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Resumé

Rapporten praesenterer en opsummering af arbejdet i projektet Udvikling af desiccant
dugpunktskeler (DDC 2012) — Fase 2 udviklingsspor projekt nummer 345-047 under
Dansk Energis program Elforsk. | projektet er analyser udfert i del 1 af projektet — forsk-
ningsporet — blevet anvendt til at udvikle et koncept for et varmedrevet air-condition
system benaevnt Desiccant Dugpunktskaler DDC. Systemet bestér primeert af et affug-
terhjul med desiccantmateriale som affugter tilgangsluften og en dugpunktskeler som
keler luften til forsyning af bygningen. Designet inkluderer en mellemkgler til varmegen-
vinding. Systemet medferer veesentlig elbesparelse da det er varmedrevet ved brug af
fx overskudsvarme. Det anvender tillige en maengde vand til befugtning af luft. Syste-
met er opbygget s& det afkobler affugtning og afkeling af luften.

Det udviklede systemkoncept er anvendt ved design af en prototype som er udviklet
og konstrueret af COTES. Denne enhed er anvendt i et testprogram for at validere
systemets funktion. Dette er gennemfart ved en testreekke hos Teknologisk Institut,
hvor anlaegget er testet under forskellige betingelser og konfigurationer. Forsggene har
dokumenteret anleeggets drift og at det har opnaet den forventede ydelse, blandt andet
ved sammenligning med modelberegninger.

Ud fra testresultaterne har COTES udviklet et feerdigt koncept for en DDC-enhed som
bade kan anvendes ved sommer- og vinterbetingelser som ventilations- og airconditio-
nenhed. Systemet er som udgangspunkt specificeret for anvendelse i Norge, hvorfra
der er udvist interesse for denne type af anleeg. Samlet set vil det kunne levere ventila-
tion og luftkonditionering til en bygning med behov pa op til 12000 m3/h med et elforbrug
pa 8,4 MWh/ar. Desuden vil der anvendes 67 MWh el og 74 m3 vand.
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Abstract

The report presents a summary of the work in the project Uavikling af desiccant dug-
punktskeler (DDC 2012) — Fase 2 udviklingsspor project number 345-047 under Danish
Energy Association’s program Elforsk. In the project, analyzes performed in part 1 of the
project - the research track - have been used to develop a concept for a heat-powered
air-conditioning system called Desiccant Dew Point Cooler DDC. The system consists
primarily of a dehumidifier wheel with desiccant material which dehumidifies the supply
air and a dewpoint cooler which cools the air to supply the building. The design includes
an intercooler for heat recovery. The system results in significant electricity savings as
it is heat-powered by using, for example, surplus heat. It also uses water to humidify
air. The system is designed so that it decouples dehumidification and cooling of the air.

The developed system concept has been used in the design of a prototype which was
developed and constructed by COTES. This device was used in a test program to va-
lidate the operation of the system. This has been carried out in a series of tests at the
Danish Technological Institute, where the plant has been tested under different condi-
tions and configurations. The experiments have documented the plant operation and
that it has achieved the expected performance, among other things by comparison with
model calculations.

Based on the test results, COTES has developed a concept for a DDC unit that can be
used in both summer and winter conditions as a ventilation and air conditioning unit.
The system was specified for use in Norway, from where interest has been shown for
this type of plant. Overall, it will be able to supply ventilation and air conditioning for
a building with a demand of up to 12000 m3/h with an electricity consumption of 8.4
MWh/year. In addition, 67 MWh of electricity and 74 m* of water will be used.

DDC 2012



Indhold

1

»P O O

Introduktion 2
1.1 Malseetning . . . . . . . . . 3
DDC system prototype 5
2.1 Dimensionering . . . . . . .. 5
2.2 DDC1medvarmegenvinding . .. ... ... ... . ... ........ 6
2.3 DDC2udenvarmegenvinding . . . . . . ... . ... ... 8
2.4 Sammenligning afforslag . . . . ... ... ... ... .. 9
2.5 Opbygning afprototype . . . . . . .. ... 15
Tests 22
Endelig DDC-enhed 25
Videre arbejde 27
Konklusion 27
Bilag 28
A1 Prototype . . . . . . 28
A2 Tests. . . . . 46
A3 Endeligtdesign . . . . . . . . .. 96

DDC 2012



1 Introduktion

Varmedrevne kgleteknologier udger et interessant alternativ til kompressionsdrevne
teknologier og kan, hvis

Projektgruppen har bestaet af en forskningsgruppe (DTU Mekanik og DTU Byg) og
en gruppe af virksomheder: Teknologisk Institut (GTS-institut), COTES (Leverander),
OBH-gruppen (Radgiver). Desuden har installaterer indgaet i forlebet. Dette har omfat-
tet Ib Andersen VVS, E. Klink og GK.

Deltagere i projektet har veeret:

e DTU Mekanik: Brian Elmegaard, Lorenzo Bellemo, Martin Kaern, Wiebke Brix
Markussen

DTU Byg: Lei Fang

Teknologisk Institut: Lars Reinholdt, Alexander Rosenvinge Bork

COTES: Thomas Rennow Olesen, Rasmus Toftegaard, Ebbe Nergaard

OBH Gruppen: Carsten Heuck Andersen
e E. Klink: Brian Bynk Andersen

Bade den europaeiske SET-plan, IEA’s fremskrivninger og danske klimaplaner fra po-
litisk hold og fra IDA anfgrer at besparelser og omstilling til vedvarende energikilder
er de vigtigste parametre for at na de ambitigse mal for minimering af CO,-udledning
i de kommende artier. DDC-teknologien ger det netop muligt at indpasse veesentli-
ge maengder vedvarende energi i form af drivvarme ved matchende temperaturniveau
og dermed at mindske elforbrug og opna et mere effektivt energisystem. Varmedrevet
luftkonditionering ses som en mulig vej til reduktion af elforbruget til keling af bygnin-
ger. Resultaterne fra IEA SHC task 38 Solar Air-Conditioning and Refrigeration viste at
det parasitiske elforbrug til iseer keletarne/terkelere pa varmedrevne kelemaskiner kan
veere en hindring for sterre udbredelse af disse teknologier. Malinger pa realiserede
anlaeg af forskellige typer viste ogsa at DEC-systemerne havde det absolut mindste
specifikke elforbrug, hvilket ger denne type anlaeg til den bedste kandidat, hvis der kun
ses pa det fortreengte elforbrug. Da DDC-systemet med sikkerhed vil kunne realiseres
med endog lavere specifikt elforbrug end DEC samt lavere installeringsomkostninger,
vil dette have en endnu hgjere sandsynlighed for at kunne bryde igennem pa markedet
for energioptimalt luftkonditionering.

Ud fra resultaterne fra projektet vil der kunne

e udvikles en standardraekke DDC-systemer
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PROJEKT NR. 344-026 og 345-047

DESSICANT-
BUGPUNKTSK@ALER-SYSTEM

Design af et DOC til ventilationssystemer som =
vil minimere elforbruget til luftkonditionering ved
udnyttelse af fx solvarme eller spildvarme

mal er at udvikle en DOC ved
affugterhjul og dugpunktskeler
amspil som system

DTU Mekanik
ftut for Mekanisk Teknolog

DET AFSLUTTEDE SPECIALE HAR DOKUMENTERET MULIGHEDEN FOR AT SANKE ELFORBRUGET MED MINDST 33 %
UNDER DANSKE KLIMAFORHOLD BASERET PA DEN NUVARENDE STATUS FOR DDC-TEKNOLOGIENS KOMPONENTER.
ENDNU STBRRE FORBEDRINGER KAN FINDES | VARMERE KLIMA

DANSK
)E ELFORSK - ING | EFFEKTI e )E ENERGI

Figur 1: Poster fra Energiens Topmgde

e udvikles et optimeret tarrehjul samt styringsfilosofier
o afdaekkes dugpunkiskelernes muligheder samt optimeringspotentiale

e afdaekkes muligheder og besparelsespotentialer i anvendelse af DDC-systemer
til luftkonditionering

Projektet blev preesenteret ved Dansk Energis topmade 2015 med posteren vist i figur
1.

1.1 Malsaetning
| denne del af projektet har fokus veeret pa at anvende resultaterne fra forskningsporet
til at udvikle en DDC-enhed og teste den under forskellige driftsbetingelser.

Enheden er baseret pa kombination af en dugpunkiskeler fra StatigCooling og affugt-
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ningshjul fra COTES. Hermed er det muligt i nogen grad at afkoble de to funktioner som
gnskes for luftkonditionering — fugtstyring og temperaturstyring. Princippet er illustreret
i figur 2 nedenfor.

Affugterhjulet anvendes til affugtning af udeluft, til den enskede fugtighed. Hjulet er
udstyret med desiccantmateriale, som optager fugt fra luften. Fugten afgives ved at
rotere hjulet ind i regenereringsstremmen som er opvarmet og dermed optager fugten
fra desiccanten.

Efter hjulet er luften tarrere og ved hgjere temperatur. For at opné den gnskede tem-
peratur anvendes dugpunkiskgleren som udnytter befugtning af luften. Den affugtede
luft ledes fra hjulet til primaersiden af dugpunktskeleren, hvor den afkeles ved varme-
veksling i modstrem med den koldere luft pa sekundaersiden.

Sekundeersidens stram udgeres af en delstrgm fra primaersiden som efter at vaere afko-
let ledes tilbage til kaleren og hvori den befugtes og dermed opnér en lavere temperatur
og afkeler primaersiden.

For detaljer omkring design og optimering af hele systemet ud fra detaljerede matema-
tiske modeller henvises til rapport for del 1 af projektet.

Primeert har opgaverne i denne del af projektet ligget hos COTES som har leveret
det endelige design af prototypen og bygget den ud fra indledende analyser fra DTU.
Teknologisk Institut har udfert tests og analyser i samarbejde med DTU.

| det felgende gennemgas de vigtigste resultater fra projektet. Yderligere detaljer for de
gennemfarte forsag fremgar af bilag.
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2 DDC system prototype

De grundlaeggende komponenter i systemet er et desiccanthjul (DW) og en dugpunkt-
skeler (DPC); en varmegenvindingsenhed (HRU) kan ogsa installeres. | det falgende
beskrives og simuleres to systemdesign henholdsvis med HRU (DDC1) og uden HRU
(DDC2).

Udgangspunkt for design af prototypen var den tilgeengelige DPC pa DTI. Af denne
grund var prototypens starrelse ikke optimeret, men dens kale- og affugtningsydelse
blev evalueret ved at veelge komponenterne, der passede til den angivhe DPC.

Farst preesenteres en dimensioneringen, derefter beskrives DDC1 og DDC2.

2.1 Dimensionering
DPC-dimensioner og karakteristika er rapporteret i tabel 1.

Tabel 1: DPC dimensioner og flowspecifikationer.

Laengde 0.69 m
Hgjde 1.01 m
Bredde 0.56 m
Nominelt luftflow | 2000 m*/h

Systemet blev dimensioneret for en maksimal primaer luftstram pa 2500 m3/h , mens
den minimale primeaere luftstrem var 1500 m3/h .

DW blev valgt for den primeere luftstrem inden for det specificerede arbejdsomrade. De
tilsvarende tilgangshastigheder for en DW med en diameter pa 0,5 m, regenererings-
vinkel pa 90 ° og dybde pa 0,2 m er rapporteret i tabel 2. | det falgende bruges disse
egenskaber ved hjulet til at simulere komponenten.

Tabel 2: Tilgangshastighed for DW med diameter 0,5 m.

Primar luftstrgm [m*/h] | Primzr side tilgangshastighed [m/s]
1500 2,8
2000 3,8
2500 4,7

Tilgangshastighederne blev benyttet til at opbygge polynomierne. Disse estimerer DW-
ydeevnen (fittet til NovelAire-data) er i omradet 3-4 m/s .
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Figur 2: DDC1 prototype design med varmegenvinding

2.2 DDC1 med varmegenvinding

DDC-systemet blev oprindeligt designet med en luft til luft HRU. Varme tilferes systemet
fra en varmeveksler, der er tilsluttet et varmtvandskredslgb: en 3-vejs ventil regulerer
varmtvandstremmen gennem varmespiralen og opretholder en konstant varmtvandstem-
peratur fra varmekilden. En kedel kan bruges til prototypen. Solvarmesystemer ville go-
re systemet mere attraktivt bade ud fra et energiforbrugs- og miljgmaessigt synspunkt.
Figur 2 viser en skitse af DDC1-systemet.

Der er overordnet set fire luftstramme i systemet:
1. Procesluft Streammer gennem DW- og DPC-processiden. Angivet med airpo.
2. Regenereringsluft Strammer gennem DW-regenereringssiden. Angivet med airgg.

3. Sekundeer luft Strammer gennem DPC sekundeer side. Det udgeres af en del af
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airpro. Angivet med airgec.

4. Tilgangsluft Luftstram leveret til det konditionerede rum efter DPC. Det udgeres
af airp, fratrukket airsec. Angivet med airgp.

Forholdet mellem regenererings- og procesluftstram kaldes regenereringsfraktion:

V. ,
ﬂeg _ .reg, DWin (1)

Vpro, DWin

Forholdet mellem sekundaer- og procesluftstram kaldes recirkulationsfraktion:

£ Vsec, DPCin
rec — (2)
Vpro, DPCin

frec pavirker DPC-koleydelsen. Det er vist, at DPC-nettokelekapaciteten (kaling leveret
til tilluftstrammen) maksimeres ved fe ~ 30%.

Figur 2, airy, gennemgar felgende processer:

(1-2) airy er stremmer ind i systemet ved udenderstilstand (recirkulation fra det kon-
ditionerede rum kan bruges afhaengigt af applikationen og rengeringspotentialet
med desiccanthjulet tages i med betragtning). Et filter placeres foran centrifugal-
ventilatoren.

(2-3) airyr, affugtes og opvarmes af DW.
(3-4) airy, er forkalet i HRU.

(4-5) airy afkeles til tilgangsbetingelsen i DPC. En luftdiffusor er installeret far DPC
for at forbedre luftstramsfordelingen ved indlgbet pa DPC primaersiden. Airy, re-
cirkuleres til DPC ved forholdene i (5), strammer til (6) opvarmet og befugtet og
afgives derefter til omgivelserne.

P& den anden side gennemgar air4 folgende processer:

(7-8) aireg streammer ind i systemet under udenders forhold. Et filter placeres foran
centrifugalventilatoren.

(8-9) airq er forvarmet i HRU. Flow for air.q er den samme som for airy, for at have en
afbalanceret HRU. Recirkulation fra det konditionerede rum kan bruges i stedet
for udeluft til at forbedre forkeling af airg.
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(9-10) En del af air,eq flow afgives til omgivelserne, mens resten (udtrykt ved brug af f.g)
opvarmes til regenereringstemperaturen af varmespiralen.

(10-11) aireq regenererer DW. Herefter afgives det til omgivelserne.

Affugtning og afkeling af airy, er vist i figur 3. HRU har formodes at have en hgj effek-
tivitet pa 85 %.

AirH20

50r 3.
40} |
T} 30— 4 ; 0,6
g G
|_ 08—
20¢ 1
5
10_ 10°C
4 6 8 10 12 14 16

3
osupply [ka/kd] x 10
Figur 3: Airy affugtning og afkgling i DDC1. T7=28 °C; ¢©1=50 %; V4 =2000 m3/h.

Tilgangstemperaturen i figur 3 er Ts = 16,9 °C med en DPC-effektivitet pa 58 %. HRU
genvinder 11,1 kW , mens den resterende regenereringsvarme fra varmekilden er 21,6
kW for at bringe airyeg til 90 °C med feqg = 88 % .

2.3 DDC2 uden varmegenvinding

Alternativt kan HRU fjernes fra designet. Luftstreammene og processerne svarer til det,
der blev anfeert for DDC1 med HRU udeladt. Dette system er vist i figur 4. Affugtning
og afkeling af air,, er vist i figur 5.

Ved samme udendars forhold som i figur 3 affugter DW stadig airy til 6 g./kga , derfor
er tilstand (1, 2, 3) den samme i figur 3 og 5. Fraveeret af HRU farer til en hgjere frem-
labstemperatur i DDC2 end DDC1:i DDC2 T, = 20,7 °C med en DPC-effektivitet pa 66
%.
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Figur 4. DDC2 prototypedesign uden varmegenvinding.

En kort oversigt over fordele og ulemper ved ikke at anvende HRU er vist i tabel 3 med
af en given DW-drift for kun at sammenligne keleenheden (HRU + DPC).

DDC1 og DDC2 skal sammenlignes ud fra bade energimaessige og gkonomiske be-
tragtninger, eventuelt ogsa pladsbehov og miljgpavirkning. | det felgende vises en sam-
menligning med fokus pa fremlgbstemperatur, regenerering af varmeforbrug, vandfor-
brug og elforbrug for de to lasninger.

2.4 Sammenligning af forslag
De to systemer simuleres ved hjeelp af den samme model, hvor HRU-effektiviteten eyry
kan varieres fra 0 (ingen HRU) til 1 (ideel varmeoverfaring).

DPC-modellen giver realistiske resultater (svarer til data fra StatigCooling), nar der an-
vendes en arealeffektivitet n; = 0.55. Arealeffektiviteten er en faktor, der anvendes for
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AirH20
T

T[°C]

4 6 8 10 12 14 16
-3
osupply [ka/kd] x 10
Figur 5: Airyy affugtning og afkgling i DDC2. T7=28 °C; ¢©1;=50 %; V4=2000 m3/h.

Tabel 3: Fordele og ulemeper ved at udelade HRU fra prototypedesignet.

Fordele Ulemper
Reduceret tryktab @Dget tilgangstemperatur
Mere kompakt system @Dget behov for regenereringsvarme

Billigere system

bade varme- og masseoverfering, for at vurdere afvigelser fra de ideelle antagelser,
der bruges til at opbygge modellen (fx homogen luftfordeling mellem kanalerne og ho-
mogen vandfordeling i det hygroskopiske lag). | den falgende analyse varieres n, ogsa
for at sammenligne ydelserne for en reel DPC (n, = 0.55) med en ideel DPC (ns = 1),
hvorimod f.. holdes konstant pa 30 %.

Udendegrsforholdene brugt gennem analysen er sommerdesignbetingelser for et dansk
scenarie: T = 28C og ¢ = 50%.

Figur 6 viser afhaengigheden af fremlabstemperaturen T, efter DPC for den affugtede
primaere luftfugtighed wg,, for 3 forskellige HRU-effektiviteter eyry . Bade en reel og en
ideel DPC betragtes.

Figur 6 viser at:

DDC 2012
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enru =0
— o ° ° - P EHRU = 0.55
| EHRU = 0.85

o—1

\ e o—
——e—° ° ¢ _——
° /o//.
- o
')o/

—T1

6 6,5 7 7.5 8 8,5 9
osupply [kg/kg] x 107

Figur 6: Tg,, som funktion af wsyp, enru and 7.

o Ty, falder for @get cyry. Forskellen stiger for faldende wgyp.

e 1), pavirker Tg,o: de ideelle og reelle DPC’er reagerer forskelligt pa faldende wgyp,
ogsé afhaengigt af HRU-effektiviteten. For den ideelle DPC falder T, altid med
wsup, Mens dette for den reelle DPC kun er tilfeeldet, hvis en HRU bruges.

Figur 7 uddyber det, der vises i figur 6 ved hjeelp af en falsomhedsanalyse pa 7;.

35 | | | | [ | | [ I
—*—wsupply=9[9/kg] ; enru=0
30 _'_(Dsupply=6[g/kg] ; eHru=0 |
\ ——wsupply=9[9/kg] ; enru=0.85
8 25 l\ _'_OJsuppIy=6[9/k9] ; eHrU=0.85 |1
oI—l '\ ~
220 .
s ~ T e |
* —~——_| N —
= —— ]
15 — =
10
02 03 04 05 06 07 08 09 1
MNs

Figur 7: T4, som funktion af 7, we,, og HRU
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Af figur 7 bemaerkes, at nar der ikke bruges HRU, er der en veerdi for 7, der farer til den
samme Ty, for to forskellige ws,p. Denne n, afhaenger bade af DPC (T, er en funktion
af wsyp 0g DPC primeer indgangstemperatur Tppc, in) 09 DW (Tpec,in €r en funktion af
wsup) Model. Figur 8 viser variationen af Tppc, in efter affugtning og varmegenvinding for
forskellige epyru-

50 I
b gHru =0
45 \.\ EHRU = 0.55 |1
~—l gHRru = 0.85
— \0\
(&) e
£, 40 s
£ .\\o
%) e I
a 35 = o—1
= e
*——e
L S—
p——F— ——e ————
25
6 6,5 7 7,5 8 8,5 9

wsupply [kg/kg] x10”
Figur 8: Tppc in som funktion af wy,, og HRU.

Vandforbruget mp,o i DPC varierer afhaengigt af ws,,, HRU-effektivitet (og dermed Tppc, in)-

Afhaengigheden af my,o for varierende wgy, 09 cnry for en reel DPC er rapporteret i fi-
gur 9. De observerede tendenser for my,o folger trends i Tppc,in SOM vist i figur 8: mere
praecist my,o er proportional med det primaere lufttemperaturfald over DPC, og dermed
dens kolekapacitet.

Variationen af regenereringsvarmen Qreg, der bruges til at opné forskellige weyp, er vist
i figur 10 sammen med den termiske COP ( COPy,) for systemet.

Med henvisning til figur 3 er COPy, defineret som:
o Qcool msup . (hl - h5)

COPy, = = - 3
" Qreg myo - (th - h9) ( )

hvor h er entalpi af fugtig luft ved specifikke tilstande. Bade Qo0 09 Qreg varierer for
enru- Forstnaevnte stiger for eget eyry (hs falder); sidstnaevnte falder for at ege eyru (ho
stigninger).

DDC 2012
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25 I

gHry =0
EHRU = 0.55

2 \.\ EHRU = 0.85 | 1

15 T -\\c

my2o [kg/h]

10 A

6 6,5 7 7,5 8 8,5 9
3

®supply [ka/kg] x 10

Figur 9: my,o som funktion af we,, and epru.

AEndringen i regenereringsbetingelser (T.eq 09 feg) for at opné den angivne wg, defi-
nerer variationerne af Qg med epgu.

losuppy=9[g/kg] ; Treg=70°C ; freg=0.3|

x10° losuppiy=610/kg] ; Treg=90°C ; freg=0.88]
30fe—— =12
25 = 1
D__—D—’ “\.\
— \.\‘ 0 8 K=
g 20 , g
g 15 o6 O
Ne] N
10— = 0,4
| S b * 0,2
0
0 015 03 045 06 075 09
EHRU
Figur 10: Qg (fuldt optrukken) og COPy, (stiplet) som funktion af epyry for to affugtningsy-

delser.

Derudover skal tryktabet i komponenterne beregnes for at finde elforbruget til systemet.
Her er kun fundet trykfaldene i DW, HRU og DPC. Tryktabet for V;, = 2000 m3/h er vist

DDC 2012
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i tabel 4, hvor en HRU med syry = 70 % anvendes. Sidstnaevnte er valgt fra Heatex-
softwaren: det svarer til HO750 / 3.3 / E krydstramspladevarmeveksler, som er kubisk
med kantlaengde p& 750 mm.

Tabel 4: Tryktab i komponentet for V4=2000 m3/h.

Position Tryktab [Pa] | Tryktab [Pa]

Wsup:9 gv/kga Wsup:6 gv/kga

DW processide 360 360

DW reg-side (freg=30%) 304 1395
HRU processide 110 110
HRU processide 110 110
DPC processide 133 134
HRU sekundzr side a7 47

Folgende bemaerkes i tabel 4:
e Trykfaldet i DW har sterst betydning for elforbruget.

o Trykfaldet for DW-regenereringssiden er for hgjt for ws,, = 6 9/kga . Dette indebae-
rer, at et storre hjul eller en sterre regenereringsvinkel skal bruges for at deekke
hegje affugtningsbelastninger.

e Tryktabet i HRU er sammenligneligt med trykfaldet i DPC.

DDC 2012
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Figur 11: lllustration af protoypekonfiguration

2.5 Opbygning af prototype

Ud fra denne analyse blev et design for prototypeanlaegget med varmegenvindings-
enhed udfert og bygget hos COTES. Figur 11 viser princippet i dette system, mens
figur 12 viser en arbejdstegning for enheden. Enheden blev udformet med henblik pa
at kunne afprove flere forskellige driftsbetingelser og flowkonfigurationer for at vurdere
effekten af disse.

| midten af Figur 13 ses Cotes’ CRP standard affugter. Affugtningen sker ved brug af et
silicagel-hjul, der roterer ind i flowet, som gnskes affugtet. Hjulet regenereres lgbende
med varm luft i modstrem. Processen kan derfor kere kontinuerligt.

Affugteren er under forsgg brugt til at skabe de enskede forhold for indsugningsluften
til dugpunktskeleren og til at teste de to units i kombination med hinanden.

| venstre side af billedet ses to 9 kW varmeblaesere, som er blevet brugt til opvarmning
af indsugningsluften for at skabe de enskede indsugningsforhold, s& der var noget at
kole pa.

| hejre side af billedet anes Cotes’ DDC (Desiccant Dewpoint Cooler). De to units var
koblet sammen med en sort flexslange, sa afblaesningsluften fra CRP-unitten gik til
indsugningen af DDC-unitten.

Fra venstre i figur 2 ses flexslangen fra CRP unittens afblaesning, i midten ses COTES’
DPC unit, gverst til hgjre ses afblaesningskanalen for den kalede luft, og nederst til hgjre
er der en indsugningskanal til en modstreamsveksler, der er monteret i midten af unitten.
Pa toppen ses en af to afbleesningskanaler fra den recirkulerede luft.
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Figur 12: Tegning af DDC-prototype

Figur 13: Foto af COTES CRP dehumidifier unit
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Figur 14: Foto af COTES DPC (Desiccant Dewpoint Cooler) unit

Figur 15: Feerdig enhed
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Den feerdige enhed installeret til test hos Teknologisk Institut er vist pa billedet figur 15.

Figur 16 viser et Pl diagram af testopstillingen. Felger man den bla linje for procesluften
fra venstre, starter det med indsugningen til konditionering af omgivelsesluft ved punkt
1, og herefter kommer varmeblaesere og en befugter, der benyttes til at skabe forskel-
lige tilgangskonditioner i punkt 2, hvor indsugningen til affugteren er. Efter affugtning
gar den terre luft fra CRP unitten ind i DDC unitten til punkt 3, som er indlgbet til en
krydsveksler (mellemkgler), der kan forkgle luften. Den forkelede luft ender i punkt 4
og videre herfra ind i dugpunktskealeren til punkt 5. Herfra recirkuleres en delstrom af
luften, der sendes modstram gennem dugpunktkaleren, hvor den befugtes i punkt 6 for
efterfglgende at blive blaest ud til omgivelserne i punkt 7 skitseret med den brune linje.
Den resterende luft er resultatet af den samlede proces.

Folger man den grenne linje for krydsflowet til mellemkgleren, starter det ved punkt
8, hvor indsugningen finder sted. Luften afleveres igen ved punkt 9 til omgivelserne.
Til sidst er der regenereringsluften til affugteren, der starter ved punkt 10 og herefter
opvarmes, sa luften kan indeholde en sterre meaengde fugt. Til sidst afleveres regene-
reringsluften til omgivelserne i punkt 11.

Systemet er kert med to forskellige indstillinger af den recirkulerede luft, der fegres til-
bage igennem dugpunkiskaleren, enten hvor en 1/3 af procesflowet tages fra punkt 5
og fares tilbage igennem dugpunktskeleren og 2/3 leveres til forbrugeren, eller hvor
en delstrem tages fra punkt 4 og feres tilbage igennem dugpunkiskeleren. | det sidste
tilfeelde recirkuleres samme luftmaangde som den, der leveres til forbrugeren.

Undervejs er der udviklet pa enheden, som illustreret i appendix. For at male temperatur
tilstreekkeligt nejagtigt i punkt 5 efter dugpunktskeleren blev en net af fglere indsat som
vist i figur 18.
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Figur 16: Endelig konfiguration af DDC-system for test
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Figur 17: Temperaturforlgb under test
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Figur 18: Fglere i punkt 5 efter dugpunktskglere
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3 Tests

Test p& prototypen blev primeert udfert i sommeren 2015, med yderligere forseg i 2016.
Testene fokuserede pé at evaluere enhedens ydelse, specielt med fokus pa dugpunkt-
skaleren og forskellige konfigurationer og styringer af denne. | forste del af forsegene
blev der fokuseret pa at opna stabile driftsbetingelser for varierende drift, mens der
siden blev fokuseret pa bedre effektivitet af anleegget og styringsformer.

Felgende tests er udfert.

Test 2 Forste forsag

Test 3 Temperaturprofil

Test 6 Forbedret effektivitet

Test 7 Temperaturprofil og opblanding
Test 9 Drift uden afkeling af sekundeerluft
Test 10 Drift med afkeling af sekundaerluft
Test 11 Forsag med flowforstyrrelser

Final test Gentagelse af forseg for validering

Figur 17 viser et eksempel pa temperaturforlgbet i testopstillingen for en maleserie,
hvor der er kart tre forskellige scenarier. Hvert scenarie er markeret med to lodrette
sortstiplede linjer pa figuren. Linjerne markerer 10 minutters test. Alle tre scenarier er
kert med samme luft flow, og recirkuleringsluften er taget fra punkt 5.

| 1. scenarie er systemet kart med minimum flow pa mellemkgaleren.
| 2. scenarie er systemet kart med maksimalt flow pa mellemkgleren.
| 3. scenarie er systemet igen kert med maksimalt flow pa mellemkaleren.

| det forrige scenarie viste det sig, at den fugtige afkastluft fra regenereringen i punkt
11 blev suget ind i procesflowets indsugning i punkt 1, s& der dermed blev skabt et
fugtigere procesflow. For at kere et scenarie med et mere tort procesflow og et storre
kelepotentiale, blev der derfor installeret en lzengere afkastkanal til regenereringsluften,
sa denne blev ledt veek fra procesflowets indsugning. Dette ses ogsa pa grafen med et
drop i opblanding efter de to ferste scenarier.

Tabel 1 viser gennemsnitsvaerdier for de tre 10-minutters testscenarier.

Et eksempel pa et malt temperaturprofil i stationeer drift i test 3 er vist i figur 19. Dette
viser en vis variation af temperaturen af luften efter keleren, hvilket haenger sammen
med bade luft- og vandfordeling pa de to sider, samt udnyttelsen af arealet for varme-
veksling og befugtning. Der ses primaert forskel vertikalt i profilet, hvilket fremgar af de
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Scenarie t3 ty ts te ty tya MR A TDpc QDPC
[C] ['C] ['C] ['C] ['C] ['C] [g/ke]l [K]  [kW]

1 419 370 222 236 291 208 80 14,8 16,9
2 439 258 189 195 247 175 8,0 6,9 8,0
3 419 247 163 174 223 156 64 8,5 9,8

Tabel 5: Gennemsnitsvaerdier mélt over en 10-minutters periode

Temeprature grid

Figur 20: Temperaturforlgb i punkt 5 for Test 9

fleste tests. Temperaturerne, deres variation og profil afhaenger af tilgangstemperatur,
drift af desiccanthjul og dugpunktskaler.

Figur 20 viser forlgbet af temperaturmalinger for punkt 5 i Test 11. | disse ses en for-
skel pa de mélte temperaturer, hvilket er veesentligt mindre laengere nedstrems i punkt
5mix, hvor stramningen er mere udviklet som det vises i figur 21. Et samlet billede for
temperaturer i systemet under dette forlgb er vist figur 22. Undervejs i denne test er der
systemet pafert driftspavirkninger, sdsom aflukning af en sekundeerkanal pa DPC ved
13799 s, blokering af recirkulation top ved 14999 s, og top og bund ved 18386 s, abning
for mellemkeler ved 19689 s. Der ses derfor vaesentlig variation af driften undervejs i
forlgbet.

| test 9 og 10 er DDC’en kert med lufttilfersel fra hhv. punkt 4 (wetbulb) og punkt 5
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Figur 21: Temperaturforlgb i punkt 5mix for Test 11
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(dugpunkt) i et antal stabile driftspunkter. For test 9 er der fundet to driftspunkter for ¢,
ved hhv. 35 °C og 27 °C. Dette giver en ydelse pa 11 kW og 6,6 kW for dugpunktskaleren
med effektivitet pa 55 %. | begge tilfeelde stemmer de malte resultater godt overens med
resultater fundet i StatiqCoolings beregningssoftware.

For test 10 er malt tre driftspunkter for ¢, ved 37 °C, 26 °C og 25 °C. Disse giver ydel-
ser fra 8,0 kW til 17 kW ved effektiviteter pa 52 % til 59 %. For denne drift ligger bade
effektivitet og specielt ydelse vaesentligt over hvad der blev forventet ud fra modelbe-
regninger.

De udferte malinger har dokumenteret af prototypen har kunne opna stabil drift ved at
spaend af relevante driftsbetingelser, hvor anlaegget leverer de gnskede tilgangsluftbe-
tingelser.

4 Endelig DDC-enhed

Som resultat af projektet har COTES opstillet et design af en DDC-enhed til anvendelse
for bAde sommer og vinter i forskellig driftstilstand afhaengig af behovet. Dermed kan
enheden medvirke til at forsyne bygningen med ventilation og varmegenvinding om
vinteren og med konditioneret luft ved de enskede betingelser om sommeren med lavt
elforbrug ved udnyttelse af varme til regenerering af desiccanthjulet. Foruden dette
anvendes vand til drift af dugpunktskeleren. Figur 25 viser en tegning af enheden, mens
figur 25 og figur 25 viser driften under hhv. sommer- og vinterbetingelser.

Der har veeret udvist interesse for anvendelse af denne lgsning i Norge. En casebereg-
ning for Bergen med et behov pa 3000 m3/h for vinter og op til 12000 m3/h for sommer
giver et beregnet arligt behov pa 67 MWh varme, 8,4 MWh el og 74 m3 vand.
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Figur 25: Driftskonfiguration ved vinterbetingelser

5 Videre arbejde

Projektet har mundet ud i tests som har dokumenteret anleeggets drift og i et design
af et system med potentiale for markedsfering. Dette har dog ikke hidtil mundet ud i
en reel kommercialisering, da systemet i den nuvaerende konfiguration ikke fuldt kan
konkurrere pa markedsvilkar. Det vil veere vaesentligt at undersege naermere hvorvidt
systemets investeringsomkostning kan saenkes.

6 Konklusion

Udviklingsdelen af det samlede DDC-projekt har fokuseret pa at udvikle en DDC-enhed
som kunne anvendes som en varmedrevet enhed til luftkonditionering. Baseret pa ar-
bejdet i projektets forskningsspor, er der udviklet et koncept for en enhed med 2500
m?3/h forsyning bade med og uden mellemkgaler/varmegenvindingsenhed.

Analysen blev anvendt til design af en feerdig enhed med varmegenvinding og med
mulighed for drift i flere forskellige konfigurationer. de udferte tests har vist at anlaegget
kan levere den enskede ydelse og opna endda bedre effektivitet i DDC-enheden end
forventet ud fra modelberegninger.

Som afslutning pa projektet er der preesenteret et design af et feerdigt anlsegskoncept
med anvendelse i Norge som case. Dette system vil kunne levere ventilation og luft-
konditionering til en bygning med behov pa op til 12000 m3/h med et elforbrug pa 8,4
MWh/ar. Desuden vil der anvendes 67 MWh el og 74 m3 vand.
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DDC system prototype

This document aims to provide useful information for designing the prototype of the Desic-
cant Dewpoint Cooling (DDC) system.

The fundamental components in the system are a Desiccant Wheel (DW) and a Dew
Point Cooler (DPC); a Heat Recovery Unit (HRU) may also be installed. In the following
two system designs are described and simulated, respectively with HRU (DDC1) and without
HRU (DDC2).

The constraint for building the prototype is the available DPC, currently installed at
DTI. For this reason the size of the prototype is not optimized, but its cooling and dehu-
midification performances will be evaluated choosing the components to fit the specified DPC.

First a brief dimensioning is presented, then DDC1 and DDC2 are described, and after-
wards their performances are compared.

1 Dimensioning

The DPC dimensions and characteristics are reported in Table 1.

Table 1: DPC dimensions and flow specifications.

Length 0.69 m
Height 1.0l m
Width 0.56 m
Nominal airflow rate | 2000 m3/h

The system should be dimensioned for a maximum primary air flow rate of 2500 m?3/h,
whereas the minimum primary air flow rate may be set to 1500 m?3/h.

The DW should be selected to process the primary air flow within the specified working
range. The corresponding face velocities for a DW with a diameter of 0.5 m, regeneration
angle of 90° and depth of 0.2 m are reported in Table 2. In the following these characteristics
of the wheel are used for simulating the component.

Table 2: Face velocities in a DW with a diameter of 0.5 m.

Primary air flow rate [m3/h] | Primary side face velocity [m/s]
1500 2.8
2000 3.8
2500 4.7

The face velocities used to build the polynomials estimating the DW performance (fitted
to NovelAire data) are in the range 3-4 m/s.



2 DDCI1 including heat recovery

The DDC system was initially designed including an air to air HRU. Heat is provided to the
system by means of a heating coil connected to a hot water circuit: a 3-way valve regulates
the hot water flow through the heating coil, maintaining a constant hot water temperature
from the heat source. A boiler may be used for the prototype. Solar heating systems would
make the system more attractive both from an energy consumption and environmental point
of view. Investment and operational costs are in practise leading the choice. Figure 2 shows
a sketch of the DDC1 system.

It is possible to identify four air streams in the system:
1. Process air. Flowing across the DW and DPC process sides. Indicated with airp,,.
2. Regeneration air. Flowing across the DW regeneration side. Indicated with air;.g.

3. Secondary air. Flowing across the DPC secondary side. It is constituted by part of
Airp,,. Indicated with airge..

4. Supply air. Air stream supplied to the conditioned space after the DPC. It is constituted
by airp,, without airs... Indicated with airg,.

The ratio between the regeneration and process air flow rates is termed regeneration fraction:

_ ViegDWin
g = Vreg.owin (1)
%ro,DWin

The ratio between the secondary and process air flow rates is termed recirculation fraction:

Froe = Vsec,DPC’in (2)
rec N
Viro,DPCin

frec affects the DPC cooling performance. It has been proven that the DPC net cooling
capacity (cooling provided to the supply air stream) is maximized for f... ~ 30%.
Referring to Figure 2, airp,, undergoes the following processes:

- iry, is forced to flow into the system at the outdoor conditions (recirculation from

1-2) Airp,, is forced to flow into th t t th td diti irculation f
the conditioned space may be used depending on the application and remembering the
cleaning potential of desiccants). A filter is placed before the centrifugal fan.

(2-3) Airp,, is dehumidified and heated by the DW.
(3-4) Airp,, is pre-cooled in the HRU.

(4-5) Airp,, is cooled to the supply conditions in the DPC. An air diffuser is installed before
the DPC to improve the air flow distribution at the inlet of the DPC primary side.
Airg. is recirculated into the DPC at the conditions in (5), exiting in (6) heated and
humidified, and afterwards exhaust to the environment.

On the other side, air;., undergoes the following processes:

(7-8) Airycq is forced to flow into the system at the outdoor conditions. A filter is placed
before the centrifugal fan.

(8-9) Air,c4 is pre-heated in the HRU. The flow rate of air,, is the same as for air,., to
have a balanced HRU. Recirculation from the conditioned space can be used instead of
outdoor air to enhance the pre-cooling of airp,.

2



(9-10) Some of the air,., flow is exhaust to the environment, while the rest (expressed using
freg) is heated to the regeneration temperature by the heating coil.

(10-11) Air,., regenerates the DW. Afterwards it is exhaust to the environment.

Dehumidification and cooling of air,,, are shown in Figure 1. The HRU has is supposed
to have a high effectiveness of 85%.

AirH20

50r

4 6 8 10 12 14 16
3
@supply [kglkgl i
Figure 1: Air,,, dehumidification and cooling in DDC1. T71=28°C; ¢1=50%; V1 =2000 m3/h.
The supply temperature in Figure 1 is T5=16.9°C, with a DPC effectiveness of 58%. The

HRU recovers 11.1 kW, while the remaining regeneration heat provided by the heat source
is 21.6 kW to bring air,ey to 90°C with f,,=88 %.
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3 DDC2 without heat recovery

Alternatively the HRU may be eliminated from the design. The air streams and processes
are similar to what explained for DDC1, HRU excluded. The resulting system is shown in
Figure 4. Dehumidification and cooling of air,,, are shown in Figure 3.

AirH20

4 6 8 10 12 14 16
-3
osupply [ka/kgd] 1

Figure 3: Airy,,, dehumidification and cooling in DDC2. T1=28°C; ¢1=50%; V1 =2000 m3/h.

Considering the same outdoor conditions as in Figure 1, the DW still dehumidifies air,;,
to 6 gy/kga, hence state (1,2,3) are the same in Figures 1 and 3. The absence of the HRU
leads to a higher supply temperature in DDC2 than DDC1: in DDC2 T3=20.7°C with a DPC
effectiveness of 66%.

A short list of pros and cons about not using any HRU is reported in Table 3, considering
a fixed DW operation. in order to compare only the cooling unit (HRU+DPC).

Table 3: Pros/Cons eliminating the HRU from the prototype design with equal DW operation.

Pros Cons
Reduced pressure losses Increased supply temperature
Increased system compactness Increased regeneration heat consumption

Cheaper system

DDC1 and DDC2 should be compared both with energy and economic analyses, possibly
including space requirements and environmental impact. In the following a performance com-
parison focusing on supply temperature, regeneration heat consumption, water consumption,
and electricity consumption is carried out to compare the two solutions.
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4 Comparison of energy performances

The two systems are simulated by using the same model, where the HRU effectivenesses e rps
can be varied from 0 (no HRU) to 1 (infinite heat transfer area).

The DPC model provides realistic results (fitting with data from StatigCooling) when an
area effectiveness 7; = 0.55 is used. The area effectiveness coefficient is a factor applied to
the area of heat and mass transfer, which is used to account for deviation from the ideal
assumptions used to build the model (e.g. homogeneous air distribution among the channels
and homogeneous water in the hygroscopic layer). In the following analysis 7 is also varied
in order to compare the performances of a real DPC (s = 0.55) with an ideal DPC (ns = 1),
whereas fc. is kept constant at 30%.

The outdoor conditions used throughout the analysis are summer design conditions for
the Danish scenario: T' = 28°C and ¢ = 50%.

Figure 5 shows the dependency of the supply temperature T, after the DPC on the
dehumidified primary air humidity ratio wgyppiy for 3 different HRU effectivenesses gy .
Both a real and an ideal DPC are considered.

22
enru =0
- . . . L ] |&HRU = 0.55
— 20 S / egnru = 0.85
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14
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Figure 5: Typpiy as a function of wgyppiy, €gry and 7.

From Figure 5 it is possible to observe that:

o Toupply decreases for increasing egry. The difference among different ey ry increases
for decreasing wsyppiy-

o 1), affects Tsyppy: the ideal and real DPCs react differently to decreasing wgyppiy, also
depending on the HRU effectiveness. The ideal DPC makes Ty, always decreasing
with Wsyuppiy, while the real DPC makes T, decreasing for decreasing wyppiy only if
a HRU is used.

Figure 6 adds more information to what shown in Figure 5 by means of a sensitivity
analysis on 7.

From figure 6 it is noticed that, when no HRU is used, there is a value of 7 leading to
the same Tgypp1y for two different wgyppiy. This value of 7y depends both on the DPC (Tsyppiy
is a function of wgyppry and DPC primary inlet temperature Tppc i) and DW (Tppcin is a
function of wgyppiy) models. Figure 7 shows the variation of Tppc,in after dehumidification
and heat recovery, for different egpry.

The water consumption 1 y,o in the DPC varies depending on wyppiy, HRU effectiveness
(hence Tppc,in). The dependence of 1,0 on wWsyppiy and egpy for a real DPC is reported

7



35 I I I 1 | I I I 1

—*—wsupply=9/kg] ; enru=0
301 —*—osupply=6[0/ka] ; enru=0 ||
\ —*—asupply=9[9/ka] ; enru=0.85
a 25 '\ —*—wsupply=0[9/kg] ; enru=0.85 ]
e \"‘”“‘*--..' ~
P T
8 R SsaRe ===
- i e e
15 — =
10
02 03 04 05 06 07 08 09 1
MNs

Figure 6: Typpiy depending on 7, wsyppry and HRU.

50 :
'\. enru =0
45 o enru = 0.55 |
'\‘ EHRU = 0.85
p— \
&, 40 BN
— \.\4
=
3\ "“-11,_.______‘__‘ \'\
& 35 ' =
- “‘-—1»-&,_‘__.__“‘*.
p——— -
30 . . | —
25
6 6,5 7 7.5 8 8,5 9

osupply [ka/kg] x 107

Figure 7: Tppc,in depending on wgypp, and HRU.

in Figure 8. The observed trends of mp,o follow the trends of Tppc i presented in Figure
7: more precisely " p,o is proportional to the primary air temperature drop across the DPC,
hence its cooling capacity.

The variation of the regeneration heat Qreg used to obtain different wgyppiy is reported in
Figure 9, together with the thermal COP (COP,) of the system.

Referring to Figure 1, COP;, is defined as:

COPy, = Yeool _ Msupply - (M = hs) (3)

reg mig - (h1o — ho)

where h is the enthalpy of humid air at specific state points. Both Q. and Qreg vary for
different ey ryy. The former increases for increasing e gry (hs decreases); the latter decreases
for increasing egry (hg increases).

The change in regeneration conditions (Ty¢4 and fry) to obtain the specified wsyppiy
motivates the different variations of Qreg with egpry.

Additionally, the pressure losses in the components have to be calculated to obtain the
electricity consumption to run the auxiliaries. At this stage only the pressure drops in the
DW, HRU and DPC are considered. The pressure losses for V;=2000 m? /h are reported

8
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Figure 9: Qyey (continuous lines) and COPy, (dashed lines) as a function of exgy for two
different dehumidification loads.

in Table 4, where a HRU with egry=70% is used. The latter is chosen from the Heatex
selection software: it corresponds to the HO0750/3.3/E cross flow plate heat exchanger, which
is a cube with edge length of 750 mm.

Some facts can be noticed in Table 4:

e The pressure drop in the DW has the highest share in the electricity consumption.

 The pressure drop in the DW regeneration side is too high for wgypp,=6 gv/kge. This
implies that a bigger wheel or a larger regeneration angle should be used to cover high
dehumidification loads.

e The pressure drop in the HRU are comparable to the pressure drop in the DPC.



Table 4: Pressure drops in the components for V;=2000 m?/h.

Position

Pressure drop [Pa]
wsupply:9 gv/kga

Pressure drop [Pa]
wsupply:6 gv/kga

DW process side 360 360
DW reg side 304 (freqg=30%) 1395 (freg=30%)
HRU process side 110 110
HRU process side 110 110
DPC process side 133 134
HRU secondary side 47 47

10
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Instrumentliste

ernt | Omrade

Udstyrsnummer | Diverse

| tagnr | Instrumenttype | Beskrivelse | Tieneste | Lokalt/ekst
| i [ [

Ekslraj

| Udgangssignal | Tilslutning
| 4-20mA |

| Producent |M0de| | Datalogger-kanal |
\ [ | [

0,0000]




Rorliste

tagnr | Medie | Rerstarrelse | Materiale | Designtryk

Designtemperatur \ Diverse

P-1 | DN10 (13,5x1,8)| CS (ST35.8)|




Udstyr

PEComponentTag | Type | Materiale | Kold side | Varm side | Tilslutning | Producent | Model
E-1
E-2

Udstyrsnummer

Diverse




Ventilliste

PEComponentTag | Beskrivelse | Type | Rarstarrelse | Ventilklasse | Tilslutning | Materiale | Pakningsmateriale | Producent | Model
V-1

udstyrsnummer

Diverse




oversigt

PEComponentTag | Type | Beskrivelse | Instrumenttype | udstyrsnummer | Diverse
E-1
E-2
-1 T 0,0000
P-1

V-1
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StatiqCooling DLL example

Version 1.0

Main Geometry and Perfomance Calculation

Process Flow

0,166441 kg/s
490 [m3/h]
21,5 [%]

0,77 kg/s
Primary Flow
2277 [m3/h]

28,8 per plate

161 [Pa]
15,2 [°C] DB
10,7 [°C] WB
6,9 [°C] DP
57,6 [% RH]
6,2 [g/kg]
30752 [J/kg]

’ [
statiqcooling ~ REGGENT
0 [Pa] 52 Select Cooler Type
15,1 [°C] DB 15,2 Wetbulb Cooler
15,0 rciws 10,7
15,0 [°C] DP 6,9 |
99,6 [% RH] 57,6
10,7 [o/kg] 6,2
42039 [J/kg] 30752
1380

300 10
M

\4

20

15
10

- 760

Temperature [°C]

Primary air Process air

Plate Temp

Primary Process Heat flow primary to process
Pressure drop [Pa] 161 52 Net cooling capacity
Temperature difference [K] 2,2 0,1 Cooling capacity per plate
Dew Point Effectiveness
Waterflow
Plate Geometry
4,00 > 3,40

—_ = N N S Number of primary channels
3,20, I Number of process channels
4,00 End plates
| 3,50 4~ g Total width HX
y A ///// LSS Total volume HX
Heat transfer surface area
[ - I, | I I J 5 < I, —_ Compactness
0,25 « 30,010; ,fllow area primary
. 1 0 ovlv3 Iarecjz process
, astic volume

Efficiency Calculations
Fan Efficiency 60,0 [%] Friction losses primary
Restriction valve 0 [%] Friction losses process

(0 % = no restriction,

(100 % = pressure drop valve equal to process air)

Friction losses valve
Friction losses total
Fan input

COP

Balance error

0,02%

Cooled Air Flow

2277 [m3/h]

0 [Pa]
13,0 [°C] DB
9,7 [°C] WB
6,9 [°C] DP
66,3 [% RH]
6,2 [g/kg]
28552 [J/kg]

1874 W]
1776 (W]
22,5 W]
26,2 [%]
2,7 [kg/h]

79
80,0 80
2 2
596,0 [mm]
0,625 [m3]
128,5 [m2]
206 [m2/m3]
0,197 [m2]
0,195 [m2]
0,061 [m3]

102 (W]
7w
0 wj

109 wj

181 (W]
9,80 [
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MEASURED AIR CONDITIONS

e In:Temperature, RH
o (Out: Temperature, RH, velocity, flow
o Ambient: temperature, RH

Beregnede og opslaede vaerdier:
DPoec,in=6,881 [°C]

WBopcin=10,7 [°C]

Worc,in=6,161 [g/kg]

Porc,in=1,212 [kg/m"3]
Cporc,in=1,018 [kJ/kg-K]
Msupply,air=0,7669 [kg/s]
Qppc=1,327 [kW]

ATopc=1,7 [K]

€prc=0,2048 [-] = 20,5 [%]

l

Ambient
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Instrumentliste

e | Beskrivelse

ternt | Omrade | Udgangssignal | Tilslutning

mmer | Diverse

| tagnr | Instrumenttyp
\

il

% Tjeneste % Lokalt/eks

Ekstra| [

4-20mA |

} Producent l‘ Model ‘I Datalogger-kanal l‘ Udstyrsnu

0,0000]




Rorliste

tagnr | Medie | Rerstarrelse | Materiale | Designtryk | Designtemperatur | Diverse
P-1| | DN10 (13,5x1,8)| CS (ST35.8)| [




Udstyr

PEComponentTag
E-1

Type

Materiale

Kold side

Varm side

Tilslutning

Producent

Model

Udstyrsnummer

Diverse

E-2




Ventilliste

PEComponentTag \ Beskrivelse

V-1

}Type } Rorstarrelse }Ventilklasse }Tilslutning } Materiale } Pakningsmateriale } Producent }Model } udstyrsnummer | Diverse




oversigt

PEComponentTag | Type | Beskrivelse | Instrumenttype | udstyrsnummer | Diverse
E-1
E-2
-1 T 0,0000
P-1/
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Measured

V_dot_supply V_dot_recirc T3 T4 T 5 avg grid T_6 T7 T9 RH_4 RH_6
Steady state: [mA3/h] [mA3/h] ra [rc] [rcl [c [rcl [c [%] (%]
1 2361,13 695,95 31,23 31,15 23,93 29,03 31,02 30,32 36,80 50,2
2 2361,13 695,95 36,43 37,38 27,45 30,19 37,08 36,28 28,90 60,9
3 2361,13 695,95 35,83 37,28 27,16 30,25 36,31 35,43 30,30 58,1
4 2361,13 695,95 31,26 32,57 23,58 28,47 31,50 30,65 37,20 48,0
Calculated
AT_DPC DP_DPC_in WB_DPC_in  w_DPC_in p_DPC_in cp_DPC_in m_dot_supply Q_dot_DPC &_DPC
[K] [°c] [c [e/ke] [kg/m"3] [k)/kg-K] [kg/s [kw] [%]
1 7,22 14,66 20,27 10,41 1,141 1,024 0,7483 5,534 43,8
2 9,92 16,3 22,92 11,59 1,116 1,027 0,7319 7,464 47,1
3 10,12 16,95 23,23 12,09 1,115 1,028 0,7316 7,61 49,8
4 8,99 16,08 21,43 11,43 1,134 1,026 0,7436 6,861 54,5
Calculated with StaticColing' model A between calculated and StaticCooling Deviation from calculated
T_5_StaticCooling ~ AT_DPC DP_DPC_in  WB_DPC_in  w_DPC_in m_dot_supply  Q_dot_DPC €_DPC Ae_DPC  AQ_dot_DPC A_AT_DPC € DPC  Q_dot_DP(AT_DPC
[a [K] rq ra [g/ke] [ke/s [kw] (%] [%] [kw] [K]
1 23,4 7,75 14,7 20,1 10,4 6,1 47,3 3,5 0,566 0,53 7% 9%
2 26,5 10,88 16,3 22,7 11,6 8,4 51,5 4,4 0,936 0,95 9% 11%
3 26,1 11,18 16,9 23,1 12,1 8,6 55,1 53 0,99 1,06 10% 12%
4 23 9,57 16,1 21,3 11,4 pis) 57,8 33 0,639 0,58 6% 9%
Mean values af temperatures measured in grid for the four steady state areas Measuring points in temperature grid:
Steady state 1 2 3 4 Column: 1 2
T_outl-[C] 21,63 23,45 23,25 20,92

T_out2 - [°C] 22,36

23,53

22,93

Change color of dots on eraf

7%
9%
9%
6%
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PRIMARY

SECUNDARY Results
Measured values
V_dot_supply V_dot_recirc T3 T4 T_5_avg grid T_6
Steady state: [m73/h] [m73/h] [°c] [°c]
4 1331,2 421,1 27,20 16,68
Calculated
%-secundary flow AT_DPC DP_DPC_in WB_DPC_in w_DPC_in p_DPC_in
[K] [a [°c] [e/ke] [kg/m*3]
4 31,63% 10,52 7,021 15,54 6,221 1,164
Calculated with StaticColing' model as wetbulb cooler
T_5_StaticCooling AT_DPC DP_DPC_in WB_DPC_in w_DPC_in m_dot_supply
[a [K] [ra [°q [g/ke] [ke/s
4 13,5 13,70 7 15,4 6,2 0,43
Comparison of Test#3 and #6 respectively state 3 and 4:
Calculated
AT_DPC DP_DPC_in WB_DPC_in  w_DPC_in p_DPC_in cp_DPC_in
[K] [ecl [c [e/ke] [kg/m"3] [ki/kg-K]
3 10,12 16,95 23,23 12,09 1,12 1,03
4 10,52 7,02 15,54 6,22 1,16 1,02
Calculated with StaticColing' model as wetbulb cooler
T_5_StaticCooling AT_DPC DP_DPC_in WB_DPC_in  w_DPC_in m_dot_supply
[a [K] [a [°cl [e/kel [ke/s
3 26,10 11,18 16,90 23,10 12,10 0,75
4 13,50 13,70 7,00 15,40 6,20 0,43
Temperatures measured in grid for the two steady state pints (T_5):
Measured
Steady state 3 Test#3 4 Test#6
T_outl-[°C] 23,25 15,26
T_out2 - [°C] 22,93 13,61
T_out3 - [°C] 28,19 18,09
T_out4 - [°C] 26,87 14,53
T_out5 - [°C] 28,69 18,89
T_out6 - [°C] 27,84 14,78
T_out7 - [°C] 28,83 21,29
T_out8 - [°C] 27,98 15,97
T_out9 - [°C] 29,06 19,76
T_out10 - [°C] 28,92 16,40
T_outll-[°C] 27,84 16,63
T_out12-[°C] 25,51 14,95

Comparison of two steady state points

cp_DPC_in

[kJ/ke-K]

Q_dot_DPC
[kw]

1,016

6,08

m_dot_supply

[ke/s

Q_dot_DPC
[kw]

0,73
0,43

8,60
6,08

m_dot_supply
[ke/s
0,4303

£ _DPC
[%]
67,8

Q_dot_DPC
[kw]

7,61

4,60

€ DPC
[%]

55,10

67,80

Q_dot_DPC
[kw]
4,601

€_DPC
(%]
49,80

&_DPC
[%]
52,13

A between calculated and StaticCooling
AQ_dot_DPC A_AT_DPC

Ae_DPC
[%]
15,67

[kw]

1,479

[K]

3,18

52,13 A between calculated and StaticCooling
AQ_dot_DPC A_AT_DPC

Ae_DPC
[%]

5,30
15,67

Measuring points in temperature grid:

Steady state:
Column in grid:

1
T_outl
T_out3
T_out5
T_out7
T_out9

T_outll

2
T_out2
T_outd
T_out6
T_out8

T_out10
T_outl2

[kw]

0,99
1,48

3 Test#3

[K]

1,06
3,18

Deviation from calculated
£ DPC  Q_dot_DP(AT_DPC

23% 24% 23%

Deviation from calculated
£ DPC  Q_dot_DP(AT_DPC

10% 12% 9%
23% 24% 23%
4 Test#6
1 2
15,26 AL
18,09 14,53
14,78
15,97
16,40
14,95
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NB: Test without intermidiate cooling!!!

PRIMARY
SECUNDARY
V_dot_supply V_dot_recirc
Steady state: [m~3/h] [mA3/h]
1 1957

%-secundary flow ~ AT_DPC
(K]
1 32,61%

T_5_StaticCooling ~ AT_DPC
[a [K]
1 18,9

638,1

9,67

17,95

Results

T4
[cl

T_5_avg_grid T_5_avg_mix

36,85

DP_DPC_in

rcl

8,143

%]

RH_DPC_in

17,39

Measured values

T6

ra
21,36

Calculated

w_DPC_in

[e/ke]

6,722

p_DPC_in

[kg/m"3]

Calculated with StaticColing' model as wetbulb cooler
RH_DPC_in

DP_DPC_in

rcl

7.9

Temperatures measured in grid for the two steady state pints (T_5):

Steady state
T_outl - [°C]
T_out2-[C]
T_out3 - [°C]
T_outd-[°C]
T_outs - [°C]
T_out6 - [°C]
T_out7-[°C]
T_out8-[°C]
T_out9 - [°C]
T_out10- [°C]
T_outll-[°C]
T_out12-[°C]

T_5mix1 - ['C]
T_Smix2 - [C]
T_5mix3 - [C]
T_Smix4 - [C]
T_5mix5 - ['C]

1Test#7
23,47
22,01
26,37
26,67
28,98
29,24
31,30
29,30
30,03
28,09
26,29
24,36

26,46
27,95
25,00
26,88
30,30

Measured

ra

WB_DPC_in

18,9

(%]

173

w_DPC_in
[e/ke]

1,127

66

T7

cp_DPC_in

[k)/kg-K]

1,018

m_dot_supply

[ke/s

0,62

wh_4 dp_6 T 7a
ra
19,25
m_dot_supply Q_dot DPC & DPC
[ke/s] [kw] (%]
0,6123 6,026 33,69

Q_dot DPC  €_DPC
[kw] (%]
112 618

These temperatures are
measured ON the pipes.
Tap Water for DPC

dp_7a

A between calculated and StaticCooling

Ae_DPC 2Q_dot_DPCA_AT_DPC £_DPC
(%] [kw] [K]
28,11 5,174 8,28 45%

Measuring points in temperature grid at point 5:

Steady state:

Grid setup: Rect. Duct 1
T_outl
T_out3
T_outs
T_out7
T_out9
T_outll

Max dt: 9,29

Measuring points in temperature grid at point 5_mi:

Steady state:
Grid setup: Round duct

T_5mix5
Max dt: 5,30

1Test#7

2 1 2
T_out2
T_outd 26,37 26,67
T_outé
T_out8
T_out10 28,09
T_out12 26,29 24,36

1Test#7

T_Smix1 26,46

T5mix2  T_Smix4 2795 26,88
T_5mix3

Deviation from calculated

Q_dot_DPC AT_DPC

46%

46%



A= Yo

b= 200 wmm

¢ = 360 wmm

Grid T5

s s

——T_out2 - [*C]

N\ / S
=\

——T_out3-['C]

~———T_outd4-[*C]
——T_outs - [*C]
——T_out6 - ['C]
——T_out7-[°C]

——T_out8-[*C]
———T_out9 - [°C]
T_out10- [C]

——T_outi1-[C]
——T_out12-[°C]

1.000 2.000 3.000 4.000 5.000 6.000 7.000 8.000 9.000
Run time [s]
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Grid T5_mix

LS,

1.000 2.000 3.000 4.000 5.000 6.000
Run time [s]

7.000

8.000

——T_5mix1 -
——T_5mix2 -
——T_5mix3 -
—T_Smixa -

——T_5mix5 -

ra
ra
ra
ra
ra
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Outlet air temperature Test?

" Width
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DESICCANT
WHEEL

Proces air
Reg. Air REG. FAN ELECTRIC
i i HEATER
Intermidiate air
Recirculated air

Ambient

(o] ) (e

RECIRC. FAN

Dew Point Cooler

Ambient ¢ @ﬁ

DD

. S N
Amb"*g@ {é I \%%

ELECTRIC
HEATER

SUPPLY FAN

From
i 1 NN C point 4
L e - — —
k
D€— ‘ @ Y — F Ambient
@ From
C é @ @ point 4
I “ Ambient
DRIPPING WATER TRAY

Intermidiate cooling
Cross flow air-to-air HX

MEASURED AIR CONDITIONS

1 Temperature (Same as in point 8 "Ambient”)
2 Temperature, Humidity

3 Temperature (PT100)

4  Temperature (PT100)

5 Temperature (grid and PT100), Humidity
5mix Temperature (grid), Flow

6 Temperature (PT100)

7 Temperature (PT100), Humidity, Flow

8 Temperature (Same as in point 1 "Ambient”)
9 Temperature (PT100), flow

10 Temperature, Humidity

11 Temperature, Humidity, Flow

Water temperature in/out: measured on pipe connections
Water flow: measured with cubicmeter
Differential pressure across the drying wheel
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NB: ALL MEASURED VALUES IN THIS SHEET IS 10 MINNUTES AVERAGE VALUES

Results.
Measured values
Calculated
aT_ope AT_5_avg grids ATw o4 _DPC_a_Vaisala
i« 1« [} ra g/ke)
1test#t9 1282 0,03 127 11,51 8,451
2testhd 78 064 219 1238 8952
Lresti 1485 018 085 1185 8616
2testitl0 692 o012 22 1253 9,003
testi1l 8,46 0,15 363 9,249 7,251
Calculated model
T_5_StaticCooling AT_DPC DP_DPC_in WB_DPC_in th_DPC_in
ra K g < h)
Ttestd 27 1232 10,00 192 218
2test#9 7,58 99 164 35
¢ ith StaticColing’
1test#10 224 14,60 105 20 202
2test10 186 720 107 165 388
3testil0 17,1 762 74 147 3
Temperatures measured in grid for steady state points (.
Measured

Steady state Ltestiy 2testiy

T_out1 -] 23,79 2138

T_out2-[°C] 22,64 19,68

Tous-['c] 2135 19,29

T_outd -] 2097 1842

T_outs -] 2086 1878

T_out - [°C] 21,47 1823

T_out7-[C] 2236 1951

T_outs-[c] 232 1871

Tou9-[c] 22,49 1926

T_out10- ) 22,9 18,97

T_out1-[C] 20 17,76

T_ou2-[] 2,73 16,08

T_smixt - 'C] 232 112

T_smbx2- €] 2162 1838

T_smba- 'C] 21,9 1857

T_smixd- 'C] 212 1867

T_5mix5 - [*C] 22,19 20,65

1test#10 2test#10 3test#10

Tout-[c] 991 .08 1533

Tout2-[c] 2088 1846 1578

T_out3-[c] 19,81 17,97 1531

T_outd-[°C] 2023 17,90 15,30

T_outs-['C] 267 1888 1618

T_outs -] 2141 1853 1581

Tout7- (] 261 1978 7,17

T_out8-['C] 273 19,03 16,35

T_outd-['C] 2315 19,44 17,04

T_out10-[C) 2027 19,3 16,89

T_out1l-[*C] 24,10 20,08 17,18

T_out12-[*C] 24,05 19,02 16,78

T_smixt - 'C] 2057 18,00 1590

T_smbx2 - 'C] 275 1871 1582

T_5mix3 - [C] 2336 18,99 16,96

T_smia- 'C] 26 1862 1628

T_5mixs - '] 233 19,47 17,09

081

w_DPC_in
[e/ke]

79

64

ha

o]
20,11
4131
212
4369
37.46

m_dot_supply
Ika/s]

085

085

113
115
116

dewpoint sensor.

Wetbulb temperature is measured with Vaisala

Mixing ratio is measured with Cotes A/S' Mitchell
instrument (Optical dewpoint sensor).

[ < m_dot 4
Ikg/m*3) [li/kg-K] Ike/s)
102 084
116 102 084
112 102 112
116 102 114
117 102 114
Q_dot_DPC e_DpC X
kw] 1%]) (%)
10,664 a3
659 5.1
1,923 549
615 78
6533 42

555
944

Temperatureprofiles for grid measurements

Measuring points in temperature grid at point 5:
Steady stat

v

Gridsetup:  Rect. Duct
T_out? T_outs
T_outs T_out1o
T_out11 Tout12

Maxdt:

Measuring points in temperature grid at point 5_mix:
Steady stat
Grid setu

Round duct
T_smixs.

T_smixt
T_smix2

T_smid

Max dt:

Measuring points in temperature grid at point 5:
Steady state:

Gridsetup:  Rect. Duct

Maxdt:

Measuring points in temperature grid at point 5_mix:

Steady stat
Grid setu Round duct T_smixt
T_5mixs. T_smix2
T_smixa

Maxdt:

1testd

T_smixa

1 testi10

T_Smixd

These temperatures are
measured ON the pipes.
Tap Water for DPC
&.DPC
i)
54,55
54554
59,04
52,18
54,68
Deviation from calculated
.47 opC £.DPC Qdot DPC  AT_DPC
(K]
051 a1% % %
016 21% 0% 2%
025 8% -a2% 2%
028 9% 31% %
084 2% s1% 1%
2testro
19,
192 1842
874 1823
232 95 1871
1926 1897
273 17,76 [111116,08|
530
Ltestig 2 testy
21,9 18,57
162 275
2testi10 3 testi10
1853 16,18
1903 1635
1934
1902
188
1testi10 2 testi10 3 testit10
2233 2275 2262 __15,71 1862 16,28
1899
279 147 126



Qutlet air temperature Testd. 1

CQutlet air termperature Test3.2
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Test 10
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DESICCANT
WHEEL

Proces air
Reg. Air REG. FAN ELECTRIC
i i HEATER
Intermidiate air
Recirculated air

Ambient

(o] ) (e

RECIRC. FAN

Dew Point Cooler

Ambient ¢ @ﬁ

DD

. S N
Amb"*g@ {é I \%%

ELECTRIC
HEATER

SUPPLY FAN

From
“ NN C point 5
L e - — —
N‘
D€— ‘ @ Y — F Ambient
@ From
C é @ @ point 5
I “ Ambient
DRIPPING WATER TRAY

Intermidiate cooling
Cross flow air-to-air HX

MEASURED AIR CONDITIONS

1 Temperature (Same as in point 8 "Ambient”)
2 Temperature, Humidity

3 Temperature (PT100)

4  Temperature (PT100)

5 Temperature (grid and PT100), Humidity
5mix Temperature (grid), Flow

6 Temperature (PT100)

7 Temperature (PT100), Humidity, Flow

8 Temperature (Same as in point 1 "Ambient”)
9 Temperature (PT100), flow

10 Temperature, Humidity

11 Temperature, Humidity, Flow

Water temperature in/out: measured on pipe connections
Water flow: measured with cubicmeter
Differential pressure across the drying wheel
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Qutlet air termperature Test10.1

Outlet air temperature Test10.2
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Qutlet air ternperature Test10.3

DDC 2012

87



Test 11
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Notes

Mean values of 10 minuttes periods.

Run time [s]:

Row #:

Samples:

Run time [s]:

Row #:

Samples:

Run time [s]:

Row #:

Samples:

Run time [s]:

Row #:

Samples:

Start End
13.799 14.400
695 725

30
Start End
13.799 14.400
695 725
30
Start End
14.999 15.600
754 784
30
Start End
14.999 15.600
754 784
30

Parameter

T 9-[°C]

T 7-[°C]

T 6-[°C]

T 5-[°C]

T 4-[°C]

T 3-[°C]
T_7_termo - [°C]
T_4_termo - [°C]
T_6_termo - [°C]
T_wet_4-[°C]
T_w_in-[°C]
T_w_out-[°C]
T_avg_grid_5-[°C]
T_avg_mix_5-[°C]
DT_DPC_1-[K]
DT_DPC_2 - [K]
DT_w-[K]

Parameter
T_outl-[°C]
T_out2 - [°C]
T_out3-[°C]
T_out4 - [°C]
T_out5-[°C]
T_out6 - [°C]
T_out7 - [°C]
T_out8-[°C]
T_out9 - [°C]
T_outl0- [°C]
T_outll-[°C]
T_outl2-[°C]
T_S5mix1-[°C]
T_5mix2 - [°C]
T_5mix3 - [°C]
T_5mix4 - [°C]
T_5mix5 - [°C]

Parameter
T9-[°C]

T 7-[°C]
T_6-[°C]

T 5-[°C]

T 4-[°C]

T 3-[°C]
T_7_termo - [°C]
T_4_termo - [°C]
T_6_termo - [°C]
T_wet_4-[°C]
T_w_in-[°C]
T_w_out-[°C]
T_avg_grid_5-[°C]
T_avg_mix_5-[°C]
DT_DPC_1- [K]
DT_DPC_2 - [K]
DT_w - [K]

Parameter

T _outl-[°C]
T_out2-[°C]
T_out3-[°C]
T_outd - [°C]
T_out5-[°C]
T_out6 - [°C]
T_out7-[°C]
T_out8-[°C]
T_out9-[°C]
T_outl0-[°C]
T_outll-[°C]
T_outl2-[°C]
T_S5mix1-[°C]
T_5mix2 - [°C]
T_5mix3 - [°C]
T_5mix4 - [°C]
T_5mix5 - [°C]

Min.
41,60

30,99

43,10
27,12
36,03
35,26
20,61
23,50
23,19
24,44
24,34
11,44
11,44
0,23

Min.

25,35
25,60
24,98
25,80
24,54
25,36
23,10
23,36
23,88
22,61
24,01
23,74
25,03
24,39
23,01
23,68
24,89

Min.
41,90

32,39

43,29
27,90
36,25
35,30
20,53
23,53
23,39
25,23
25,06
10,85
10,85
-0,01

Min.

25,49
25,69
25,16
26,08
25,34
26,38
24,38
24,59
25,44
23,53
24,89
24,74
25,51
25,01
24,14
24,47
25,48

Max.
41,82

31,19

43,81
28,08
36,74
35,66
21,24
23,76
23,27
24,71
24,67
12,22
12,22
0,56

Max.

25,73
26,05
25,38
26,29
24,92
25,80
23,53
23,82
24,20
23,05
24,34
24,14
25,76
25,04
23,55
24,27
25,42

42,06

32,54

43,89
28,69
36,75
35,66
21,18
23,74
23,54
25,41
25,34
11,50
11,50
0,34

25,87
26,08
25,58
26,49
25,72
26,68
24,74
24,94
25,70
23,93
25,22
25,11
26,07
25,53
24,70
25,07
25,91

Std. dev.
0,07

0,06

0,21
0,21
0,20
0,12
0,18
0,07
0,02
0,08
0,09
0,24
0,24
0,08

Std. dev.
0,11
0,12
0,11
0,12
0,10
0,11
0,11
0,11
0,09
0,10
0,08
0,09
0,17
0,15
0,13
0,15
0,13

Std. dev.
0,05

0,04

0,19
0,24
0,16
0,10
0,18
0,06
0,05
0,06
0,09
0,21
0,21
0,10

Std. dev.
0,10
0,11
0,11
0,10
0,11
0,09
0,10
0,10
0,08
0,10
0,08
0,10
0,13
0,14
0,13
0,17
0,11

Average
41,72

31,08

43,44
27,74
36,38
35,46
20,97
23,64
2321
24,57
24,47
11,81
11,81
0,43

Average
25,55
25,84
25,19
26,04
24,73
25,61
23,31
23,62
24,01
22,85
24,16
23,94
25,32
24,72
23,26
23,95
25,11

Average
41,96

32,45

43,54
28,27
36,47
35,44
20,87
23,65
23,48
25,32
25,19
11,15
11,15
0,17

Average
25,68
25,89
25,39
26,28
25,53
26,53
24,56
24,75
25,56
23,73
25,07
24,90
25,79
25,26
24,42
24,78
25,72

Test #11.1
Skaevvridning af flow
ved kun at benytte
en recirkuleringskanal

Distortion of flow by
using only one
recirculation channel

Actions
Stabilt udgangspunkt

Stable starting point

Prop pa recirc top

Block top recirculation
channel



Run time [s]:

Row #:

Samples:

Run time [s]:

Row #:

Samples:

Run time [s]:

Row #:

Samples:

Run time [s]:

Row #:

Samples:

Start End
18.386 19.000
920 950

30
Start End
18.386 19.000
920 950
30
Start End
19.166 19.789
959 989
30
Start End
19.166 19.789
959 989
30

Parameter

T 9-[°C]

T 7-[°C]

T 6-[°C]

T 5-[°C]

T 4-[°C]

T 3-[°C]
T_7_termo - [°C]
T_4_termo - [°C]
T_6_termo - [°C]
T_wet_4-[°C]
T_w_in-[°C]
T_w_out - [°C]
T_avg_grid_5-[°C]
T_avg_mix_5-[°C]
DT_DPC_1 - [K]
DT_DPC_2 - [K]
DT_w - [K]

Parameter
T_outl-[°C]
T_out2 - [°C]
T_out3-[°C]
T_out4d - [°C]
T_out5-[°C]
T_out6 - [°C]
T_out7-[°C]
T_out8-[°C]
T_out9-[°C]
T_outl0-[°C]
T outll-[°C]
T_outl2-[°C]
T_Smix1-[°C]
T_5mix2 - [°C]
T_5mix3 - [°C]
T_S5mix4 - [°C]
T_5mix5 - [°C]

Parameter

T 9-[°C]

T 7-[°C]

T 6-[°C]
T_5-[°C]

T 4-[°C]

T 3-[°C]
T_7_termo - [°C]
T_4_termo - [°C]
T_6_termo - [°C]

T wet_4-[°C)
T_w_in-[°C]
T_w_out-[°C]
T_avg_grid_5-[°C]
T_avg_mix_5-[°C]
DT_DPC_1 - [K]
DT_DPC_2 - [K]
DT_w - [K]

Parameter
T_outl-[°C]
T _out2-[°C]
T _out3-[°C]
T_out4d - [°C]
T_out5-[°C]
T_out6 - [°C]
T_out7-[°C]
T_out8-[°C]
T_out9-[°C]
T_outl0-[°C]
T_outll-[°C]
T_outl2-[°C]
T_S5mix1 - [°C]
T_5mix2 - [°C]
T_5mix3 - [°C]
T_5mix4 - [°C]
T_5mix5 - [°C]

Min.
43,22

41,85

44,54
33,75
37,50
35,78
20,50
23,95
27,77
34,61
34,16
2,77
2,77
-4,85

Min.

28,04
30,23
32,69
34,90
36,01
36,74
36,71
37,13
37,26
36,55
34,29
33,66
33,37
33,52
34,77
34,44
33,77

Min.
35,14

30,51

43,14
26,11
25,98
29,42
20,05
23,67
24,81
23,77
23,42
2,21

2,21

-4,97

Min.

25,00
24,37
24,65
24,75
23,92
24,60
22,57
23,06
23,37
22,14
23,45
23,35
24,27
23,35
22,46
22,89
24,14

Max.
43,37

42,03

45,20
35,79
38,15
36,02
21,12
24,54
28,80
34,76
34,46
3,52
3,52
-3,32

Max.

28,39
30,68
33,06
35,23
36,33
37,04
37,09
37,40
37,56
36,88
34,78
34,12
34,19
34,31
35,41
34,87
34,42

43,43

42,01

44,95
35,01
37,98
36,93
21,38
24,08
28,88
34,40
33,63
13,00
13,00
-1,03

28,02
30,00
32,60
34,65
35,72
36,99
36,65
37,38
37,10
36,79
33,11
33,83
32,53
33,59
34,54
33,71
33,80

Std. dev.
0,05

0,05

0,19
0,42
0,18
0,07
0,18
0,16
0,31
0,04
0,07
0,20
0,20
0,46

Std. dev.
0,09
0,10
0,09
0,10
0,09
0,09
0,09
0,08
0,08
0,08
0,12
0,09
0,20
0,16
0,15
0,10
0,19

Std. dev.
1,85

3,74

0,43
1,99
3,26
1,81
0,27
0,10
1,18
2,60
2,28
3,51
3,51
1,12

Std. dev.
0,69
1,03
1,79
2,05
2,75
3,35
3,59
3,72
3,52
3,68
2,43
3,04
1,84
2,18
2,83
2,43
2,13

Average
43,29

41,94

44,88
34,82
37,81
35,90
20,84
24,21
28,39
34,70
34,31
3,11
3,11
-4,17

Average
28,18
30,49
32,87
35,10
36,18
36,91
36,90
37,26
37,41
36,72
34,47
33,84
33,81
33,90
35,06
34,63
34,13

Average
42,60

33,61

44,36
28,93
36,31
35,98
21,08
23,88
26,45
25,87
25,49
10,44
10,44
-2,57

Average
26,25
26,47
26,13
26,84
25,54
26,76
24,55
25,61
25,82
24,76
25,61
26,14
26,17
25,60
24,59
25,28
25,83

Test #11.2
Tester reaktionstid for
temperaturer til at
stabilisere sig, nar der
laves en drastisk
aendring i
recirkuleringsflowet

Test the time for
temperatures to
stabilize when a drastic
change is accuring

in the recirculation
flow

Actions
Prop pa
recirkuleringskanalerne
i bade top og bund

Block both top and
bottom
recirculationflow

Propper taget af ved
run time 19126 [s]

Stabile temperaturer ved
run time

Boath blockades
removed at run time
19126 [s]

Stabelized temperatures
at run time



Middelvzerdier i sidste test er regnet for en periode pa

Run time [s]:

Row #:

Samples:

Run time [s]:

Row #:

Samples:

Start End
19.689 20.769
984 1.038
54
Start End
19.689 20.769
984 1.038
4

Parameter

T 9-[°C]

T 7-[°C]

T 6-[°C]

T 5-[°C]

T 4-[°C]

T 3-[°C]
T_7_termo - [°C]
T_4_termo - [°C]
T_6_termo - [°C]
T_wet_4-[°C]
T_w_in-[°C]
T_w_out-[°C]
T_avg_grid_5-[°C]
T_avg_mix_5-[°C]
DT_DPC_1 - [K]
DT_DPC_2 - [K]
DT_w - [K]

Parameter
T_outl-[°C]
T_out2 - [°C]
T_out3-[°C]
T_outd - [°C]
T_out5-[°C]
T_out6 - [°C]
T_out7-[°C]
T_out8-[°C]
T_out9-[°C]
T_outl0-[°C]
T outll- [°C]
T_outl2-[°C]
T_Smix1-[°C]
T_5mix2 - [°C]
T_5mix3 - [°C]
T_5mix4 - [°C]
T_5mix5 - [°C]

18,00

Min.
30,28

24,16

42,83
20,80
24,29
25,31
16,94
22,28
20,54
19,33
19,27
2,21
2,21
-1,38

Min.

21,11
20,32
20,50
19,85
19,40
19,23
18,07
18,48
18,63
17,95
18,95
18,48
20,42
18,98
17,98
18,71
19,80

minutter
Max. Std. dev.
42,93 3,25
30,76 2,21
44,46 0,45
27,99 1,71
37,38 3,02
36,46 2,42
21,26 1,14
23,96 0,49
25,23 1,62
24,43 1,45
24,34 1,37
13,00 3,10
13,00 3,10
2,02 1,19
Max. Std. dev.
25,99 1,27
26,05 1,38
2542 1,32
26,08 1,61
24,43 1,37
25,05 1,71
22,86 1,37
23,58 1,52
23,74 1,57
22,74 1,42
24,02 1,57
23,95 1,80
25,40 1,24
24,73 1,44
23,09 1,44
24,02 1,40
24,84 1,40

Average
34,45

26,32

43,52
23,19
27,92
28,70
18,56
22,72
22,08
20,90
20,78
7,02
7,02
0,65

Average
22,66
22,16
22,06
21,86
21,02
21,11
19,67
20,07
20,27
19,41
20,42
20,08
21,94
20,74
19,60
20,31
21,32

Test #11.3
Sgger koldeste mulige
temperatur vi kunne
skabe ved outputtet

Aiming for the coldest
posible primary output
temperature

Actions
Mellemkgler teendt og
flows justeret ind

Intermidiate cooling
added



Measuring points in temperature grid at point 5:

Grid setup Rect. Duct 1 2 1 2
T_outl T_out2 25,55
T_out3 T _outd 25,19
T outs  T_out6 24,73 25,61
T out? T_out8 23,31 23,62
T_out9 T_outld 24,01 22,385
T_outll T_outl2 24,16 23,94
Max dt: 3,18

Measuring points in temperature grid at point 5_mix:

Grid setup Round duct T_5mix1
T_5mix5 T_5mix2 T_5mix4 25,11 24,72 23,95
T_5mix3
Max dt: 2,07
DP V_dot [ m"3/h]
Run time [+ 14606 || Row #735: Ny maling: V_dot_recirc_top = 0,1 Pa 0,1 49,97664
Run time [: 14688 | | Row #739: V_dot_recirc_bund = 21 Pa 21 724,2303

Run time [ 14779 | | Row #743: V_dot_supply = 51,3 Pa 51,3 2576,698



40,00

35,00

Temeprature grid

30,00
——T_out1-[°C]
——T_out2-[°C]
25,00 ——T_out3-[*C]
——T_outa-['C]
——T_outs-[°C]
2000 ——T_outé -[°C]
——T_out7-[*]
15,00 ——T_out8-['C]
——T_out9-['C]
T_outl0-[*C]
10,00 ——T_out1-[C]
——T_out12-[°C]
5,00
0,0
5.000 10000 15.000 20000 25.000
Run time [s]
Temeprature grid mix
40,00
IR o
[ (BRI
[ (BT
[N Ly
35,00 T T
[ '
[N '
[ '
30,00 ] '
[ '
[ '
[ '
25,00 '
8 ]
'
——T_smix1 - [°C]
20,00 ——T_smix2- [°C]
—T_5mix3 - [°C]
———T_5mix4 - [°C]
15,00 ——T_5mix5 - [°C]

10,00

5.000 10.000 15.000 20.000 25.000
Run time [s]
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50,00

40,00

30,00

20,00

10,00

-10,00

Temepratures

A

T
[
[
[
4T
]
v

—T9-0C]
—T7-C]
—T6-[C]
——T5-[C]
—T.4-C]
—T3-[q
——T_7_termo - [°C]
——T_4_termo - [°C]
———T_6_termo - [*C]
——T_wet_a-[°C]

—T_w_in-[C]

i

——T_w_out - [*C]
——T_avg_grid_5 - [*C]
5-[C]
~———DT_DPC_1-[K]

——T_avg_mi

DT_DPC_2 - [K]
——DT_w-[K]

5.000

10.000

Run time [s]

25.000
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Final test

e

W

3
2

20
15

Cumulative number of measurements

—Supply humidity ratio [g/kg] Supply temperature [degC] —DELTAT DPC [degC]

—Tsecinlet DPC [degC]

—Tpriinlet DPC [degC]
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MANAGEMENT

COTES A/S, DK-Slagelse, 22-6-15
Description of Cotes Indirect Evaporative Adsorption Cooling system?.

The Cotes IEAC exploits waste heat and other low-cost sources of energy in order to provide flows of
cold air. The system does not use any gases or compressors.
Combined with the district heating system in Bergen, and using waste heat from waste incineration, the

cost of running a Cotes IEAC system will be very low.

In the winter, the Cotes IEAC works as an effective heat exchanger system, with efficiencies of between
80% and 85%.

Working together, the Bergen district heating system and the Cotes IEAC system will probably be the
environmental friendly system currently available.
Compared to other adiabatic cooling systems on the market, Cotes IEAC provides the following
advantages:
- No moisture added to the cooling air, meaning:
o No bacterial risk
o  Better comfort
o  Better protection of building an equipment
- No risk of transferring smells and bacteria back from the outlet via rotating heat exchanger or hygroscopic
wheel

How it works:
The Cotes IEAC system consists of:
- Desiccant rotor with regeneration unit
- Indirect evaporative cooler
- Filters
- Fans
- Cabinet
- Control unit

The IEAC system will run with two different settings — summer or winter.

In the summer setting, the unit is set to exploit waste heat to create dry and cold air. See below illustration.

! patent applied

COTES A/S COTES HEAD OFFICE COTES RESEARCH COTES OPERATIONS
NDR. RINGGADE 70C RUDOLFGAARDSVEJ 1A VAERKSTEDSVEJ 7
4200 SLAGELSE 3260 VIBY J 4230 SKAELSKOER
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Regenera- Regeneratipn
tion unit

Indirect evaporative
cooler

As shown in the illustration above, the IEAC works as follows:

1. Ambientair ...

2. ...isfiltered in a F7 filter

3. .. anddried in a desiccant rotor. This increases the temperature to between 30°C and 40°C, but reduces
the absolute humidity to 6.5g/kg.

4. The warm, dry air is cooled in an indirect evaporative cooler (counter-flow type). In the cooling process,
the air has no contact with water. The absolute humidity afterwards is therefore still 6.5g/kg, but the
temperature is reduced to 18—19°C, resulting in a relative humidity of approximately 50%.

5. The cold dry air is blown into the building to be cooled.

6. 30-60% of the return air from the building is used for the evaporation process in the indirect evaporative
cooler. The return air would normally be at 26°C and an absolute humidity of 7.0g/kg.

7. Water is added.

8. The return air evaporates the water, thus cooling the main air stream (4)

9. The return air from the building is now humid, and must be blown out of the building by a fan.

10. After the desiccant rotor has adsorbed water from the main air stream (3), the water is bound in the
rotor. A regeneration air stream (10) ...

11. ...isfiltered

12. ...and heated by waste heat in a water-to-air heating coil

13. The airis now warm and humid, ...

14. ...andis blown out by a fan.

COTES HEAD OFFICE COTES RESEARCH COTES OPERATIONS +45 5819 6322 CVR/VAT
NDR. RINGGADE 70C RUDOLFGAARDSVEJ 1A VAERKSTEDSVEJ 7 SALES@COTES.COM DK15200332

4200 SLAGELSE 8260 VIBY J 4230 SKAELSKOER COTES.COM
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s. 3/7 In winter conditions, the setup is different. Here it is set to heat up incoming air by outgoing air. As the
indirect evaporative cooler is made as a counter-flow type, it will be very efficient as a heat exchanger if

the water supply is stopped. As a heat exchanger, the set-up can be as described below:

©

Regenera- Regeneratip
tion unit

Indirect evaporative
cooler

1. Incoming air ...
2. ..isfiltered
3. The desiccant rotor is bypassed
4. The air is heated by outgoing air in the indirect evaporative cooler, which works as a counter-flow heat
exchanger when the water supply is stopped
5. The heated air is blown into the building by a fan
6. Thereturnair ...
7. ..isused to heat up the incoming air
8. The water supply is stopped, why no evaporation occurs
9. The return air is now cold, and is blown out of the building
COTES A/S COTES HEAD OFFICE COTES RESEARCH COTES OPERATIONS +45 5819 6322 CVR/VAT
NDR. RINGGADE 70C RUDOLFGAARDSVEJ 1A VAERKSTEDSVEJ 7 SALES@COTES.COM DK15200332

4200 SLAGELSE 8260 VIBY J 4230 SKAELSKOER COTES.COM
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s. 4/7 Performance for system placed in Bergen, Norway
The figures shown below illustrate the humidity and temperature standardisations. The size of the

spheres indicates how many hours a given temperature/humidity mix is present during a standard year.

Temperature and humidity in Bergen, Norway
35

30
25

20

oo

15

10

Temperature [°C]

'
=
IR

-10

-15

Humidity [g/kg]

The table below shows the calculated performance of the system, and the calculated annual
consumptions.

COTES A/S COTES HEAD OFFICE COTES RESEARCH COTES OPERATIONS +45 5819 6322 CVR/VAT
NDR. RINGGADE 70C RUDOLFGAARDSVEJ 1A VAERKSTEDSVEJ 7 SALES@COTES.COM DK15200332
4200 SLAGELSE 8260 VIBY J 4230 SKAELSKOER COTES.COM
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s. 5/7 Inlet
Humidity Airflow temperature Heatneeded FanPower  Water
Hours/y Temp [°C] [g/kgl [m3/h] [°C] [kWh] [kwWh) needed [kg]
1 -8 2,1 3.000 20,2 - 1 -
1 -6 1,5 3.000 21,1 - 1 -
251 -4 2,3 3.000 21,2 - 135 -
901 1 3,4 3.000 22,0 - 489 -
372 -1 2,8 3.000 22,0 - 202 -
1414 5 3,6 3.000 22,9 - 774 -
999 6 51 3.000 22,9 - 547 -
440 9 3,8 3.000 23,7 - 243 -
1821 10 5,9 3.000 23,7 - 1.006 -
172 12 8 3.000 23,9 - 95 -
55 14 3,9 3.000 24,5 - 31 -
847 14 6,2 3.000 24,5 - 472 -
766 15 8,7 12.000 18,0 33.429 2.186 30.447
32 16 11 12.000 18,6 2.158 103 1.852
5 18 4,3 12.000 17,0 - 8 85
171 20 6,6 12.000 17,8 - 277 2.182
269 19 8,7 12.000 17,8 11.966 846 16.847
175 20 11,6 12.000 18,8 15.334 755 16.773
10 23 7,1 12.000 18,1 - 18 340
24 24 8,8 12.000 18,7 1.085 88 1.967
28 24 11,4 12.000 18,8 2.561 143 3.277
6 28 9,7 12.000 18,9 369 27 657
0 25 13 12.000 19,0 - - -
8760 66.903 8.446 74.425
Note

- Above figures are calculated. A tolerance of +/-5% must be expected.

- The consumptions shown above are based on either winter conditions (3000m3/hour inlet and
3000m3/hour outlet), or summer condition (up to 12000m3/hour outlet, and 30-60% return air).
Depending on the control strategy selected, these flows might be reduced.

- The consumption shown for fans are calculated on the base of air flow and internal pressure loss, based
on efficient fans. External pressure is therefore not included.

Control strategy (summer)

In summer, the Indirect Evaporative Adsorption Cooler is controlled to provide a stable air flow input (1)

to the building, meaning 18-19°C, 6.5g/kg and 50% relative humidity.

The humidity is measured after the rotor (2), and adjusted by using the regeneration air fan to adjust

the regeneration air flow (4). When ambient conditions are humid, a high air flow is needed — when dry

a low air flow is needed. The temperature is constant (85°C).

When the humidity is under control, the next step is to reduce the temperature, via the secondary air

flow (3) (the amount of return air from building). The flow depends on the temperature and absolute

humidity of the return air. This is assumed to be constant (26°C and 7.0g/kg). The return air needed is

calculated as being 30-60% of the inlet air flow.

COTES A/S COTES HEAD OFFICE
NDR. RINGGADE 70C

4200 SLAGELSE

COTES RESEARCH

RUDOLFGAARDSVEJ 1A
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The temperature in the building (5) is controlled by the amount of cooling air (1). If the temperature in
the building is high, the cooling air flow (1) is set high (maximum 12000m3/hour). If the temperature in

the building is low, the cooling air flow is low.

Additional configurations

Extra Indirect Evaporative Cooler

As the Indirect Evaporative Adsorption Cooler keeps the insider of the building dry, additional Indirect
Evaporative Coolers can be added to the system, thus providing extra cooling capacity but only requiring
energy for fans and some water. This is particularly advantageous when such a system is installed in

places that experience very high humidity.

Incirect evaporative
cooler

COTES HEAD OFFICE COTES RESEARCH COTES OPERATIONS +45 5819 6322 CVR/VAT
NDR. RINGGADE 70C RUDOLFGAARDSVEJ 1A VAERKSTEDSVEJ 7 SALES@COTES.COM DK15200332
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s. 7/7 Air recirculation

Part of the return air (1) can be mixed up with the inlet air (2), creating a mixed air stream (3).
Recirculation air is normally not recommended in order to avoid distribution of waste matter in the flow
of air. However, the desiccant rotor works as a very efficient air cleaner, getting rid of the most

undesirable particles. This setting saves up to 50% of energy for heating in the system, and is normally
recommended when the ambient air conditions suffers from pollution.

é
O

Regenera- Regeneratin
tion unit @

Indirect evaporative
cooler

- A 4
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