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" Transport phenomena in fuel cell catalyst layers

= Passive cooling systems for power electronics

" Thermal management of batteries

= Efficient HVAC-R

= Atmospheric water generation

= Sorption chillers, thermal storage, dehumidification
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Introduction: energy use and greenhouse gases

32% (115 EJ) of global energy demand is used in building sector.

Energy consumption for heating and cooling in building sector:
32% space heating, 24% water heating and 2% cooling

60% of the energy consumption in buildings is non-renewables and CO, emission producers.

About one-third of global CO, emissions is produced by buildings sector.
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. ' LAEC [1] International Energy Agency (IEA), available at https://www.iea.org/.

‘. pomineterey [2] Urge-Vorsatz D., Cabeza L. F,, Serranob S., Barreneche C., Petrichenko K., Renew. Sustainable Energy Rev. 41
Conversion (2015) 85-98. 3
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Introduction: pathway to clean, efficient
heat and cold production

Solar energy |

Adsorption Storage Systems

Adsorbate Adsorbent

Useful Work

v’ Efficient use of energy (use of low-grade heat, below 100 °C)
.' LAEC v' Effective climate protection through reduced CO, emissions
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Storage of low-grade heat; challenges

Limiting factors against adoption of adsorption systems:

J Low mass transfer

U Low heat transfer !

TCR %

" Low thermal conductivity of adsorbent materials (0.1-0.4 W-m1-K1)
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® High thermal contact resistance (TCR) between the adsorbent material

and the heat exchanger (HEX) metal surface.
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l . taboratory for — [2] K. Fayazmanesh, C. McCague, and M. Bahrami, Appl. Therm. Eng. (123) 753-760, 2017.

[3] and higher energy
Qdelivered)

Alternative Energy

Conversion [3] A. Freni, L. Bonaccorsi, L. Calabrese, A. Capri, A. Frazzica, and A. Sapienza, Appl. Therm. Eng. (82) 1-7, 2015. 5




Objectives

Measure the effective thermal conductivity of a AQSOA FAM-Z02
packed bed

Model the effective bed thermal conductivity of packed bed adsorber

Investigate the effects of key parameters on the thermal conductivity,
including temperature, uptake and numbers of adsorbent layers

Study the importance of thermal contact resistance (TCR) between
the adsorbent medium and heat exchanger metal surface

@M LAEC
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AQSOA®-FAM-Z02
CHA Structure*

®  Adsorbent material: AQSOA FAM-Z02

(2 mm diameter beads, Mitsubishi Plastics)

®  Apparatus:
- Heat flow meter (HFM 436/3/1E, Netzsch)
- Suitable for low conductivity materials Q
(0.002 to 2.0 W-m-K1)
- Accuracy of £1-3%
- ASTM C518 standard

Mitsubishi Plastics

Upper hot plate

<— Upper Aluminum sheet
o Sample holder frame

LJ

AP+ Lower Aluminum sheet
Lower cold plate

| Location of attached
L thermocouples

Upper aluminum sheet

: Frame
test chamber : s i : (sample holder)
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spy Calculating thermal conductivity of an adsorbent packed bed

Predicting effective thermal conductivity of an adsorption packed bed as a function of:
= Temperature
= Contact pressure
= Particle size
= @as pressure

= Packed bed arrangement

=  Water uptake

Top metal surface

27T
Unit cell / :

<
- 2z
< Rbed < R
> b3
iE tot

Bottom metal surface
@M LAEC

Laboratory for
e Alteggiﬂ:fsii?,ergy [2] M. Bahrami, M. M. Yovanovich, and J. R. Culham, Int. J. Heat Mass Transf., vol. 49, no. 19-20, pp. 3691-3701, 2006. 8




ISHPC2017

INTERNATIONAL SORTION HEAT PUMP CONFERENCE

SFU Heat transfer mechanisms in a packed bed adsorber

Two main paths for heat transfer in the packed bed:
= Conduction through solid adsorbent, i.e., a) macro-contact, b) micro-contact heat transfer

= Conduction through interstitial gas, i.e., a) macro-gap, b) micro-gap gas heat transfer

Ky

isothermal plane

QC,macro
macro-contacts

QG,macro heat flow

Qc,micro

micro-contacts
heat flow

Q g,micro
micro-gap

heat flow

isothermal plane

K,

Thermomechanical analyzer

0 LAEC (TMA Q400EM, TA Instruments)

Laboratory for
o Alternative Energy [2] M. Bahrami, M. M. Yovanovich, and J. R. Culham, Int. J. Heat Mass Transf., vol. 49, no. 19-20, pp. 3691-3701, 2006.
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Predictive model for thermal conductivity

ISHPC2017

INTERNATIONAL SQRPTION HEAT

of a packed bed of uniform spheres

i :
. // | \\ macro-gap micro-gap
Unit cell , ! \ resistance R R resistance
\4_ | -\I\ p,wet,1 C1,wet,macro
NI (™
§-,o-"':.-:°" Ic'- %ﬁ Adsorbent — macro-
Q ""‘ .'EQt%} & particle G,macro c,wet,micro RG,micro contact
d, ¥ — adme - —N\  resistance )
NEE S\ 7 AN resistance
N & &% ° :.8 I\ R R
NN xp 787 NN p,wet,1 C2,wet,macro
T AN
NN T ;Ia’ ) Y
Y §F: - 9—’ S micro-contact
““““ D T~ Adsorbed adsorbate :
\ : / resistance
\ | Vi R._.
\ . unit cell
S~L-7 1 1 |
= = + R
(1/Rc,wet,micro + 1/Rg,micro) + RC,Wet,macro G,macro
= Bruggeman’s method based on the assumption of effective homogeneous medium:
r’[)’s =1—¢ Solid particle
3 k: —k 3 Ps
zlgi i~ "pwet _ 0, where Z:Bz —1 < B, = w—(1—¢) Adsorbedwater
¢ ki + ka wet é Pw
i=1 ’ i=1 Ps s
\ﬁg =g—a)p—(1—g) Filling gas
@M LAEC v
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SFU Predictive model: packed bed adsorber arrangement

= The model is applicable to the following packed bed arrangements:

. Simple cubic (SC) Packing Solid fraction, i Bed length,L,.,  Cell length, L

cell

SC 0.524 n X dp dp
FCC 0.740 (n—1V2/2+1)d, 2d,/2
7 *n: number of layers

Il. Face-centered cubic (FCC)

CIX L LIS SIS,

lll. Randomly packed bed adsorber . . .
linear asymptotic solution:

Yrce < Ppea < Ysc Yhed — Ysc _ Kpea — ksc
krce < kpeqg < ksc Yrce = WPsc kree — ksc
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Asymptotic solution for intermediate solid fraction

(randomly packed)

— - Model,®C,25°C -
[ Model BC,B0°C d, =E2Enm
018 B =+ -lMoael, ’ ~
L —— Model,@andomlyBacked,E25°C Pcontact -ED-7EkF;a
0.16 }  ===Model,@andomlyacked,FB0"C ECC W =@.33g-kg‘
i - = Model,FFCC,25°C %
014 | ... ModeI,EIFCC,DBO°C B _
'; i ® Measured,25°C .z P
; 012 B o ) P e
NE O Measured,B0°C - .-
E 01 F ‘ a - ‘pbed,modeIE:M
5 I
o
0.08 F
0.06
0.04 F ,
1
L \\‘V AT
0.02 Y \J2 layers
B 1 layer
O 1 [ 1 [ 1 [ 1 [ 1 [ 1 [ 1 [ 1

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016
I-bedrl?ﬂ

= SCis the lower limit of thermal resistance of the packed bed.
FCC is the upper limit of thermal resistance of the packed bed.

= Solid fraction of the bed is 0.675.

@M LAEC

Feerh Thermal resistance at 25°C is higher than 80°C, due to lower
e A Comversion thermal conductivity of adsorbent and gas at lower temperatures. 12
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0.25
0.2 | W
J i
< )15
£ !
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Bottom metal surface : 5 0.1 | FAM-Z02 ved bed
8 - packed be
¥% [ d,=2mm
Lbed 1 0.05 | I:)contact = 0.7 kPa
Ripe1 = 2 : y + TCR | ,.4=0.675 e Measured
eff.bed w = 0.3 kgkg — Model
Lpea,2 o *"——+r
Rtot2 = — + TCR 0 60 70 80 90
keff,bed A
St
I _ A(Rtot,z - Rtot,l) 0.02
,bed —
e b (Ly —Ly) 0

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 o0.016
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= 1/(k ‘A) is the slope of the plot of R, , versus L, _ ..
‘7 LAEC /( efibed"A) P Y tot bed
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L. Aternative Energy "= TCRis the intercept of the plot of R, versus L, 4.
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SFU

- dp=2mm O 1 layer

08 i Pcontact=0.7 kPa @2 |ayerS ;
© | w=0.3kg.kg™ 0O 4 layers }

(} C}C}c} W6 layers

H@H +HOH
@ HOH
@ HOH
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T,°C
= TCR/R,, is greater for lower number of adsorbent layers and

lower temperatures.
= At higher temperatures, TCR decreases due to

.ﬁ LAEC i) higher thermal conductivity of adsorbent and filling gas;

Laboratory for

L. Aternative Energy ii) better contact at the interface due to the thermal expansion
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Total bed thermal conductivity and 1eHpCa

effective thermal conductivity

0.28
I d,=2mm
Pcontact= 0.7 kPa Measured keff,bed
024 |} w= 0.3kgkg? (e.i. without TCR effects)

Yhedmoder = 0-675 — . — . Model, 100 layers

0.2 | {—.__}_{_}._.*__}/——{——-‘%"'% ———————— Model, 10 layers

------------- — - - — Model, 6 layers

0'16f f?ﬁ—i—i_f\i—i ............... ode 4aers

0.12 |

Koy W-m1-K?

0.08 1 ] 1 ] 1 ] 1 ] 1 ] 1 ] 1 ] 1 ] 1

= Total bed thermal conductivity increases as temperature increases due to
the lower TCR.

‘7 LAEC = For multi-layer adsorbent, the thermal behavior approaches the “effective”
. or continuum medium thermal conductivity.
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Results: hysteresis analysis of thermal conductivity P ARl

SFU  under the adsorption/desorption cyclic temperature change

N0 ey 0-2 I GHayersmiFAM 202
80 ~ = m%---e%---égm--:ﬁ--- i 'Dcontaz:t=m)'7kPa
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0.1 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
0 5 10 15 20 0O 10 20 30 40 50 60 70 80 90

T,AC

= Negligible hysteresis in thermal conductivity for the cyclic temperature changes
between 25°C (adsorption) and 80°C (desorption).

=  Maximum relative difference is 1%, for both adsorption and desorption, for cyclic
temperature changes between 25 to 80 °C.
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4 layers of FAM-Z02
L d,=2mm 20% éfe
. Peontact = 0.7 kPa increase
%:(115 B I
= ¢ T s 14%
= increase
» 0.1 F
(o]
xﬂ—'
oos I ~° Model, w=0 kg/kg
——Model, w=0.3 kg /kg
[ ® Measured
0 L | L | L | L | L | L | L | L |

0 10 20 30 40 50 60 70 80 90

20% increase in the total thermal conductivity by increase in the uptake from 0 to 0.3 kg-kg2.

14% increase in the total thermal conductivity by increase in the temperature from 25°C to 80°C.
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Summary

= Effective thermal conductivity of FAM-Z02 packed bed adsorber is measured.

= TCRis deconvoluted from the total bed thermal resistance.

= |Importance of thermal contact resistance to the total resistance is calculated.

= Thermal conductivity and TCR of packed bed adsorber are modeled as a
function of temperature, bed arrangement, gas pressure and number of
adsorbent layers.

"  Young’s modulus of FAM-Z02 is measured.
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Thank you for your attention!




