hodin. Jestlize je nejistota ohledné fadného vysusSeni vzorku, pak se muze ve
vysouSeni pokracovat az dokud rozdil zjisténych hmotnosti na dvou méfenich, provedenych v
dostateCném casovém intervalu (déle nez 1 h) vyznamné nelisi (rozdil naméfenych hmotnosti je
mensi nez 1 % hmotnosti zkusebniho vzorku). Zkusebni vzorek z pisku maze byt vétSinou vysusen
na ustalenou hmotnost jiz po 4 hodinach suSeni pti pouziti suSarny s nucenou cirkulaci vzduchu.

[8]

U zemin obsahujicich sadrovec nebo jiné mineraly majici vyznamné mnozstvi chemicky vazané
vody a u zemin obsahujicich vyznamné mnozstvi organického materidlu nemusi hodnota stanovena
vysouSenim pii 110 °C + 5 °C vzdy znamenat pouze vlhkost vzorku. V nékterych ptipadech proto
muze byt, s ohledem na dalsi zamér pouziti daného typu zeminy, vhodnéjsi udrzovat v susarné nizsi
teplotu (naptiklad 40 °C). Nicméné jestlize je pro stanoveni vlhkosti zkuSebniho vzorku pouzita
niz§i teplota vysouseni, pak stejna teplota musi byt pouzita i pfi vysouseni zkusebniho vzorku pfi
stanovovani zdanlivé hustoty pevnych Castic.

[8]

Pred umisténim novych, vlhkych zkuSebnich vzorkt do susarny maji byt jiz vysusené zkusebni
vzorky vyjmuty, aby se zabranilo mozné absorpci vlhkosti u nékterych vysuSenych zemin.
Nicménég, tento pozadavek nemusi byt splnén, jestlize jiz pfedsusené zkuSebni vzorky maji zustat v
suSarné¢ na dosuSeni na dobu dal§ich 16 hodin. Po vysuSeni zkuSebniho vzorku na ustdlenou
hmotnost se nddoba vyjme ze susarny.

[8]

Jestlize je vysousSeci nddoba uzaviratelnd, pak se ithned po vyjmuti ze suSarny musi znovu
uzaviit a nechat vychladnout bud’ na pokojovou teplotu, nebo na teplotu, pii které muze byt s
nadobou bez problému ru¢né manipulovano. Pak bude zajiSténo, ze chod vah nebude narusen
konvekénim vedenim tepla. Musi se stanovit hmotnost vysouseci nadoby s vysuSenym zkusebnim
vzorkem. Tato hodnota musi byt zaznamenéna.

[8]

Jestlize vysouSeci nadoba neni uzaviratelna, pak se musi nddoba po vyjmuti ze suSdrny umistit
do exsikatoru, kde se nechd vychladnout na pokojovou teplotu. Poté musi byt vysouseci nadoba s
vysusenou zeminou zvazena. Pro zeminy s malou, nebo zadnou nachylnosti k absorpci vody, se
nemusi vysouSeci nadoba s vysuSenou zeminou umistovat na vychladnuti do exsikatoru ani v
pfipad€, ze nebyla pouzita uzaviratelna vysouseci nddoba. Véazeni pak musi byt provedeno ihned po
dosazeni takové teploty, pfi niz nebude ovlivnéna presnost vah.

[8]

2.3.3 Vysledky zkousek
Vlhkost zeminy musi byt vypocitana podle vztahu €. 9:
m;—m,

W=——.100

2

©)
kde
W je vlhkost zeminy (%);
my hmotnost vysouSeci nadoby a vlhkého zkuSebniho vzorku (g);
m hmotnost vysouSeci nadoby a suchého zkusebniho vzorku (g);
m hmotnost vysouSeci nadoby (g);

[8]
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2.3.4 Doplnujici informace

V nékterych situacich, napt. V oblasti kontroly zemnich praci, kdy je pozadovano okamzité
stanoveni vlhkosti, je mozno pouzit nekterou z nésledujicich metod: metoda piskové 1azné, metoda
vysouSeni v mikrovinné troubé a metoda tlaku plynu pfi vyuziti karbidu vapniku. Nemélo by se
ptedpokladat, ze tyto zkousky jsou vhodné pro vSechny typy zemin a jestlize se takovato metoda
pouzije, pak se ma zarovenn provést kontrolni zkouSka vlhkosti pomoci vysouSeni zkuSebniho
vzorku v susarmé. Zejména to plati pro zeminy s obsahem jilu nebo organickych materialu.

[8]

3 Samokalibrovatelné cidlo toku tepla HFP 01-SC

Samokalibrovatelné ¢idlo toku tepla HFP 01-SC (viz. ptiloha €. 1) je varianta ¢idla HFP 01
(viz. ptiloha €. 2) s rozsifenim o funkci samokalibrace.

Princip méfeni cidla HFP 01-SC je zalozen na vlastnostech termoclanku urcitého poctu,
spojenych do série. Kazdy termoclanek je vyroben z dvou rozdilnych materiali (méd’ a konstantan:
konstantan obsahuje obvykle 55 % meédi a 45 % niklu, jeho rezistivita je v Sirokém rozsahu teplot
konstantni [10]). Jejich kombinacemi méd’ — konstantan a konstantan — méd’ jsou vytvoreny dva
spoje na nichz vznika teplotni rozdil, ktery je pfimo iimérny generovanému napéti na vystupu
termoclanku. Teplotni rozdil na spojich termoclanku je pfimo tméry toku tepla ¢, zavislém na
tloust'ce a tepelné vodivosti €idla (viz. pfiloha €. 6, obr. €. 1) Kazdé takto vyrobené ¢idlo ma vlastni
citlivost Egepvyjadienou ve voltech V.m?%/W. Tok tepla ¢ je vypo&itan dle vztahu ¢. 10:

Vsen

(p:

Esen

(10)

kde ¢ je tok tepla, Vgep je vystupni napéti Cidla a Eg,,, je citlivost Cidla.
[9]

Princip realizace samokalibrace ¢idla HFP 01-SC spociva v umisténi slabé topné vrstvy (filmu)
na jednu stranu plochého cidla (viz. ptiloha ¢. 6 obr. ¢. 9) Tato topna vrstva generuje v uréeném
Case tok tepla o znamé velikosti. Diference napéti na vystupu cidla AV, mezi vypnutym a
zapnutym ohfevem c¢idla je ndsobena dvakrat, protoze vzdy prochazi ¢idlem polovina toku tepla a
délena tokem tepla ¢ vyjadiuje citlivost ¢idla Egep, podle vztahu €. 11:

2. AV,
@

sen

(1D
kde ¢ je tok tepla, AV, je diference napéti na vystupu ¢idla mezi vypnutym a zapnutym ohfevem
¢idla a Egep, je citlivost Cidla.

[9, 10]
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4 Realizace pokusu, popis praktické cCasti:

Ve vhodné nadobé zaplnéné zvolenym substritem byla umisténa teplotni c¢idla Pt100,
v definovanych vzdalenostech od sebe, spolecné s ¢idlem Hukseflux HFP-01SC (viz. blokové
schéma obr. ¢. 1). VSechna cidla byla pfipojena do dataloggeru M4216 napajenému bateriemi.
Datalogger je zafizeni urcené k sbéru a ukladani elektrickych veli€in v redlném case po dobu danou
velikosti jeho paméti, pfipadné zivotnosti napajeciho zdroje. Po pfipojeni pocitace k dataloggeru Ize
tato data ukladat na dalsi pamétova média. Datalogger byl pfipojen k pocitaci pomoci sériového
portu. VSechna ¢idla byla umisténa v ose nad sebou v nésledujicim potadi: 10 cm nad dnem nadoby
Pt100, 16 cm nad dnem nadoby ¢idlo Hukseflux HFP-01SC a ¢idlo Pt100, 22 cm nad dnem nadoby
Pt100. Na tirovni 16 cm spolecné vedle ¢idla Hukseflux HFP-01SC bylo umisténo dalsi ¢idlo Pt100
(obr. €. 2), jako jediné neumisténo v ose urceno pro kontrolu spravnosti méfeni. Mezi nadobou a
izola¢nim obalem bylo umisténo dalsi ¢idlo Pt100 ur¢ené k monitorovani okolni teploty. Nadoba se
substratem byla temperovana parabolickou Cirou zarovkou 60W (viz. ptiloha €. 4), aplikovanou do
stinitka kancelarské lampy. Vzdalenost zadrovky od povrchu substratu byla 30 cm. Substrat byl
temperovan po dobu 24 hodin s prestdvkou dalSich 24 hodin, ve tfech periodach. Néadoba se
substratem byla izolovéna po svém obvodu izolaéni podlozkou, (p€novy polyuretan o sile 8 mm).
Toto opatieni zajistilo smér tepelného toku od povrchu substratu ke dnu a dale do betonové
podlahy.

lzolace

smér tepelného toku

povrch substratu 27 cm

Pt100 - 22 cm

PC Datalog

B Pt100 - 16 cm

) Pt100 - 16 cm
B Pt100 - 10 cm

HPF-01SC -16cm |
HULSEFLUX

( v8e mé&feno od dna nadoby )

smér tepelného toku ,

obr. 1 Blokové schéma sestavy méreni toku tepla v substrdtu, kde PC znaéi poéitaé, €.1 znaéi éasovy spinaé napdjeni
lampy s Zdrovkou, €.2 znadi éasovaé ohfevu a samokalibrace Eidla HFP 01-SC, L. znaéi lampu s Zdrovkou, Datalog
znacdi datalogger
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4.1 Aplikace méricich ¢idel do substratu (pisek)

Pro prvni ¢ast méfeni byl pouzit fiéni pisek o hustoté 14842 kg / m3, pouzivany k vyrobé
malty, ve druhé &asti byl pouzit raselinovy substrat o hustoté 420.8 kg / m3, uréeny k péstovani
kvétin. Oba vzorky byly zvoleny tak aby dostateCné reprezentovaly rozdilné vlastnosti obou
pouzitych substrati. Jako vhodna nadoba bylo pouzito ¢erné plastové zednické védro o prameéru 40
cm a vySce 27 cm. Ve védru byly umistény protilehle, pro potifebu plnéni do ptesnych vysek, dva
plastové skladaci metry (obr. €. 1), zajistujici potfebnou piesnost méfeni vysek ulozeni cidel teploty
a tepelného toku. Zvoleny substrat byl vzdy doplnén v plastovém védru do pozadované vysky a
utazen rovnomérné tlakem ruky pres plochu dfevéné desky zhruba o rozméru 10 cm x 15 cm. Poté
bylo vzdy potfeba doplnit substrat opét nad pozadovanou vysku a opét utdhnout. Presna vyska
utazeného substratu byla kontrolovana dievénou latkou o dostatecné délce, pfilozenou na
pozadovanou hodnotu vysky soucastné na obou protilehlych metrech. Po dosazeni potifebné vysky
utazeného substratu bylo umisténo c¢idlo do stfedu vzniklého pudorysu povrchu substratu
s vyvedenymi vodici k okraji nadoby. Po té byla vrSena dalsi vrstva substratu do dalsi pozadované
vySky a umisténo ¢idlo popsanym postupem. Timto postupem bylo dosazeno v mezich danych
moznosti pfesnych vzdéalenosti mezi umisténim jednotlivych ¢idel. Po zaplnéni nadoby substratem
do vysky 28 cm, byla nadoba izolovéna od okolniho prostfedi po svém obvodu. Izola¢ni podlozka
byla v celé své délce omotana té€sné kolem veédra a zajisténa proti odvinuti gumovym provazem
s haky. Na hornim okraji takto vzniklého valce vysokém 60 cm byly uchyceny koliky vSechny
vodice vedouci od ¢idel umisténych v substratu. Tim byly tyto vodi¢e vhodné zajiStény po jejich
vytvarovani proti nezadoucimu viseni v prostoru uvnitt valce nad povrchem substratu a soucastné
Castecne ochranény pfed uvolnénim z substratu nevhodnou manipulaci, napfiklad pfi jejich
pfipojovani k dataloggeru. Prvni ¢ast pokusu meéfeni substratu reprezentovaného piskem probehla
za stoctyficetCtyfi hodin, kdy se po sobé vzdy opakovalo dvacetictyrhodinové temperovani
substratu a po té dvacetictyrhodinové chladnuti substratu.

4.2 Aplikace méricich ¢idel do substratu (raselina)

Ve druhé casti pokusu byl pisek nahrazen raSelinou a to stejnym postupem jakym se do danych
definovanych vySek utazeného pisku umistovala jednotliva ¢idla Pt100 a Hukseflux HFP-01SC.
Byl pouzit stejny postup meéfeni a zachovany dvacetictythodinové cykly ohfevu substratu a
chladnuti substratu ve tfech periodach. Zachovanim shodnych postupti métfeni u obou substratu byly
vytvofeny podminky pro porovnani vysledki méfeni teplot a tepelného toku mezi zminénymi
substraty.

4.3 Elektronicka cast

Vodige ¢idel byly postupné piipojovany do vstupni svorkovnice dataloggeru. Cidlo Hukseflux
HFP-01SC bylo pfipojeno také k ¢asovacimu obvodu zajiStujicimu jeho temperovani potfebné
k jeho samokalibraci probihajici soucastné s temperovanim v pravidelnych perioddch tfi minut
temperovani s samokalibraci a tfi hodin bez temperovani. Timto Casovaem lze skokoveé ménit
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nastaveni doby temperovani a samokalibrace po patnacti vtefinach a nastaveni doby bez
temperovani po patnacti minutdch a to v rozsahu patnict az dvéstéctyricet vtefin temperovani a
kalibrace a patnact az dvéstéctyficet minut prodlevy do dalsi kalibrace s temperovanim. Tento
obvod také disponuje dvéma vystupy ur¢enymi k signalizaci temperovani a kalibrace, konkrétné
jeden vystup napdji dvoubarevnou diodu LED, kterd zna¢i Cervenou barvou temperovani
s kalibraci a zelenou barvou klidovy stav a druhy vystup je ur€en k pfipojeni na datalogger, pro
binarni signalizaci opét stavu temperovani s kalibraci. Oba vystupy je vhodné vyuzit k jejich
funkcim. Po pfipojeni cidel k dataloggeru, byla umisténa lampa, urCend k ohfevu substratu,
zarovkou 30 cm nad povrch substratu, ovladdna zasuvkovym casovym spinatem a celou sestavu
bylo mozno odzkouset. Po pfipojeni pocitace k pouzitému dataloggeru pomoci sériového portu je
potieba pro komunikaci mezi pocitatem a dataloggerem software (program) urceny k monitorovani
vstupnich veli¢in dataloggeru a nastaveni a urCeni jeho rozsahu a veliCin, také pro nasledny sbér dat
z dataloggeru. V naSem pfipadé byl pouzit software Most2.3 verze 230.54 komunikacni a
vyhodnocovaci program pro monitorovaci stanici M4216, program a datalogger byl navrzen a
zrealizovan firmou FIEDLER-MAGR elektronika pro ekologii, sidlem v Ceskych Bud&jovicich. Po
potfebnych nastavenich parametri dataloggeru timto programem byly prvotné odzkouSeny a
potvrzeny funk¢nosti vSech aplikovanych cidel v substratu i vné obalu. Po ovéfeni funkcnosti
elektronické Casti pokusu bylo zahdjeno vlastni méfeni teplot a tepelného toku substratem a to
dvaceti¢tythodinovym ohfevem substratu lampou k tomu ur€enou. Data z aplikovanych ¢idel byla
ukladana po celou dobu méfeni v minutovych intervalech.

Obr. 2 Zplisob méreni vysky povrchu substrdtu ve védru umozrioval dostateéné pFesné umistovat jednotliva éidla do
urcéenych vysek mérenych od dna védra.
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Obr. 3 S ¢idlem Hukseflux HFP-01SC bylo umisténo do substrdtu ve stejné trovni 16 cm cidlo PT100 pro kontrolu
sprdvnosti méreni.

Obr. 4 Nadoba se substratem a ¢idly umisténymi do substrdtu v urcenych vyskdch s vyskou povrchu substratu 27 cm
méreno od dna nddoby.
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Obr. 5 Realizovana funkcni sestava méreni toku tepla substratem cidlem tepelného toku Hukseflux HFP-01SC.

Obr. 6 Detail dvacetictyrhodinového ohievu substratu raseliny lampou s ¢irou parabolickou Zarovkou 60W.
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obr. 7 Detail dataloggeru a jeho napdjeciho zdroje, casovace pro cidlo tepelného toku Hukseflux HFP 01-SC, sbérnice
daloggeru, vse je umisténo v plastovém uzaviratelném obalu umoZniujicim pouZiti v terénu.

5 Popis programu Most 2.3 a jeho funkci

Program , Most2.3 verze 230.54 komunika¢ni a vyhodnocovaci program pro monitorovaci
stanici. MS16“ je urCen mimo jiné pro online monitorovani méfenych elektrickych velicin
dataloggerem, tak pro sbér dat méfenych velicin dataloggeru a néasledné zpracovani. Stazena data
z dataloggeru jsou ukladana do souboru typu .dta a nasledné€ je lze zobrazit v béznych textovych a
tabulkovych editorech. Nize uvedené popis se tyka funkci programu Most2.3 pouzitych
k monitorovani a sbéru dat vySe popsanych méfeni teplot a tepelného toku. Konkrétné zndzornéna
data v obrazcich pochazi z uvedenych pokust, zde budou uvedena pro vysvétleni pouzitych funkci
programu.

Program Most2.3 verze 230.54 po otevieni, pfed navazanim komunikace s dataloggerem
(obr. ¢. 7). V pravém hornim rohu obrazku je rozbalena nabidka klikem levého tlacitka mysSi na
zalozku , Komunikace* kde lze volit zpisob a parametry piipojeni. Volba pfipojit“ ma stejné
vlastnosti jako tlacitko ,,com* oznafené Cervenym krouzkem. VSechna tlacitka 1 zalozky tohoto
programu jsou aktivovany deaktivovany jednim klikem levého tlacitka mysi. V nasledujicim popisu
toto uz nebude zmiiovano.
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% Novy - Most

NGniPC WGUNTRIER Parametry Data Kalbrace Info Zobrazeni Wyroba Help
lgg Piooe N e Ak 3 |

Odpoit
=
= _I Parametry komunikace

Prehled|  nastaveni portu

Pipoit pres modem
Zavésit modem
Parametry modemu
Nastaveni portu modemu

Automatické naditani

[03:4221 [ [Neni piipoieno 24 Fizeni . [MODEM [0

L 7S Start € 7 Novy - Most 1§ Bez nézvu - Malovani

Obr. 7 Program Most2.3 po otevieni s rozbalenou nabidkou komunikace v levém hornim rohu obrdzku.

Volba ,nastaveni komunika¢niho portu“ (obr. ¢. 8) v zédlozce ,Komunikace™. WNastaveni
komunikacniho portu tak, jak je zfejmé z okna ,,Nastaveni komunikaéniho portu je podminkou pro
funk¢ni navazani komunikace s dataloggerem.

7" Novy - Most - [=]X]
Pwm(eg|F = [E P S MBS dns 5w ([EEE KK S

4l Nastaveni komunikaéniho p...
a8 P

-~ Nastaveni:
Cislo portu : W:I
Rychlost: [15200 =]
Datovébit: [3 <]
Parta: [Zans <]
Stepbiy: [T .|

L]

Sioro

[For Help, press F1
74 Start e = 1§ par.kam, - Malavani

033817 | [Neni p

MODEM |

Obr. 8 Detail nastaveni komunikacniho portu, Ize nastavit hodnoty dle funkcéniho nastaveni v okné ,,Nastaveni
komunikacéniho portu“ v hornim levém rohu obrdzku.
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BRIl @HR | THdeE 2 aEEBE KT

[ Prehled stanic

Plipojent jednotky s adresou 0

0%

CONNECT - Pfipojent jednotky - Chyba max. 8asu na odpovad - 2

Storno

For Help, press F1 03:3350 . [eni piipo

MODEM

74 Start Be - 14 nas.kom,portu - Malo. .

Obr. 9 Priibéh navdzdni komunikace s dataloggerem po kliknuti na tlacitko ,,com“oznacené cervenym krouZkem
v levém hornim rohu obrdzku.

’4”;" pokus-pisek 19.12._1 - Most

Z| B SEE KaEA s s e BEE S
|88 Prehled stanic
Hlavni parametry - pokus-pisek 19.12._1.prm 3]
Obsaz kandlti | Zakladni | Zobrazen | Komunikace | Alam |
1 Teplata ['C ] TeplotalOcm
2 Teplota ['C ] TeplotalBem
3 Teplata ['C ] PI00 22em
4 Teplata ['C ] Tepl. okl
5 Napéti [mv ] HFPOISC 16om
3 Napéti [mV ] Vihkost
7 Binémi stav [- ] HFPOISC Heat
8 -
a
10[4)
11(e)
12(0)
13(0)
14E)
15(F) ¥
16(G) Napéti [V ] Napéti
oK Stomno Napovéda
|For Help, press F1 | 14:41:47 | OFF-Line - Registraéni jedn. M4216 MODEM

/4 Start € ~ | 7 Novy-Most 7. raselinazs-2... 7 Vlastnostina... | 7. pokus-pisek ... i i Bezndzvu- ... = 2 TotalCo..  ~| * Movy dokum,.. s &)U 9, PN 14141

Obr. 10 Okno hlavnich parametrii s uréenymi pridélenymi vstupy jednotlivym cidlim se automaticky otvird po
uspéSném navdzdni komunikace s dataloggerem.

Program Most2.3 verze 230.54 navazuje komunikaci s dataloggerem (viz. obr. ¢. 9), po stisku
tlacitka , . kom™ v pravém hornim rohu obrazku. V tomto ptipadé je odpojen komunikacéni kabel,
,, chyba max. ¢asu na odpoveéd™ a poctem ub&hnutych vtefin od
pocatku netspésného pokusu o navazani komunikace, stejnym zpusobem reaguje i pii chybném
nastaveni komunika¢niho portu. V opa¢ném ptipadé se bargraf okna ,pfipojeni jednotky s adresou
0 vyplni indika¢nim modrym pruhem, jak je tomu bézné v obdobnych aplikacich. Po navazéani
komunikace definujeme vlastnosti jednotlivych méficich kanalt dataloggeru v automaticky

program reaguje ozndmenim
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otevieném okn¢ , Hlavni parametry” (viz. obr. ¢. 10). Stlacenim tlacitka s ¢islem se otevie panel
nastaveni parametru daného méficiho kanalu dataloggeru, kde se definuje méfena veliCina, urCuje
jeji rozsah a prepocet na vyslednou pozadovanou veli¢inu (viz. obr. €. 11).

»

n = BB Lok % o EmE kT
w| B i
(& Frehied staric

Hlavni parametry - pokus-pisek 19.12._1.prm

Obsaz. kandlti | Zakladni | Zobrazen | Komunikace | Alam |

Teplota ['C ] TeplotalOcm
Teplots ['C ] Teplotal6em
Nastaveni kanalu

] =

5 gislo: 1
8|  Métens velitina Popis [12 znaki)
7| [Tepiota ~|  |Teplotaltem
8| [Fritok S
a| [Hiadina
Objem
0]
T ap [Mipkost
L
12 FRedox/ISE -
Rozp kyslik
| odivost
14 |Tisk
| [y destons storo
16 Napéti
— L—{Frekvence
Pulsy
Volielng
Bindmi stay
Rychlost vétu
—{Smérvétu
Godtace | stemo Népovéda

[For Help, press F1 [ 14:45:42 | [OFF Line - Registragni jedn. M4216 MODEN [

74 Start B €& -~ | 7=Novy-Most 7 raselinazS-28.1... 73 pokus-pisek 19.... i Bez ndzvu - Mal,., = 2 TotalComma... ~| “~ Novydokument.., | @ scanBak cs @)% ‘9, PN 14145

Obr. 11 Piiklad nastaveni méiené veli¢iny v rozbalovacim okné okna ,,Nastaveni kandlu, které se otvird po stlaceni
tlacitka s pridélenym CEidlem v okné ,,Hlavni parametry*.

Po tomto nastaveni lze zahdjit vlastni méfeni, pfipadné uklddani dat a dale s nimi pracovat.
Otevienim zalozky , Data“ se rozbaluje nabidka moznosti nacitani a ukladani dat. L.ze nacist data
z dataloggeru povelem ,nacteni dat ze sériového portu Nasledné data ulozit na disk pocitace
povelem ,,ulozeni dat na disk a tato data opé€t otevfit v programu Most 2.3 povelem ,nacist data
z disku®. Pro préci s daty v pocitaci je mozné také definovat vlastnosti nacteni dat (viz. obr. €. 12).

.12.20.30 - Most
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b IV Celj soubor I~ Casovi interval y
K ag0rel 0d: 22122012 10:36 i ~] [0:3600 = 2 e 20
Do: 22.12.201212:24 Y -] [fzzem0 =
9 18
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10 « |+ K1: TeplotalOcm[*C] 16
€ 10 minut K2 TeplotalBem('C]
, e /K3 P00 226 ] »
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P IS SRR L 4 hodiny VKTHFPOISCHeatM b 12
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s © 12 hodin 10
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4 — oo 8
[ Navysované sumy [ Rozdé po mésicich

- 4
1 / : : 2

o
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[For Help, press F1 | 095232

[ [Neni pri & zafizeni MODEM |

‘s Start € | novy-Most e 14 Bez nézvu - Malovani £ Total Commander 6.5...,

Obr. 12 Okno ,Vlastnosti nacteni do tabulky méienych hodnot“ automaticky vyskakuje pii nacitini dat
z pamét’ového média pocitace a Ize vném nastavit Casovy interval nacitanych dat.
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Pokud nejsou kladeny jiné pozadavky nez zdkladni dané oknem ,vlastnosti nacteni do tabulky
nactenych hodnot“, neni potfeba dalsi uprava nastaveni. Toto okno se automaticky zobrazuje pfi
nacitani dat z dataloggeru 1 pfi nacitdni dat z disku. Po nacteni dat z disku nebo dataloggeru lze
s vyhodou pouzivat tlaCitek v nastrojové listé ,max“maximum meéfené hodnoty z nacteného
souboru , ,min“minimum meéfené hodnoty z nacteného souboru, ,pru“primér méfené hodnoty
z nacten¢ho souboru, ,,sum‘ suma méfené hodnoty z nacteného souboru. Pozadované hodnoty dle
volby tlaCitka se zobrazuji v fddku vpravo vedle popisu zvolené funkce (oznaCena cervenou
elipsou).

%3 Nactené_pisek22.12.10.36 - Most
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22122012 22122012 22122012 22122012 22122012 22122012 22122012 22122012 22122012 22122012 22122012 22122012 22122012
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Obr. 13 Nactend data Ize upravovat mimo jiné tlacitky ,,min“, ,max*, ,,pru*, ,,sum* v listé tlacitek, jejich cely ndzev
se zobrazuje v okné oznaceném Eervenou elipsou v hornim levém rohu po stlaceni p¥islusného tlacitka.

[oMowgMost = mx]

B e s s s e EEE <
88 Prehled stanic
Hlavni informace 3]
Stav pfistioje | Stav alam Zméfens hodnaly |
Akthodnota  Max hodnota Cas max hodnoty
Teplota ['C ] Teplotallem 558 3074 °C  [1B1z220022245
2 | Teplota ['C ] TeplotalBem 561 3088 °C 221220121115
3 | Teplota [T ] PY10022cm 579 T 221220121115
4| Teplota ['C ] Tepl okalf 551 6413 °C 20122012 0953
5 | Napéti (mv ] HFPOISC 16cm 0,000 11535  mv  [2612201209.44
Napéti [V ] Heat 0,00 2767V 221220121016
16(G) | Napéti [V ] Napéti 622 673 v 2.7.2006 08:00
oK Stomo Népovéda
For Help, press F1 19:00:27 | | COMI: Registiaéni jedn. M4216  MODEN
‘4 Start e = Most cs @)% © P 200

Obr. 14 Zobrazeni aktudlné méienych hodnot dataloggerem M4216 v okné ,,Hlavni informace* v zdloZce ,,Zméiené
hodnoty“ programu Most 2.3.
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5.1 Vyhodnoceni naméienych hodnot

Naméfené hodnoty tepelného toku v substratu pisku a raSeliny probéhly po tiech
dvacetic¢tythodinovych cyklech ohifevu zarovkou 60W (viz. pfiloha ¢ 4) a tfech
dvacetictyrthodinovych cyklech chladnuti tj. bez ohfevu zarovkou. Ve vSech grafech ¢. 1, 2, 3, 4, 5,
6, 7, 8 prubéhu toku tepla a teplot v substratech pisku a raseliny jsou naméfené hodnoty zobrazeny
v &asové posloupnosti tak jak byly zaznamenany dataloggerem. Casti naméfenych hodnot toku tepla
a teplot v substratu pisku (viz. graf ¢. 1, 3, 5, 7) se nepodafilo z dataloggeru prenést do pocitace. To
je zfejmé z grafu méfenych hodnot v substratu pisku kde absence téchto hodnot neni nahrazena
spojnici mezi takto vzniklymi jednotlivymi ¢astmi kiivky a to pro zachovani autenti¢nosti
naméfenych hodnot. I pfes absenci téchto dat je zachovana vypovidajici hodnota pro vyhodnoceni
vysledku. Protoze vlhkost ovliviiuje tepelnou vodivost A, byla urena vlhkost obou substrati
vypoc¢tem vlhkosti dle vztahu ¢. 9 a to pfed zahajenim prvniho ohfevu zarovkou a po ukonceni
tietiho tj. posledniho chladnuti substrata pisku a raseliny (viz. Tabulka ¢. 3):

Tabulka 3 Hmotnostni vihkost obou substrdtii v % pfed zahdjenim prvniho ohfevu Zdrovkou a po ukoncéeni tretiho tj.
posledniho chladnuti substrati pisku a raseliny v hloubkdch 16 cm a nad povrchem dna nddoby substrdtu.

Vlhkost substratu
substrat pred po po
d (16 cm) nad dnem
pisek 4,49 % 2,35% 4,43 %
raselina 68,38 % 67,70 % 67,80 %

Z tabulky je ziejmy rozdil vlhkosti substratu pisku, kde po tfetim chladnuti substratu byla
v hloubce 16 cm od dna nadoby vlhkost o 2,08 % niz§i nez u dna nadoby. Oproti tomu vlhkost
substratu raseliny zustala po poslednim vychladnuti substratu v hloubce 16 cm od dna nadoby o 0,1
% niz$i nez u dna nadoby. Rozdil vlhkosti obou substrati po poslednim chladnuti urcuji rozdilné
fyzikalni vlastnosti pisku a raseliny.

Okolni teplota nadoby substrati byla v obou pfipadech po celou dobu pomérné nizka a stabilni.
Pohybovala se v rozmezi 1,97 °C a prumérna hodnota byla 6,57 °C u substratu pisku. U substratu
raSeliny v rozmezi 1,79 °C a pramérna hodnota byla 7,32 °C. Diky umisténi nadoby substratu za
téchto podminek, nedochazelo k znatnym zménam vlhkosti obou substratu a naméfené hodnoty
toku tepla ¢ a teplot 7 nebyly vlhkosti zna¢né ovliviiovany.

Hodnoty toku tepla ¢ v obou substratech byly méfeny samokalibrovatelnym ¢idlem toku tepla
HFP 01-SC za pouziti funkce samokalibrace (viz. graf ¢.1 a ¢. 2) tj. po kazdé kalibraci
s tithodinovym intervalem je pfizptisobovana citlivost Cidla dle posledni kalibrace a vypoctem dle
vztahu €. 10. VSechny hodnoty tepelného toku (viz. graf ¢. 3 a ¢.4) byly také pocitany dle vztahu
¢. 10 ze zékladni citlivosti ¢idla (viz. ptiloha €. 4). Pro porovnani s hodnotami métfenymi ¢idlem
HFP 01-SC byly vypocitany toky tepla ¢ dle vztahu ¢. 7 z teplotnich gradienti d (10 — 16 cm),
d (16 —22 cm), d (10 — 22 cm) nad dnem nadoby (viz. graf €. 5 a €. 6).
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Tok tepla substratem, HFP-01SC, (pisek)
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graf 1 Tok tepla substratem (pisek), méreno samokalibrovatelnym cidlem tepelného toku HFP-01SC v hloubce 16 cm
nad dnem nddoby substrdtu. Cervend linie znaéi dvacetictyihodinovy ohrev Zdrovkou ve trech perioddch.

Tok tepla substratem, HFP-01SC, (raselina)
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graf 2 Tok tepla substratem (raselina), méfeno samokalibrovatelnym cidlem tepelného toku HFP-01SC v hloubce 16
cm nad dnem nddoby substrdtu. Cervend linie znaéi dvacetictyihodinovy ohfev Zdrovkou ve tfech perioddch.
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Tok tepla substratem, zakladni citlivost, (pisek)

m tok tepla sviti
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graf 3 Tok tepla substratem (pisek), méreno samokalibrovatelnym cidlem tepelného toku HFP-01SC s jeho zdkladni

citlivosti, tj. bez korekce samokalibraci v hloubce 16 cm nad dnem nddoby substrdtu. Cervend linie znaci
dvacetictyfhodinovy ohrev Zdrovkou ve tfech perioddch.

Tok tepla substratem, zakladni citlivost, (raselina)
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graf 4 Tok tepla substratem (raselina), méreno samokalibrovatelnym cidlem tepelného toku HFP-01SC s jeho
zdkladni citlivosti, tj. bez korekce samokalibrace v hloubce 16 cm nad dnem nddoby substrdtu. Cervend linie znaéi
dvacetictyfhodinovy ohrev Zdrovkou ve tiech perioddch.
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Tok tepla substratem (pisek)
+ tokteplad (10- 16 cm) + tokteplad (16- 22 cm) + tokteplad(10-22 cm) sviti
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graf 5 Porovndni toku tepla substratem (pisek), vypocitano dle vztahu ¢. 7 za pouZiti teplot mérenych cidly Pt100 v
hloubkdch 10 cm a 16 cm, 16 cm a 22 cm, 10 cm a 22 cm nad dnem nddoby substrdtu. Cervend linie znaéi
dvacetictyfhodinovy ohrev Zdrovkou ve tfech perioddch.

Tok tepla substratem (raselina)

+ tok teplad (10- 16 cm) + tok teplad(16-22 cm) + tok teplad (10-22 cm) sviti
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graf 6 Porovnadni toku tepla substratem (raselina), vypocitano dle vztahu ¢. 7 za pouZiti teplot mérenych cidly Pt100
v hloubkdch 10 cm a 16 cm, 16 cm a 22 cm, 10 cm a 22 cm nad dnem nddoby substrdtu. Cervend édra znaci

dvacetictyfhodinovy ohrev Zdrovkou ve trech perioddch.
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Tok tepla substratem (pisek)

B toktepla 10-22cm sviti
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graf 7 Tok tepla substratem (pisek), vypocitany dle vztahu ¢. 7 za pouZiti teplot mérenych cidly Pt100 v hloubkdch 10
cm a 22 cm nad dnem nddoby substrdtu. Toto méfeni je nejblize méfeni éidlem HFP 01-SC (viz. graf ¢. 1). Cervend
linie znadi dvacetictyfhodinovy ohfev Zdarovkou ve tfech perioddch.

Tok tepla substratem (raselina)
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graf 8 Tok tepla substratem (raselina), vypocitany dle vztahu ¢. 7 za pouZiti teplot mérenych Cidly Pt100 v hloubkdch
10 cm a 22 cm nad dnem nddoby substrdtu. Toto méreni je nejblize méreni &idlem HFP 01-SC (viz. graf & 2). Cervend
linie znadi dvacetictyfhodinovy ohfev Zdarovkou ve tfech perioddch.
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Hodnoty toku tepla substraty pisku a raseliny se shoduji vzdy pfi dvacetictythodinovém chladnuti.
Pfi ohfevu substrati zarovkou byly posouzeny vzdy hodnoty toku tepla a teplot v 23. hodiné
ohfevu, stejné byly posouzeny hodnoty toku tepla a teplot pii chladnuti substrati. Spole¢né byly
vyhodnoceny vzdy hodnoty tykajici se jednoho druhu substratu (viz. Tabulka ¢. 4 a €. 5).

Tabulka 4 Hodnoty toku tepla naméreny v 23. hodiné prvniho, druhého a tfetiho chladnuti byly vidy nulové a
nejsou v tabulce zahrnuty. KaZdy sloupec zobrazuje hodnoty namérené v 23. hodiné ohfevu Zdrovkou. Metoda
méreni uréuje zpisob ziskdni hodnoty v daném radku, kde HFP 01-SC E .., dle kal. znaéi hodnotu toku tepla ziskanou
cidlem HFP 01-SC s funkci samokalibrace, HFP 01-SC zakladni E,,, znaci hodnotu toku tepla ziskanou cidlem
HFP 01-SC bez funkce samokalibrace, teplotni grad. d (10 — 22 cm), (10 — 16 cm), (16 — 22 cm) znaci hodnotu toku
tepla ziskanou vypoctem ze vztahu ¢. 7 a teplot v hloubkdch uvedenych v zdavorce, méreno od dna nddoby.

Tok tepla substratem (pisek)
-2
Metoda méreni W.m ]
1. ohiev 2. ohrev 3. ohrev
23h 23h 23h
HFP 01-SC
E,., dle kal. 51,85 51,86 50,00
HFP 01-SC zakladni
55,55 52,81 51,29
teplotni. grad.
d (10 — 22 cm) 51,84 51,86 50,00
teplotni. grad.
d (10 - 16 cm) 24,91 27,18 22,89
teplotni. grad.
d (16 — 22 cm) 52,85 50,61 52,10
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Tabulka 5 Hodnoty toku tepla naméreny v 23. hodiné prvniho, druhého a tfetiho chladnuti byly vZdy nulové a
nejsou v tabulce zahrnuty. KaZdy sloupec zobrazuje hodnoty namérené v 23. hodiné ohrevu Zdrovkou. Metoda
méreni uréuje zpisob ziskdani hodnoty v daném radku, kde HFP 01-SC E ,,, dle kal. znaéi hodnotu toku tepla ziskanou
cidlem HFP 01-SC s funkci samokalibrace, HFP 01-SC zakladni E,,, znaci hodnotu toku tepla ziskanou cidlem
HFP 01-SC bez funkce samokalibrace, teplotni grad. d (10 — 22 cm), (10 — 16 cm), (16 — 22 cm) znaci hodnotu toku
tepla ziskanou vypoctem ze vztahu ¢. 7 a teplot v hloubkdch uvedenych v zdavorce, méreno od dna nadoby.

Tok tepla substratem (raselina)
-2
Metoda méreni W.m ]
1. ohiev 2. ohrev 3. ohrev
23 h 23 h 23 h
HFP 01-SC
E,., dle kal. 10,93 12,24 11,91
HFP 01-SC zakladni
11,55 12,54 11,88
teplotni. grad.
d (10 — 22 cm) 11,55 12,54 11,87
teplotni. grad.
d (10 - 16 cm) 3,66 4,20 3,71
teplotni. grad.
d (16 — 22 cm) 13,62 14,60 14,90

Z tabulky ¢. 4 a €. 5 je zfejma podobnost méfeni toku tepla Cidlem HFP 01-SC s vypocitanymi
hodnotami toku tepla dle vztahu ¢. 7 z teplotniho gradientu d (10 - 22 c¢cm). Podminkou pfesnosti
vypoctu toku tepla z teplotniho gradientu dle vztahu ¢. 7 je presné urceni tepelné vodivosti A
meéfeného substratu. V praxi vétSinou neni znama presna tepelna vodivost 4 méfeného substratu
(materidlu) a za vodivost dosazujeme priblizné hodnoty z tabulek (viz. Tabulka €. 1).

Pfi porovnani hodnot toku tepla ¢ obou substrati meéfenych cidlem HFP 01-SC s pouzitim
funkce samokalibrace a bez pouziti funkce samokalibrace jsou zfejmé rozdily, v prameéru 3,85 % u
pisku a v praméru 2,62 % u raSeliny, které potvrzuji oCekavanou zvySenou presnost méfeni za
pouziti funkce samokalibrace. Blizka podobnost rozdila pii méfeni toku tepla ¢ v substratech
s odliSnymi fyzikalnimi vlastnostmi potvrzuje pouzitelnost ¢idla HFP 01-SC v riznych materialech
s odliSnymi vlastnostmi.

34



6 Diskuze

Pro ovéfeni méfeni toku tepla byly vybrany substraty s rozdilnymi fyzikalnimi a chemickymi
vlastnostmi. RaSelina je organicky substrat s nedokonale rozlozitelnymi zbytky rostlin. V pfevazné
vétsing€ obsahuje organické latky (celuldézu), organické kyseliny [9], 20 — 30 % organického uhliku
a ma schopnost zadrzovat vodu. M4 vyrazné nizsi tepelnou vodivost 4 nez pisek (viz. tabulka €. 1).
Béhem méfeni toku tepla vznikla na raselin€ sucha vrstva cca 3 cm silnd, kterd se oddélila od svého
podlozi vlhké raseliny v celé vySce s rozdilem vlhkosti 0,1 % (viz. tabulka €. 3). Naproti tomu
pisek je mineralni substrat o rizné zrnitosti a struktufe. Jednotliva zrna pisku velmi snadno vedou
teplo do spodnich vrstev. V méfeni byl pouzit ¢isty s minimalnim obsahem organické hmoty.

Pro bézné dlouhodobé méfeni tepelného toku v materialech napt. ve stavebnictvi zdi domu
apod. muze zcela jisté¢ dostacovat aplikace teplotnich ¢idel Pt100 s pofizovaci cenou cca 600 K¢
(ceny r. 2012) za kus. Pokud se tato ¢idla umisti ve vzdalenostech o znamé velikosti, vypoctem dle
vztahu &. 7 lze ziskat vysledky omezené vlastnostmi ¢idel Pt100 (dle normy CSN EN 60751 [10])
v aplikacich kdy nedochézi k vyraznym zméndm tepelné vodivosti napt. zménou vlhkosti materialu
(substratu), struktury, pérovitosti apod. Vyrobce (HFP 01-SC) Hukseflux, Holandsko nabizi ¢idla
ve dvou variantach: (1) bez funkce samokalibrace (viz. ptiloha €. 2), s cenou za kus pohybujici se
okolo cca 8000 K¢ (ceny r. 2012), muze byt ekonomicky pfijateln€jsi a (2) ve varianté
s samokalibraci. V porovnani s variantou (2) HFP 01-SC (viz. pfiloha ¢. 1), kterd se pohybuje
okolo cca 16000 K¢& (ceny r. 2012). Cidlo HFP 01-SC je schopno méfit piesngji diky své citlivosti
upravované funkci samokalibrace. Toto lze s vyhodou pouzit pfi potiebé pfesnych meéfeni,
naptiklad v podminkach vyrazn€¢ se meénici tepelné vodivosti (zména vlhkosti, kolisani vodni
hladiny). V neposledni fadé se nabizi moznost ziskdvat za pomoci ¢idla HFP 01-SC hodnoty
z kterych 1ze nésledné urcit tepelnou vodivost 4 odpovidajici konkrétnim fyzikélnim vlastnostem
meéteného materialu.

Samokalibrovatelné ¢idlo HFP 01-SC se osvédcilo v méfeni toku tepla substratem, za pomérné
stabilnich podminek, kdy doslo k zpfesnéni méfeni s funkci samokalibrace. Rozdil mezi méfenim
s kalibraci a bez kalibrace: v pruméru 3,8 % s smérodatnou odchylkou £2.3 % u substratu pisku
a v pruméru 2,6 % s smérodatnou odchylkou £2.4 % u substratu raseliny. Uvedené zpiesnéni je
v podminkdach, kdy prakticky nedochazelo k zméné vlhkosti substratu. Naproti tomu v podminkéach
s kolisavou vlhkosti, by zpiesnéni dosahovalo desitky procent (az 20 %). Cidlo HFP 01-SC se
pouziva zejména pii méteni toku tepla do pudy ve studiich zabyvajicich se energetickou bilanci
porosta rostlin [13]. Porovnavaci metoda s Pt100 je presna pokud nedochazi ke zméné vlastnosti
(tepelna vodivost viz. tabulka ¢. 1). Tuto metodu nelze doporucit tam, kde dochdzi ke zméné
tepelné vodivosti. Je vhodné stanovit tepelnou vodivost pro razné stupné vlhkosti.

[13]
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7 Zaveér

Pouziti samokalibrovatelnych c¢idel je velmi jednoduché, nenarocné na manipulaci a vhodné pro
substraty kde dochézi k vyraznym zménam tepelné vodivosti. Funkce samokalibrace zptesnila o 3,8
% se smérodatnou odchylkou +2,3 % méfeni toku tepla pisku a 0 2,6 % s smérodatnou odchylkou
2,4 % meéfeni toku tepla raSeliny.

Srovnani s méfenim toku tepla metodou teplotnich gradientd bylo v pfipadé substrata, kde
nedochazi k zménam vlhkosti velmi dobré. Tato metoda neni vhodna pro materidly, kde dochéazi
k ¢astym zménam tepelné vodivosti, kde je potieba znat tepelnou vodivost substratu (tabulka ¢. 1) a
vzdalenost mezi ¢idly. Metoda teplotnich gradientt je cenové dostupnéjsi nez pouziti ¢idla HFP 01
s samokalibraci nebo bez samokalibrace.

Pfi pouziti nepiesnych hodnot tepelné vodivosti je v pfipadé metody teplotnich gradientu
vysledna tepelna vodivost zatizena velkou chybou (fadové desitky procent).
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Figure 1 HFPO1SC outiook

—+2 4

QL1 0.5 {1-X)

Figure 2 Explanation of the self-calibrating
principle:On the left the normal situation with a
heat flux @ On the right, the film heater that is
mounted on top (1) is activated to generate a
well known heat Alux @ The response of the heat
flux sensor is measured. In the ideal situation
50% of the generated flux @ would pass through
the plate (typically 150 W/m?). In case of non
matching thermal conductivities, a deviation (X)
will occur. The essence of this approach is that
the flow is divided in an upward flow through
undisturbed medium (1+X) and a downward flow
through the heat flux sensor (a disturbance) plus
underlying medium. The (1-X) signal level
however, still represents a 0.5 @ heat flux level
of the normal situation of the picture on the left.

®
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Ed
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Figure 3 HFPO1SC dimensions in mm: heater (1)
heat flux sensor body (2),cable (3)

HFPO1SC
SELF-CALIBRATING HEAT FLUX SENSOR™

The HFFD15C self-calibrating heat flux sensor™ is
a sensor intended for high accuracy
measurement of soil heat flux. Also it offers
improved guality assurance of the measurement.
The on-line calibration (the Van den Bos-
Hoeksema method) automatically corrects for
various common errors, in particular those due to
the non-perfect matching of the thermal
conductivity of sensor and soil, and due to
variations of the thermal conductivity of the soil
caused by varying moisture content.

HFPO15C is a combination of a heat flux sensor
and a film heater. The primary purpose is to
estimate the heat flux through the surrounding
soil. The HFPO1SC output is a voltage signal that
is proportional heat flux through the sensor. The
film heater that is mounted on top can be
activated to perform a calibration (see figure 2),
resulting in a new calibration factor that
compensates for the errors made under the
drcumstances of that moment. Implicitly also
cable connection, data acquisition and data
processing are tested. Also errors due to
temperature dependence and instability of the
sensor are eliminated. The result is a much
improved accuracy & quality assurance of the
measurement (relative to conventional models
such as model HFPO1).

A typical measurement location is equipped with
2 sensors for good spatial averaging.

The product manual can be obtained via e-mail.
Programs for the Campbell Scentific CR10X and
CR1000 are available.

SUGGESTED USE
+  Scientific measurement of soil heat flux.

HEAT FLUX SENSOR SPECIFICATIONS

Sensitivity (nominal): SO0 pv/ Wim?

Resiskance (nominal ): 20

Temperature range: -30 to +70 °C

Expected accuracy: +/- 3%

FILM HEATER SPECIFICATIONS

Resistance [nominal): 100 0

Voltage input/output: 9-15 VDO 0-2VDC

Duration of calibration: & 3 min at 1.5
Watt, typically every
3 or & hours

AVersge power Consurmption: 0.02 or 0.04 Watt

Version 0617 (page 1 of 1) Hukseflux reserve the right to alter specifications without prior notice

HUKSEFLUX™ THERMAL SENSORS

- WWW HUKSEFLUX.COM . INFODHUKSEFLUX.COM
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Figure 1

HFPO1 heat flux plate dimensions:

(1) sensor area, (2) guard of ceramics-plastic
composite, (3) cable, standard length is 5 m.

All dimensions are in mm.

HFPO1
HEAT FLUX PLATE/ HEAT FLUX SENSOR

HFPO1 is the world's most popular sensor for heat
flux measurement in the soil as well as through
walls and building envelopes. By using a
ceramics-plastic composite body the total
thermal resistance is kept small.

INTRODUCTION

HFPO1 serves to measure the heat that flows
through the object in which it is incorporated or
on which it is mounted. The actual sensor in
HFPO1 is a thermopile. This thermopile measures
the differential temperature across the ceramics-
plastic composite body of HFPO1. Working
completely passive, HFPO1 generates a small
output voltage proportional to the local heat flu:.
Using HFPO1 is easy. For readout one only needs
an accurate voltmeter that works in the millivolt
range. To calculate the heat flux, the voltage
must be divided by the sensitivity; a constant
that is supplied with each individual instrument.
HFPO1 can be used for in-situ measurement of
building envelope thermal resistance (R-value)
and thermal transmittance (H-value) according to
IS0 9869, ASTM C1046 and ASTM 1155
standards.

Traceability of calibration is to the "guarded hot
plate” of National Physical Laboratory (NPL) of
the UK, according to ISO 8302 and ASTM C177.
A typical measurement location is equipped with
2 sensors for good spatial averaging. If necessary
two sensors can be put in series, creating a
single output signal.

If measuring in soil, in case a more accurate
measurement is needed, the model HFPO15C
should be considered. If measuring on glass, the
PU-series should be considered.

See also models HFPO2 and the PU series.

MORE INFORMATION / OPTIONS
Additional cable length = metres (add to 5m),
AC100 amplifier, LI 19 hand held readout

HFPO1 SPECIFICATIONS

Sensitivity {nominal): S0 PV Wm?
Temperature ramnge: -30 to +70 *C
Sensor thermal resistance: < 625 10 - Km*/W
Range : +2000 to -2000
wm?
Calibration traceability : NPL, ISO 8302 /
ASTM C177
Expected typical accuracy: within +5/- 15%
{12hr totals) in most eommon
solls, within +5/ -5
% on walls

Version 1003 (page 1 of 1) Hukseflux reserves the right to alter specifications without prior notice
HUKSEFLUX™ THERMAL SENSORS, WWW HUKSEFLUX COM . INFO@HUKSEFLUX.COM
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Hukseflux Thermal Sensors B.V.

Hukseflux URL: www,hukseflux.com

Thermal Sensors E-mail: info@hukseflux.com
The Netherlands

Certificate of calibration

Type: HFPO1SC-05
Serial number: 2791

Calibration Date: 14-02-2012
Performed By: Ruben MAESSEN
Sensitivity: 65.7 pV/Wm™
Rself: a8.8 Q
Remarks:

Perforimed By: Ruben MAESSEN

Connections

White thermopile +
Green thermaopile -
Brown Heater
Green Heater
Aself 0.003885 m’

Calculation of the valid sensitivity during field measurement, is done using the following formula:

Esen = 2% Vsen(0) - Vsen(180)]* (R%cur.Aself)/(V cur.Rself).
See the HFPO1SC manual for further comments

Traceability of calibration is to the "guarded hot plate” of National Physical Laboratory (NPL) of
the UK. Applicable standards are ISO 8302 (EN 12664:2001) and ASTM C177.
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Reflektorové
R80/90/95/125

Reflector 60W E27 230V NR80 25D 1CT

- e o . .
"y s L4 L4

zraadiem umisténym za vidknem
Udaje o produktu
+ Obemna Informace Rozméry D 80 mm
Patica 27
Provedeni banky NRBO [NR 80mm] * Produktove informace
Pudini iprava bafily  Mated - Objednivkov 065810
<3 iy Univarziied [Untvarziles] mmm a1 1300068078
Se— s Nizor produkts Refctor 60 £27 2307 NAGO 250
+ Sviteini charakrartstka Nizov cbjedmiva-  Redl 60W E27 230V NIRS0 25D
Fovaci ihal 5D ndho produkts N 1CT720
Toch paramatry ihlu 25D o vl &
Pt W 1000 fmax) cd Pocet balemi v tram- 30
e g S S A EAN produktu 711500065810
EAN transportnho 8711500268959
wop_1 923331044253
Pikon zdroj ow ILCOS kod N IRR/F-£0-230-£27-8025
Rozmary produkty
Calkovi dilka C 116 (max) men

PHILIPS

sense and simplicity
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CD obsahujici:

1. Bakalarskou praci: Experimentalni stanoveni toku tepla pudou nebo umélym substratem
pomoci ¢idla HFPO1-SC
2. Priloha 5: Application and specification of heat flux sensors. Version 9904. [9]
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Introduction

In many physical phenomena heat is exchanged.
Everyday examples are buildings cooling down by
cold wind and solar radiation heating a solar
collector. Knowing the heat flow, one can analyse
insulation of buildings and the efficiency of solar
collectors.

Heat Flux Sensors are meant for measuring heat
flows.

As such they are used in studies of thermal
phenomena like the ones mentioned above.
Alternatively Heat Flux Sensors can be
incorporated in measurement equipment as a
sensor, for example to measure radiation.

Figure 1 shows the general characteristics of a
Heat Flux Sensor.

constantan
copper

filling material

‘ cold side

ANANA \\'\——;

hot side

heat flow

Figure 1 General characteristics of a Heat Flux
Sensor. When heat is flowing through the sensor
in the indicated direction, the filling material will
act as a thermal resistance. Consequently the
heat flow, ¢, will go together with a temperature
gradient across the sensor, flowing from the hot
to the cold side. The majority of Heat Flux
Sensors is based on a thermopile; a number of
thermocouples connected in series. A single
thermocouple will generate an output voltage that
is proportional to the temperature difference
between the joints (copper-constantan and
constantan-copper). This temperature difference
is, provided that errors are avoided, proportional
to the heat flux, depending only on the thickness
and the thermal conductivity of the sensor. Using
more thermocouples in series, will enhance the
output signal. In the picture the joints of a copper-
constantan thermopile are alternatively placed on
the hot- and the cold side of the sensor.

The thermopile is embedded in a filling material,
usually a plastic.

Each individual sensor will have its own
sensitivity, E.,, usually expressed in Volts output,
Vien per Watt per square metre heat flux, ¢. The
flux is calculated ¢ =V, /E,,,.

Heat Flux Sensors have been used since the
fifties, and have proven to be very well applicable.
There is a great diversity of fields of application;
the scientific disciplines of building physics,
agricultural meteorology and medicine are major
users of Heat Flux Sensors.

Essentially, Heat Flux Sensors are very sensitive
temperature difference sensors. Differences of
less than 0.001 degree Celsius can easily be
detected.

It has however to be acknowledged that the
behaviour of Heat Flux Sensors is more complex
than it seems. As a result measurement results
are often misinterpreted.

Causes for this misinterpretation are error
sources related to both the sensor and to the
application.

This paper gives background information on Heat
Flux Sensors and their application. It concentrates
on the application for measurement of conductive
heat fluxes in soil and in walls. As a conclusion it
proposes a set of specifications that should be
watched when choosing a sensor for a particular
application.

Chapter 1 will give general theory, chapter 2 will
treat sensor related properties and sensor related
error sources.

In chapter 3 the physics and error sources of
particular applications are addressed. Chapter 4
treats the subject of calibration. The quality
assurance of the measurement is discussed in
chapter 5 and the resulting conclusions are listed
in chapter 6.



1 General theory

1.1 Frequent applications of Heat Flux
Sensors

The two major applications of Heat Flux Sensors
are measuring conductive heat flows and
measuring radiation.

A few cases are known of Heat Flux Sensors
being used for different purposes. Incorporated in
measurement equipment they are used for
determining mass flow of gasses, thermal
conductivity of gasses, liquids and solids and
hydration heat of materials.

1.1.1  Measuring conductive heat flow

Used as a sensor for measuring conductive heat
flow, expressed in Watts per square metre, the
sensor is simply mounted on or in the object of
interest. (see figure 2). Mounted on top of an
object, the sensor will also measure heat that is
transferred by convection. At the sensor surface,
the convective heat is transformed into
conductive heat.

Frequent applications include the measurement
of heat flows through walls in studies of building
physics, heat flows through soils in climatological
studies, and heat flows through human skin for
medical studies and tests of insulation of colthing
and suits. These three applications are treated
below.

In the following paragraphs of this paper, under
chapter 3, the same applications are again treated
in more depth, specifically focusing on the role of
the Heat Flux Sensor.

In building physics, a frequently occurring
measurement is that of the U-value of walls. This
factor contains information on the insulation of
the wall. This result is obtained from long term
monitoring of inside- and outside air temperature
and of the heat flux.

Heat flux measurements are also used in building
climate control. Knowing the heat flux through a
wall, a temperature change in a room can be
anticipated. This can make the control more
efficient, saving energy.

In climatological studies, the measurement of
heat flux through soils is used to determine
evaporation of water. Besides the heat flux data,

the estimation of evaporation also requires data
on solar radiation, wind speed and temperature.
The estimation is used for scheduling irrigation in
agriculture. This generally serves to give crops
sufficient water, which is of major importance in
areas where water is scarce.

In medical applications, heat exchange of human
beings can be studied using Heat Flux Sensors.
This information can be of use in diagnostics. Also
insulation of clothing can be assessed. This is
often done when designing clothing for arctic or
desert environments or insulating suits for diving.

1.1.2 Measuring radiation

Apart from measuring conductive fluxes, which
was done in the applications mentioned in 1.1.1,
Heat Flux Sensors are often used for measuring
radiation. This is not the main subject of this
paper, and this application is only treated in this
paragraph.

When using Heat Flux Sensors for radiation
detection, one should be aware of the fact that a
sensor that is mounted on the outside of an
object is always, whether or not on purpose,
detecting both convective and radiative fluxes.
The spectral properties are determined by the
outer sensor surface.

In order to act as a radiation sensor only, the Heat
Flux Sensor is provided with an absorbent
coating, and is mounted on a heat sink. (see
figure 3). The coating will transform radiation into
a heat flux. The coating, possibly in combination
with a filter, should have the right spectral
properties for the specific radiation that one
wants to detect.

In order to eliminate sensitivity to convective
fluxes, construction should be such that
convective losses are negligible. This can be
achieved by creating an environment without
convection, and by keeping the sensor as close as
possible to ambient air temperature. Whenever
the sensor temperature differs from ambient air
temperature, this will cause thermal convection.
Advantages of using Heat Flux Sensors as
radiation sensors are the possibilities of detecting
within a broad spectral range, from UV to the Far
Infra Red, and of having a large dynamic range,
from weak to strong radiation intensities.
Applications are found in laser power
measurement, solar energy measurement,
pyrometry and burglar alarms.



wall —— heat flux
heat flux
sensor
heat flux
Figure 2 Estimation of conductive heat flux.

The Heat Flux Sensor is simply mounted on or in
the object of interest.

radiation source —®

fiter —f ]

heat flux sensor mcoaﬁng
heat sink
%////// ///

Figure 3 Heat Flux Sensor being used as a
radiation sensor. The sensor is provided with a
radiation absorbent coating and is mounted on a
heat sink. Sometimes spectrally selective filters
are used to get the total spectral properties right.

1.2 Special Heat Flux Sensor designs

In the application of measuring soil heat flux,
conventional Heat Flux Sensors are not very
reliable. This has to do with the fact that thermal
parameters of soil are constantly changing by
absorption and subsequent evaporation of water.
In other applications, like building physics, the
accuracy of conventional sensors in judged to be
insufficient.

In some testing applications where one works
with human beings, an on-line test of sensor
performance is useful.

An alternative way of dealing with these problems
is the use of so-called "self-calibrating heat flux
plates". The working principle of this kind of
sensor is described in figure 4. These sensors
essentially will give an indication of the quality of

the measurement, and will show a deviation from
the ideal behaviour if either the contact with the
surrounding environment is lost or if the thermal
properties of the sensor and the surrounding
environment do not match any longer. An
additional advantage is that a self test heat flux
plate can easily be recalibrated by the user, only
requirements are a metal block, a voltage source
and a 2-channel Voltage measurement.

50 %
film heater
for self test
wall/
soil \ | 1 heat flux plate
50 %

Figure 4 Self-calibrating heat flux plate. On
top of a conventional heat flux sensor, a film
resistor is mounted. In the ideal case, the heat
that is generated by the film resistor will be
equally divided between the up- and down
direction. The artificially generated heat flux is
known, and the heat flux sensor output should
indicate 50% of this. If the output deviates form
the predicted value, either the thermal contact is
disturbed, or the thermal properties of the sensor
and the surrounding medium do not sufficiently
match. Main applications of self-calibrating heat
flux plates are the measurement of soil heat flux,
testing of cloting and suits, and heat flux in walls.

For constructing radiation sensors sometimes
laterally sensitive Heat Flux Sensors are used.
These have the advantage that the mass can be
made very low, so that sensors with rapid
response times can be constructed.

radiation

cold joints
coating

hot joints

heat sink —]

Figure 5 Radiation sensor. The sensor
consists of a Heat Flux Sensor with lateral
sensitivity, that is mounted on a heat sink.



2 The Heat Flux Sensor

In paragraph 2.1 the sensor properties are
treated. These are roughly determined by the
dimensions, the material properties of the filling
material and by the electrical characteristics of
the thermocouples.

Apart from these "ideal" specifications there are
various error sources that are specifically caused
by sensor shortcomings. Two major sources are
the sensor "mass", resulting in dynamic errors,
and the sensor layout, possibly resulting in
sensitivity to lateral fluxes. The topic of sensor
related error sources is addressed in paragraph
2.2.

Error sources that are related to the application
are treated in chapter 3.

2.1 Heat Flux Sensor properties

A Heat Flux Sensor should measure the local heat
flux in one direction. The result is expressed in
Watts per square metre. The calculation is done
according to formula 1.

(p = Vsen / Esen (1)

As shown before in figure 1, Heat Flux Sensors
generally have the shape of a flat plate and a
sensitivity in the direction perpendicular to the
sensor surface.

Usually thermopiles are used. General advantages
of thermopiles are their stability, low ohmic value
(which implies little pickup of electromagnetic
disturbances), good signal-noise ratio and the fact
that zero input gives zero output.
Disadvantageous is the low sensitivity.

For better understanding of Heat Flux Sensor
behaviour, it can be modeled as a simple
electrical circuit consisting of a resistance, R, and
a capacitor, C.

In this way it can be seen that one can attribute a
thermal resistance R, a thermal capacity C
and also a response time T, to the sensor.
Usually, the thermal resistance and the thermal
capacity of the entire Heat Flux Sensor are equal

to those of the filling material.

sen

Teen = Rsen-Csen = d2.p.Co/A 2

In which d is the sensor thickness, p the density,
Cp the specific heat capacity and A the thermal
conductivity.

From 2 one can conclude that material properties
of the filling material and dimensions are
determining the response time.

As a rule of thumb, the response time is
proportional to the thickness to the power of two.

Other parameters that are determining sensor
properties are the electrical characteristics of the
thermocouple.

The temperature dependence of the
thermocouple causes the temperature
dependence and the non-linearity of the Heat Flux
Sensor. The non linearity at a certain temperature
is in fact the derivative of the temperature
dependence at that temperature.

However, a well designed sensor may have a
lower temperature dependence and better
linearity than expected. There are two ways of
achieving this:

As a first possibility, the thermal dependence of
conductivity of the filling material and of the
thermocouple material can be used to
counterbalance the temperature dependence of
the voltage that is generated by the thermopile.
Another possibility to minimise the temperature
dependence of a Heat Flux Sensor, is to use a
resistance network with an incorporated
thermistor. The temperature dependence of the
thermistor will balance the temperature
dependence of the thermopile.

Another factor that determines Heat Flux sensor
behaviour, is the construction of the sensor. In
particular some designs have a strongly non-
uniform sensitivity. Others even exhibit a
sensitivity to lateral fluxes. The sensor in figure 1
would for example also be sensitive to heat flows
from left to right.

This type of behaviour will not cause problems as
long as fluxes are uniform and in one direction
only.

To promote uniformity of sensitivity, a so-called
sandwich construction as shown in figure 6 can
be used. The purpose of the plates, which have a
high conductivity, is to promote the transport of
heat across the whole sensitive surface.

It is difficult to quantify non-uniformity and
sensitivity to lateral fluxes. Some sensors are
equipped with an extra electrical lead, splitting
the sensor into two parts. If during application,
there is non-uniform behaviour of the sensor or
the flux, this will result in different outputs of the
two parts.

Finally there is the question of stability. Material
properties of the filling material and the
thermopile will largely determine this. Generally,
stability will have to be proven empirically, by
doing repeated calibrations.



Summarising: The intrinsic specifications that can
be attributed to Heat Flux Sensors are thermal
conductivity, total thermal resistance, heat
capacity, response time, non linearity, stability,
temperature dependence of sensitivity, uniformity
of sensitivity and sensitivity to lateral fluxes.

For the latter two specifications, a good method
for quantification is not known.

metal plate

metal plate
heat flux sensor

Figure 6 Sandwich construction.

In order to promote uniformity of sensitivity and
to minimise sensitivity to lateral fluxes, some
Heat Flux Sensors are placed in a sandwich
between two plates of high thermal conductivity.

2.2 Sensor related error sources

The interpretation of measurement results of
Heat Flux Sensors is often done assuming that
the phenomenon that is studied, is quasi-static
and taking place in a direction transversal to the
sensor surface.

Dynamic effects and lateral fluxes are possible
error sources.

2.2.1 Dynamic effects

The assumption that conditions are quasi-static
should be related to the response time of the
detector.

The case that the Heat Flux Sensor is used as a
radiation detector (see figure 3) will serve to
illustrate the effect of changing fluxes.

Assuming that the cold joints of the sensor are at
a constant temperature, and an energy flows
from t > O, the sensor response is

U =E.(1-eVTen) 3)
This shows that one should expect a false reading

during a period that equals several response
times, T, . Generally Heat Flux Sensors are quite

slow, and will need several minutes to reach 95%
response. This is the reason why one prefers to
work with values that are integrated over a long
period; during this period the sensor signal will go
up and down. The assumption is that errors due
to long response times will cancel. The upgoing
signal will give an error, the downgoing signal will
produce an equally large error with a different
sign. It is obvious that this will only be valid if
periods with stable heat flow prevail.

In order to avoid errors caused by long response
times, one should use sensors with low value of
Ren-Csen (see formula 2). In other words: sensors
with low mass or small thickness.

Equation 3 holds as long as the cold joints are at a
constant temperature. An unexpected result
shows when the temperature of the sensor
changes.

Assuming that the sensor temperature starts
changing at the cold joints, at a rate of 5T/dt,
starting at t=0, T, is the sensor response time,
the reaction to this is:

U = E.{ 8T/8t.t-8T/8t. T,,,.(1-e"V Tser)} 4

The term -8T/6t.T,,, can be considered to be an
offset. It has to do with the fact that the sensor
itself takes up energy when its temperature rises.

D = 8T/6t.R.C (5)

In the output signal the dynamic temperature
offset, D, is not easily detected because it
stabilises at a constant level if 3T/6t is constant.

The offset will be at worst when the sensor
changes temperature quickly and with sensors
with high resistance and high heat capacity.
These dynamic temperature offsets can be
avoided by using low mass Heat Flux Sensors, or
stable heat sinks. Another possibility, seen in
radiation sensors, is to use a compensation
sensor that is exposed to the same temperature
changes, but not to radiation. This compensation
sensor is electrically connected in anti-series. In
other measurement equipment, like thermal flow
sensors, the same effect is achieved by using a
symmetrical buildup. In case of a temperature
change, energy will flow to both sides of the
sensor at the same rate, resulting in a negligible
offset.

Whether or not dynamic temperature offsets are
significant in a certain application, can be
estimated by comparing D of formula 5 with the
occurring fluxes.

Although the case that is presented here is a
single one (the sensor is mounted as in figure 3),



the point is that in all applications of Heat Flux
Sensors, errors will occur due to slow response
times and dynamic temperature offsets.

The analysis of both the step response and the
reaction to temperature changes show that, when
this is possible, sensors with low mass are to be
preferred.

2.2.2 Sensitivity to lateral heat flux

Using Heat Flux Sensors, it is silently assumed
that heat flux is uniform and flowing perpendicular
to the surface of the sensor. An exception to the
rule is mentioned in paragraph 1.2.

It follows that errors are made when sensors are
sensitive to lateral heat fluxes or when heat is
flowing in another direction.

The problem of the sensor's sensitivity to lateral
fluxes has been addressed in chapter 2.1.
Lateral heat flux should be avoided as much as
possible by choosing the right experimental
setup.

3 The application of Heat Flux
Sensors

Choosing a sensor for a particular application, first
of all one has to consider practical things such as
size, operating temperature and sensitivity.

A second consideration is that the measurement
should be correct. Apart from the sensor, which is
treated in chapter 2, the measurement-setup or
application also contains possible error sources.
Assuming that the Heat Flux Sensor is applied for
measuring conductive fluxes, errors can be
caused by the fact that the sensor either is not
calibrated under the right conditions or
significantly influences the undisturbed thermal
phenomenon.

A third error source is the data acquisition.

The paragraphs under 3.1 will treat these
application related error sources. Paragraph 3.2
will focus on application for measuring soil heat
flux, 3.2 will treat measurement of heat flux in
walls, paragraph 3.3 will deal with measuring heat
exchange of human beings.

3.1 Application related error sources

3.1.1  Traceability; application versus

specification

10

With any sensor one can distinguish between
sensor specifications and application related
specifications.

The overall measurement accuracy is affected by
both.

As an example: A sensor has been calibrated at
20 °C, resulting in a sensitivity of 10 yVm?2/W.
Working at 120°C it will have a different
sensitivity. When the sensor specification of
temperature dependence of sensitivity is 0.1
%/°C, the sensitivity will be 11 pVm?2/W.

The conclusion is that the sensitivity has to be
corrected under conditions that differ from the
circumstances during calibration.

Cali- Sensor Appli- Cali-
bration spec. cation bration
spec correc-
tion

T=20°C |Temp. 120°C +10%

Dep:

0.1%/°C
¢ =500 |Non 800 +15%
W/m? linearity: | W/m?

0.05

%m2/W
Table 1 Traceability

The schedule shows how calibration can be
corrected in a certain application. One needs
information on the calibration, on the sensor and
on the application.



3.1.2 Distortion of the original thermal

phenomenon

It is obvious that there is a possibility that the
sensor significantly disturbs the phenomenon that
it is supposed to measure; by adding a sensor to
the material under observation, one adds some
extra and sometimes differing thermal
resistance's, contact resistance's and spectral
properties. These error sources will be treated in
the following text.

Knowing that the heat flux is likely to be disturbed
by the Heat Flux Sensor, the sensor should have
a large surface; a small surface would show a
proportionally large dependency on local
conditions and of local irregularities.

As arule, a surface area of at least 4.104m2 is
suggested.

It has been shown by Van der Graaf [1] that
resistance effects can be separated into two
classes: a resistance error and a deflection error.
(see figures 8 and 9). Both errors add.

The resistance error represents the case in which
a sensor is mounted on or in an existing material.
The total heat resistance changes, and therefore
the heat flux is not representative any more. This
error is relevant when mounting sensors on walls
and on human skin. A typical value for a 10 cm
insulating wall is 5%. This error can easily be
calculated and corrected for. The resistance error
can also be minimised by using a thin sensor.

The deflection error represents the effect that as
a result of differing resistance's the flow pattern
will change, especially at the edges of the Heat
Flux Sensor. An order of magnitude of this error
for strongly different thermal conductivity's
between sensor and its environment (0.6 for a
typical sensor and 0.03 for an insulating wall) is
40%.

The deflection error can be minimised by using a
guard, which is a non-sensitive part consisting of
the same filling material, around the sensitive
area. The flow pattern may be irregular at the
guard. This however will not influence the
measurement. At the sensitive area, the flow
pattern will be improved.

In some applications, the deflecion error is the
largest error source. In particular this is true for
measurements in soils, where the thermal
properties of the medium (and with it the
deflection error) are constantly changing.
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Figure 7 Resistance error

Added or less resistance will cause that less or
more heat will flow through the part of the
material where the sensor is mounted.

flow lines

heat flux sensor

Figure 8 Deflection error

The heat flux is deflected at the edges of the
sensor. As a result, the heat flow at the edges is
not representative.

Apart from the sensor thermal resistance, contact
resistance's between sensor and surrounding
material are demanding special attention.

In all cases the contact between sensor and
surrounding material should be as well and as
stable as possible, so that it is not influencing the
measurement. It should be noted that the
conductivity of air is approximately 0.02 W/m K,
ten times smaller than that of the Heat Flux
Sensor [3]. It follows that air gaps form major
contact resistance's. Usually air gaps are filled
using glues or pastes.

The aspects of differing thermal properties
between sensor and its environment and contact
resistance can also be dealt with during the



measurement using a "self-calibrating Heat Flux
Sensor" (see 1.2 and 3.2).

Finally spectral properties of the Heat Flux Sensor
can influence the measurement.

When measuring radiant heat transfer, the sensor
surface should have the same absorption and
reflection properties as the surface under
observation. This is especially recommendable
when solar radiation is involved; spectral
differences of different materials are typically
large in the solar range of the spectrum. Solar
radiation intensities are typically large, ranging
from 0 to 1300 W/mZ.

If no solar-, but only Far Infra Red radiation is
involved, most materials and paints behave like
black bodies, metals excepted. Intensities are
proportional to the temperature difference
between sensor surface and the object within the
field of view, typically 5 W/m2 per degree
temperature difference. In this case the spectral
properties of the sensor surface are less
significant.

3.1.3  Data acquisition

Because of the low sensitivity of Heat Flux
Sensors, the readout of the sensor signal is
critical. Outputs of Heat Flux Sensors are
generally in the 0 to 50 millivolt range.

When choosing the data acquisition equipment,
one should watch the following specifications:

e Sensor output range (equals expected heat
flux range multiplied by sensitivity)
e Sensor impedance

e Wiring impedance

¢ Readout range

e Readout temperature dependence of
sensitivity

e Readout zero offset (output at short circuited
input, 0 Volt)

¢ Readout temperature dependence of zero
offset

¢ Readout input impedance

¢ Readout resolution of analog to digital
conversion

The sensor output range should match the
readout input range.

If one has a certain accuracy demand, this implies
that readout zero offset and resolution should be
an order of magnitude better than this, at all
relevant temperatures.
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As a rule sensor impedance should be as low as
possible, to avoid pickup of electromagnetic
disturbances. In most surroundings with electrical
noise, one should preferably use sensors with an
impedance below 500 ohms.

To avoid sensitivity loss, the input impedance of
the readout equipment should be larger than the
combined resistance of sensor and wiring. It is
advised to use a readout device with an input
impedance that is at least 1000 times higher. In
this case the sensitivity will be affected less than
0.1%. A typical cable resistance is 0.1 Q/ m.

3.2 Measuring soil heat flux

Soil heat flux is a most important parameter in
agro-meteorological studies. Typically two or
three sensors are buried in the ground around a
meteorological station at a depth of around 4 cm
below the surface. In many aspects this
measurement is comparable to the measurement
of heat flux in walls. (see 3.3).

The problems that are encountered in soil are
threefold: First is the fact that the thermal
properties of the soil are constantly changing by
absorption and subsequent evaporation of water.
Secondly the flow of water through the soil also
represents a flow of energy, going together with
a "thermal shock", which often is misinterpreted
by conventional sensors. The third aspect of soil
is that by the constant process of wetting and
drying and by the animals living in the soil, the
quality of the contact between sensor and soil is
not known. The result of all this is the quality of
the data in soil heat flux measurement is not
under control; the measurement of soil heat flux
is considered to be extremely difficult.

3.2.1 Conventional methods

Conventional methods of measuring soil heat flux
simply consist of burying a conventional heat flux
sensor. Apart from the defects that are described
above, most conventional heat flux sensors do
not have a thermal resistance that is matched to
that of the soil, which causes large errors.

3.2.2 Using temperature difference sensors

A way of getting around several of the
shortcomings of conventional sensors, is to do a
number of temperature measurements at
different levels in the soil. The advantages are
evident, the disadvantages are that one needs an
estimation of the thermal conductivity of the soil



at all times, an accurate positioning of the
temperature sensors, and an accurate differential
temperature measurement.

3.2.3 Using self-calibrating heat flux plates

A new, and probably the best solution for
measuring soil heat flux with a well known level
of accuracy, is to use a self-calibrating heat flux
plate. This method is developed at Hukseflux.

50 %

film heater
for self test

I/
\é\g}l \ | 1 heat flux plate
50 %
Figure 9 In the self calibrating heat flux plate,

a heater is incorporated. The reaction to a pulse in
heating represents the currently valid calibration
constant. This principle is valid in all
environments, and eliminates errors due to the
changing thermal conductivity of the environment
(soil moisture), which causes the deflection error
and temperature. (In reality, the heat fluxes will
deviate from 50%. For calculation purposes
however, the 50% -50% division remains valid.
Actually, in the ideal situation 50% of the
generated flux ¢ would pass through the plate
(typically 150 W/nP). In case of non matching
thermal conductivities, a deviation (X) will occur.
The essence of this approach is that the flow is
divided in an upward flow through undisturbed
medium (1+X) and a downward flow through the
heat flux sensor (a disturbance) plus underlying
medium. The difference in signal level still
represents the same 0.5 ¢, automatically
correcting for disturbances of the flow, and
sensor instability.
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out0-2V
L g
current sensing
film heater resistor ing9-12Vv
e 4+ white
heat flux
@ plate out 0-100 mV
e — green

Figure 10  The electrical connection of a self-
calibrating heat flux plate. The film heater for self
test is attached to the heat flux sensor in order to
generate a well known heat flux when this is
Judged to be necessary. This is done by closing a
relay. The resistance of the film heater for self
test, R, is known, also the sensor surface, A,
is known. R typically is 100 £, A,,, typically is
40.71.10°n7. The current through R.., is
measured by doing a voltage measurement
across a current sensing resistor, with a known
R... This setup is chosen to avoid errors due to
variations in the supply voltage and errors by a
varying length of the lead wires.

The self-calibrating possibility generally is
switched on every two hours. The total self test
takes about 8 minutes. During these 8 minutes, a
current is lead through the film resistor for self
test, in order to generate a well known heat flux.
The difference in voltage output of the sensor
when heating and not heating, V., during the
experiment multiplied by 2 (because only half of
the flux passes the sensor) divided by the heat
flux, Qsn is the valid sensor sensitivity, E,.
Typically measurements are done at 0 and 190
seconds.

Psen = (VZeur-Reer) / (R%cur-Aser) (6)
Veen = Vsen (0) - Veen (190) (7

Esen = 2"Veen ! @sen (8)
Concluding:

E sen — 2*[ Vsen (0) - Vsen (1 90)]* (chur'Aself)/
(Vzcur' Rself) (9)

For type HFP-01 SC a A, of (d=72 mm), a R, of
10 Q and a R, of 100Q, @, = 246. V., Please
mind that V., in this case is about 0.1 times the
voltage that is applied across the total circuit. At a
12 Volt power supply, V., would be 1.09 Volt, the
heat flux would be 292 W/m?, half of which would
pass the Heat Flux Sensor. Power would be
around 1.3 Watt, of which about 0.12 Watt would
be consumed in the sensing resistor.



For type HFP-01SC:
E sen = [ Vsen (0) - Vsen (190)]/ 123*Vzcur (5)

In normal soils, corrections of up to 20% relative
to the normal calibration coefficient can be
expected.

If self-calibrating heat flux sensors are used, there
are additional requirements for data acquisition
and control:

e aprogrammable or otherwise controllable
relay

e 9-15VDC 1.5 Watt power supply

e \Voltage readout

The timing of the self-calibrating could be as
follows.

Time Film Readout Readout
resistor of V., of V
for self
test

Repetition every two hours or event controlled

0 off Verl® [ Ve ()
10 off V., (10) |V, (10)
20 on V.., (200 |V, (20)
180 on V.., (180) | V., (180)
190 on V.., (190) | V., (190)
200 off V.., (200) | V., (200)

3.3 Measuring heat flux in walls

The measurement of heat flux in walls is
comparable to that in soil in many respects. Two
major differences however are the fact that the
thermal properties of a wall generally do not
change and that it is not always possible to insert
the Heat Flux Sensor in the wall, so that it has to
be mounted on top of the wall.

When the Heat Flux Sensor has to be mounted on
top of the wall, one has to take care that the
added thermal resistance is not too large. Also
the spectral properties should be matching those
of the wall as closely as possible. If the sensor is
exposed to solar radiation, this is especially
important. In this case one should consider to
paint the sensor in the same color as the wall.
Also in walls the use of self-calibrating heat flux
sensors should be considered.
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3.4 Measuring heat exchange of human
beings

The measurement of the heat exchange of human
beings is of importance for medical studies, and
when designing clothing, immersion suits and
sleeping bags.

A difficulty during this measurement is that the
human skin is not particularly suitable for
mounting of heat flux sensors. Also the sensor
has to be thin; the skin essentially is a constant
temperature heat sink, so added thermal
resistance has to be avoided. Another problem is
that test persons might be moving. The contact
between the test person and the sensor can be
lost. For this reason, whenever a high level of
quality assurance of the measurement is required,
it can be recommended to use a self-calibrating
sensor.

4 The calibration of Heat Flux
Sensors

The sensitivity E of a Heat Flux Sensor is defined
as the output V for each Watt per square metre
heat flowing through it, in a stationary transversal
heat flow, see equation 1.

In a relatively well known method for calibration
of Heat Flux Sensors, two plates of different
temperatures are used. (see figure 11).

A well known heat flux is created by putting a
plate of known thickness and thermal
conductivity between the plates. In this heat flux
a Heat Flux Sensor is placed for calibration.

A drawback of this method is that the accuracy of
the relevant parameters (temperature
measurements, the thickness, the conductivity
and unknown contact resistance's) are large
possible error sources.

A more sophisticated method [1] uses an
additional Heat Flux Sensor and a heating element
(see figure 12). In this way the only parameters
are the heater power consumption and the heater
area. These parameters can be determined with a
high accuracy, resulting in a calibration with a
higher reliability.

During calibration a stable signal should not be
mistaken for a stationary flow. An additional
temperature measurement should be done in
order to check for dynamic temperature offsets
as mentioned in paragraph 2.2.1.

Once a Heat Flux Sensor has been calibrated in
an absolute way, as described above, it is
possible to calibrate similar types using the
calibrated sensor as a reference. These



comparative methods are generally simpler to
perform and are more efficient in production.

With each calibration, at least information should
be given on the sensor temperature and heat flux
at which the calibration has been performed. This
will serve for correction of the sensitivity in case
of significant non-linearity and temperature
dependence.

well kwown material

hot plate ——
I
cold plate —f—
heat flux sensor
Figure 11 Measuring setup to determine the

calibration factor of a Heat Flux Sensor. Hot and
cold plates are temperature stabilised. The
material between the plates is of known
conductivity and hickness.

heat flux sensor
(zero indicator)

hot plate ——

heater ——

cold plate ———

heat flux sensor

Figure 12 Measuring setup to determine the
calibration factor of a Heat Flux Sensor. The
heater is controlled in such a way that the zero-
indicator (a Heat Flux Sensor) reads zero all the
time. The heat flux equals the heater power
consumption divided by the heater area.
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1%
insulating material — ‘ film heater
| 1 heat flux plate
metal
heat sink
99 %

Figure 13 A modification of the method of
figure 12; a self-calibrating Heat Flux Sensor is
calibrated by mounting it on a metal heat sink
with a constant temperature. When the thermal
conductivity of the sensor is 0.8 W/m.K, at a heat
flux of 300 W/n??, and a sensor thickness is 5mm,
the temperature raise at the heater is 2 degrees.
For an un-insulated sensor, this would result in an
error of about 20 W/m? because of radiative and
convective losses. For this reason the heater is
again insulated, using foam insulating material.
Now 99% of the heat flux passes through the
sensor. As a result the accuracy is about 1%.

As aresult, a self-calibrating Heat Flux Sensor can
easily be recalibrated by the user, only requiring a
block of metal, insulating material, a voltage
source and 2-channel Voltage data acquisition.

5 Quality assurance of the heat
flux measurement

A problem with the measurement of heat flux is
that in many applications the accuracy of the
measurement is not known.

There are several methods to improve the
reliability of the data; by data analysis using
software, by doing additional temperature
measurements and by using self-calibrating heat
flux plates.

Software can be used to analyse unlikely events,
like a heat flux that changes too quickly, that gets
too high or that gets too low.

As an example, for soil heat flux, fluxes during
daytime are generally positive and lower than
1000 W/m?. During night-time they are negative
but not smaller than -200 W/m?. At a
characteristic depth of 4 cm, changes quicker
than 0.2 W/m?/s are unlikely to occur.



Additional temperature measurement is useful to
detect the danger of dynamic temperature offsets
(see 2.2.1).

Finally in demanding applications in which the
Heat Flux Sensor is built-in, a self-calibrating heat
flux plate can be used. Using this type of sensor,
and the additional evaluation by software (see
3.2.3) is a very powerful tool in quality assurance
of the data.

6 Conclusions

When choosing Heat Flux Sensors for a particular
application, one will have to compromise
between different sensor specifications. The
choice will depend on the application.

The checklist below can be used as a first
guideline.

Whenever this is possible, sensors of the lowest
mass and largest area are to be preferred.
Designing an experiment, errors can be avoided
by choosing the right setup. Please mind the
following:

Application specifications

1. Maximum rate of temperature change

2. Occurrence of lateral fluxes

3. Data acquisition

4. Calibration conditions versus application
conditions

5. Change of thermal parameters of the medium

(eliminated  using the  self-calibration
technique)

6. Allowable size

7. Heat flux time constants

8. Temperature dependence medium
(eliminated  using the  self-calibration
technique)

If used in an application measuring soil heat flux,
heat flux in walls, tests with living test persons or
applications in which quality control of the data
and recalibration is particularly important, the use
of self-calibrating heat flux plates could be
considered.

Based upon the previous chapters, the checklist
below can be suggested.

All specifications are supposed to be relative to
calibration conditions.

Part of the terminology is taken from the 1ISO
specification of radiation sensors [3].
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Sensor specifications

1. Sensitivity

2. Response time (95% of end value, theoretical
value based on sensor properties)

3. Non-linearity (output at twice the input during

calibration, minus two times the output

during calibration, divided by two times the

output during calibration)

Sensitive area

Thermal conductivity

Thermal Resistance

Heat capacity

Guard area

Non stability (maximum % change of

sensitivity per year under calibration

conditions, empirical value)

10. Operating temperature

©CENO O

Electrical specifications

1. Impedance

2. Specifications of incorporated temperature
sensor (if applicable)

Optical specifications
1. Spectral properties of the sensor surface

Calibration specifications
2. Temperature
3. Heat flux

Data quality assurance

1. Film resistor for self test

2. Software

3. Additional temperature measurement
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