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ABSTRACT : 
The BOTANY FACILITY al lows t h e  growth o f  
h ighe r  p l a n t s  and fung i  ove r  a pe r iod  o f  
6 months maximum. I t  i s  a payload planned f o r  
t h e  second f l i g h t  o f  t h e  EURECA p la t fo rm 
around 1990. 

1 .  INTRODUCTION 

One of t h e  c o r e  experiments of  t h e  second 
f l i g h t  of  EURECA (= European REt r i evab le  
CArr ier )  c u r r e n t l y  scheduled f o r  1990 i s  t h e  
BOTANY FACILITY (BF) which i s  a p l a n t  growth 
chamber des igned t o  accommodate v a r i o u s  ex- 

Major t a s k s  o f  t h e  L i f e  Support  Subsystem per iments  w i th  p l a n t s  and/or  f u n g i .  Tab le  1 

(LSS) o f  t h e  BOTANY FACILITY i n c l u d e  t h e  summarizes t h e  BF performance d a t a  wi th  t h e  

c o n t r o l  of  t h e  p r e s s u r e  and composit ion of emphasis l a i d  on t h e  f u n c t i o n s  t h e  l i f e  

t h e  atmosphere w i t h i n  t h e  p l a n t / f u n g i  growth suppor t  subsystem (LSS) has  t o  f u l f i l l .  

chambers, c o n t r o l  o f  t h e  tempera ture  and 
humidity of t h e  a i r  and t h e  r e g u l a t i o n  of t h e  
s o i l  water  c o n t e n t  w i t h i n  s p e c i f i e d  l i m i t s .  

P revious  s t u d i e s  have shown t h a t  v a r i o u s  LSS 
concepts  a r e  f e a s i b l e  ranging from heavy,  
s imple  and cheap t o  l i g h t ,  complex and expen- 
s i v e  s o l u t i o n s .  I n  t h e  f i r s t  p a r t  o f  t h e  
paper  a summary of t h o s e  concepts  i s  g iven .  
I n  t h e  second p a r t  a new approach t o  accom- 
p l i s h  c o n t r o l  o f  t h e  tempera ture  and humidity 
of t h e  a i r  w i t h i n  t h e  growth chambers i s  
desc r ibed  which is  based on water  reclama- 
t i o n .  Th i s  rec lamat ion  is achieved by conden- 
s a t i o n  w i t h  a h e a t  pump and c a p i l l a r y  t r a n s -  
p o r t  of  t h e  condensate  back i n t o  t h e  s o i l  of 
t h e  i n d i v i d u a l  growth chamber. 

P a r t  t h r e e  p rov ides  some a n a l y t i c a l  e s t i m a t e s  
i n  o r d e r  t o  o b t a i n  g u i d e l i n e s  f o r  c i r c t i l a t i o n  
f low r a t e s  and t o  de termine  t h e  s p e c i f i c  
power consumption. 

The des ign  of a wa te r  rec lamat ion  module i s  
desc r ibed  i n  p a r t  f o u r  wh i l e  t h e  t e s t  hard- 
ware i s  i l l u s t r a t e d  i n  p a r t  f i v e .  Part six de- 
s c r i b e s  t h e  test se t -up  whi le  i n  t h e  seven th  
and l a s t  p a r t  of  t h e  paper  t h e  t e s t  r e s u l t s  
a r e  summarized and d i scussed .  
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firpax : Growth of higher plants and 
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Table 1: BOTANY FACILITY performance d a t a  
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An impress ion  o f  t h e  BF geometry e x i s t i n g  
a t  t h e  end of t h e  phase  A s tudy  can be  ga in -  
ed  from F i g .  1 .  
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OPTION ASSUMING WATER CONSUMPTION 
AND DRYING WITH ADSORBER 

F i g .  1 :  ERN0 BOTANY FACILITY CONCEPT 
STATUS: END OF PHASE A 

F ig .  2:  VASAH loop o p t i o n  based on wa te r  
E a r l y  i n  t h e  s t u d y  it turned o u t  t h a t  t h e  LSS adso rp t ion  i n  a  r egene rab le  S i l i c a -  
conven ien t ly  should  be d iv ided  i n t o  a  y e n t i -  g e l  d r y e r  
l a t i c n  And Soil /A_ir  @ m i d i f i c a t i o n  (VASAH) 
loop and a n  Atmosphere S t o r a g e  And Composi- 
t i o n  Con t ro l  (ASACC) loop.  For  each o f  them a  
numbeF of o p t i o n s  have been d e s c r i b e d  and 
d i s c u s s e d  i n  a  p rev ious  pape r ,  see (1)". 
Fo r  each s e t  o f  o p t i o n s  a  t r a d e - o f f  was con- 
ducted  c o n s i d e r i n g  a s p e c t s  such a s  

o  Weight 
o  Technica l  complexity 
o  C r i t i c a l  components 
o  C o m p a t i b i l i t y  w i th  mic rograv i ty  envi ron-  

ment 
0 Costs  

r e s u l t i n g  i n  t h e  recommended o p t i o n s  ( s t a t u s  
end o f  phase  A) which a r e  dep ic t ed  i n  F ig .  2  
and 3. 

* Numbers i n  p a r e n t h e s i s  d e s i g n a t e  r e f e r e n c e s  
a t  end of paper  
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Fig .  3: ASACC loop o p t i o n  us ing  day and 
n i g h t  gas  t ank  i n  combination w i t h  
Lithiumhydroxide c a r t r i d g e  

A s  can be  seen  from F i g .  2 water  i s  s t o r e d  i n  
a water  b l adde r  tank and i s  a t  t h e  begin  of 
t h e  growth pe r iod  al lowed t o  moisten t h e  s o i l  
by means of t h e  s o i l  humidity c o n t r o l  u n i t  
(which can be  p a r t  o f  t h e  on-board d a t a  
handl ing  system).  Fo r  t h a t  purpose s o i l  humi- 
d i t y  senso r s  a r e  used which cause t h e  water -  
ing  va lve  of a p a r t i c u l a r  c u v e t t e  t o  c l o s e  i n  
case  t h e  d e s i r e d  s o i l  water  con ten t  has been 
reached.  Obviously,  each c u v e t t e  needs i t s  
own senso r  because  d i f f e r e n t  p l a n t s  o r  p l a n t  
s i z e s  might cause  d i f f e r e n t  water  consump- 
t i o n / r e s u p p l y .  
The water  evapora ted  by t h e  s u r f a c e  of t h e  
s o i l  o r  a s o l u t i o n  con ta in ing  n u t r i e n t s  
(AGAR) and t h e  p l a n t  i s  c a r r i e d  away by t h e  
a i r  c i r c u l a t i n g  through t h e  c u v e t t e s  and an 
a i r  humidity senso r  c o n t r o l s  t h e  p o s i t i o n  of 
a bypass va lve  a l lowing a c e r t a i n  amount of 
a i r  t o  flow through t h e  a c t i v e  S i l i c a g e l  bed. 

t h e  a i r  w i th  t h e  r e s u l t  t h a t  t h e  
a i r  l eav ing  t h e  bed i s  v e r y  d r y .  By mixing 
t h a t  a i r  f low w i t h  t h e  bypassed flow t h e  
d e s i r e d  humidity a t  t h e  i n l e t  o f  t h e  c u v e t t e s  
is achieved.  The a i r  r e t u r n i n g  t o  t h e  cu- 
v e t t e s  p a s s e s  through a f a n  which p rov ides  
t h e  necessa ry  d i f f e r e n t i a l  p r e s s u r e  t o  over-  
come t h e  p r e s s u r e  l o s s  o f  t h e  v a r i o u s  loop 
components. 

I n  o r d e r  t o  ach ieve  a c l o s e  tempera ture  con- 
t r o l  t h e  a i r  pas ses  through a h e a t e r  be fo re  
it r e t u r n s  t o  t h e  c u v e t t e .  
To avoid  cross-contaminat ion  o f  t h e  v a r i o u s  
c u v e t t e s  a t  t h e  i n l e t  and t h e  o u t l e t  o f  each 
c u v e t t e  a s t e r i l e  f i l t e r  is p o s i t i o n e d  (not  
shown i n  F i g .  2 ) .  

A f t e r  a c e r t a i n  t ime i n t e r v a l  t h e  a d s o r p t i o n  
c a p a c i t y  o f  a d r y e r  bed i s  reached and it 
w i l l  be  i s o l a t e d  from t h e  loop by means o f  
so l eno id  v a l v e s .  The second bed - which i n  
t h e  meantime has  been r egene ra t ed  by t h e  
combined e f f e c t  of  space  vacuum and e l e v a t e d  
tempera ture  - i s  connected wi th  t h e  loop  and 
t a k e s  t h e  f u n c t i o n  o f  t h e  f i r s t  bed.  
The f u n c t i o n  o f  t h e  ASACC loop i s  d i scussed  
i n  d e t a i l  i n  (1) and s h a l l  n o t  be addressed  
he re .  

2.  CONCEPT OF WATER RECLAMATION 

As w i l l  be  n o t i c e d ,  t h e  VASAH concept  i l l u s -  
t r a t e d  i n  Fig .  2 is based on wa te r  consump- 
t i o n  which means t h a t  a l l  t h e  wa te r  needed 
du r ing  a miss ion  has  t o  b e  cons idered  a s  a 
consumable. 
Apart  from t h e  r e s u l t i n g  weight p e n a l t y  t h e  
concept i s  f a i r l y  complex, i n  p a r t i c u l a r  t h e  
water  supp ly  t o  t h e  r o t a t i n g  c u v e t t e s  l o c a t e d  
i n  t h e  c o n t r o l  c e n t r i f u g e  w i l l  n o t  be a n  easy  
t a s k .  
Therefore  t h e  concept based on wa te r  reclama- 
t i o n  was r e -eva lua ted  which had been address-  
ed a l r e a d y  i n  (1) b u t  was r e j e c t e d  due t o  i t s  
appa ren t  complexity.  
F ig .  4 i l l u s t r a t e s  i n  a schemat ic  form t h e  
concept o f  i n t e r n a l  wa te r  management. 

Act ive  d e s i g n a t e s  t h e  bed which is n o t  rege- 
n e r a t e d .  By a d s o r p t i o n  t h e  S i l i c a g e l  removes 
a c e r t a i n  f r a c t i o n  of t h e  wa te r  conta ined i n  



WATER RECLAMATION UNDER 1g -CONDITIONS 

Fig. 4: Cuvette with closed water loop 
feasible for 1 g-environment 

As can be seen, the lower portion of the 
cuvette sidewalls is manufactured from a 
material having a good thermal conductivity 
and is connected with a cooler, e.g. a 
Peltier element. The cooler in turn is in 
contact with the soil by means of a capillary 
material. Atop of the soil several heater 
wires are installed, however, tests may prove 
that they are not required. 

The light input. and - if required - the heat 
liberated by the heater wires will warm up 
the air in the center position of the cu- 
vettes and it will rise due to the density 
difference. At the cooled sidewalls the 
opposite effect will establish and as a 
result a circulation pattern should prevail 
as illustrated in Fig. 4. 
When the air is progressively cooled along 
the sidewalls, condensation will occur and 
the water droplets formed will dripple. into 
the capillary material (wick) which allows 
the water to return to the soil. 
The air flowing across the soil surface and 
passing the heater wires is comparatively dry 
such that the plant (and the soil surface) 
will evaporate water by taking it from the 
soil. 
As can be seen, a closed water loop with two 
phase changes should form: In the plant's 
leaves from liquid to vapour state and at the 
condenser from vapour to liquid. 
The air humidity in the cuvette can be con- 
trolled for a given plant size by varying 
the power applied to the Peltier element. 

Under microgravity conditions the air flow 
pattern caused by density differences dis- 
appears and one has therefore to replace free 
by forced convection by installing a fan. 
A conceivable arrangement is shown in Fig. 5. 

- 
I - FELTIER ELEMENT 

WATER RECLAMATION UNDER 
MICRO GRAVITY CONDITIONS 

I 
1 

Fig. 5: Cuvette with closed water loop 
feasible for microgravity environ- 
ment 

When compared to Fig. 4 there are 7 modifica- 
tions depicted in Fig. 5: 

I. .A ducting system for the supply of dry 
air to the cuvette and the return of wet 
air to the condenser. 

2. Installation of a mini fan to overcome 
the pressure loss of the ducting system. 

3. Deletion of heater wires. 

4. Thermal decoupling of sidewalls from the 
condenser. 

5. Modification of the condenser such that 
a good thermal contact exists between 
its surface and the air flowing past it. 

6. Introduction of a transfer wick which 
allows the transport of the condensate 
from the condenser to the soil. 

7. Installation of regenerative heat ex- 
changer to reheat the air leaving the 
condenser to cuvette temperature by 
using a portion of the waste heat of the 
Peltier element (not shown in Fig. 5). 

The major difference relative to the concept 
feasible under 1 g-conditions is the use of 
capillary forces in order to separate the 
condensate from the air in the concept for 
microgravity conditions. 

If one compares the concept of Fig. 5 with 
the option 4 depicted in Fig 8 of (1) one 
will recognize in the condenser of Fig. 5 the 
condensing heat exchanger of Fig. 8 of (1) 
and in the transfer wick of Fig. 5 the water 
separator of Fig. 8 of (1). 
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Fig .  6:  Conceivable f low p a t t e r n s  f o r  a  
mic rograv i ty  c u v e t t e  w i th  wa te r  
r ec l ama t ion  

The most s o p h i s t i c a t e d  p a t t e r n  is t h a t  shown 
i n  F ig .  6a .  S ince  it i s  symmetrical  it r e -  
q u i r e s  2  condensers  and 2 t r a n s f e r  wicks.  
Another d i sadvan tage  i s  s een  i n  t h e  f a c t  t h a t  
t h e  top  s u r f a c e  of t h e  c u v e t t e  i s  used t o  
d i s t r i b u t e  t h e  a i r  supp l i ed  t o  t h e  c u v e t t e .  
Normally one would want t o  r e s e r v e  t h a t  zone 
a s  a  l i g h t  e n t r a n c e  a r e a .  F ig .  6b shows a  
s i ~ n p l i f i c a t i o n  of t h e  p rev ious  op t ion  i n  t h a t  
on ly  one c o n d e n s e r l t r a n s f e r  wick i s  f o r e s e e n  
and t h e r e f o r e  t h e  f low p a t t e r n  w i l l  b e  asym- 
m e t r i c a l .  F ig .  6 c  f i n a l l y  shows t h e  op t ion  
being a p p a r e n t l y  t h e  s i m p l e s t :  Asymmetrical 
c r o s s  flow. Note t h a t  t h e  t o p  s u r f a c e  ( l i d )  
o f  t h e  c u v e t t e  i s  a v a i l a b l e  f o r  undis turbed 
l i g h t  e n t r y .  

A compi la t ion  o f  t h e  advantages  and t h e  d i s -  
advantages  o f  t h e  wa te r  rec lamat ion  concept  
i s  g iven i n  Table  2. 

m 
vettes need 

Apparent ly  a  number of flow p a t t e r n s  a r e  k7WTM 
p o s s i b l e  f o r  t h e  mic rograv i ty  c u v e t t e  a s  'nS /I!) Cul 

shown i n  Fig .  5 .  For example t h e  k inds  'er SLQP!~. 
i l l u s t r a t e d  i n  Fig. 6a-c can be imagined. 

I @Ye b f t l  
r tk 14- I 
vv i t y  cuvel 
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Table  2: Advantages and d isadvantages  of 
c u v e t t e s  wi th  water  rec lamat ion  

3. ANALYSIS OF WATER RECLAMATION CONCEPT 

F ig .  6  i l l u s t r a t e s  t h e  loop schemat ic  a s  f a r  
a s  thermal  and e l e c t r i c a l  a s p e c t s  a r e  con- 
cerned.  A t  f i r s t ,  a  water  ba lance  s h a l l  be 
made. For t h e  c u v e t t e  t h i s  ba lance  r eads :  

F ig .  6:  Loop Schematic of  mic rograv i ty  
c u v e t t e  w i th  water  rec lamat ion  



S i m i l a r l y ,  t h e  wa te r  ba l ance  f o r  t he  conden- 
s e r  can  be w r i t t e n  a s  

s i n c e  

and because  one w i l l  normal ly  p r e s c r i b e  x , 
one o b t a i n s  from eq .  ( I ) ,  ( 2 ) ,  ( 3 )  t h e  foy- 
lowing r e l a t i o n  f o r  x Co 

From t h e  r e l a t i o n  between wa te r  c o n t e n t ,  x 
Co' 

and a i r  t empera tu re ,  t h e  a i r  tempera ture  a t  

t h e  condenser o u t l e t ,  tCo, can be de t e rmi r~ed .  

A s  can be  seen from eq.  ( 4 ) ,  tCo is a  func- 

t i o n  o f  t h e  c u v e t t e  a i r  tempera ture  and 

r e l a t i v e  humidi ty  and of t h e  r a t i o  EW/kA. 
F i g .  7 i l l u s t r a t e s  t h e  v a r i a t i o n  of t wi th  

C 0 

G W / i A  f o r  a  c u v e t t e  a i r  tempera ture  of 20 O C  

(68 OF) and a  r e l a t i v e  humidity of 80 % l ead -  

i ng  t o  x = 12.15 g ikg .  
0 

CONDENSER TEMPERA TURE VERSUS RA T I 0  
AIRKONDENSA TE FLOW RA TE. t l a i r )  -20 degree C 

F i g .  7 :  Temperature a t  t h e  condenser o u t l e t  
a s  f u n c t i o n  o f  t h e  a i r  mass flow 
r a t e ,  G , d lv ided  by t h e  condensate 
f low r a t e ,  GW 

TWO. l imits a r e  appa ren t  i n  F i g .  7: Minimum 
GA/Gw r a t i o  i s  0.127 (kg /h ) / (g /h )  because 
h e r e  t h e  f r e e z i n g  p o i n t  i s  reached.  Obvious- 
l y ,  one must n o t  o p e r a t e  under t h a t  c o n d i t i o n  
because  no wa te r  t r a n s p o r t  i s  p o s s i b l e  a t  
t h a t  t empera tu re .  An i n f i n i t e  a i r  flow r a t e  
i s  needed on t h e  o t h e r  hand. i f  one wants t o  
remove t h e  e v a p o r a t i o n  r a t e  GW under t h e  con- 
d i t i o n  t h a t  t h e  a i r  tempera ture  a t  t h e  con- 
dense r  o u t l e t  i s  e q u a l  t o  t h a t  a t  t h e  c u v e t t e  
o u t l e t ,  t h i s  c h a r a c t e r i s e s  t h e  second l i m i t .  

The nex t  s t e p  i s  now t o  fo rmula t e  a  h e a t  
ba l ance .  T o t a l  condenser load  i s  

S e n s i b l e  load  

Qs = c . GA ( t o  - t C o )  
P  

(6) 

La ten t  load  

Q l = r -  6W (7)  

Combination of eq .  (5) (6)  (7)  y i e l d s  

For  t h e  h e a t e r  power t o  h e a t  t h e  a i r  r e -  
e n t e r i n g  t h e  c u v e t t e  ( s e e - F i g .  6)  one o b t a i n s  
a f t e r  no rma l i za t ion  wi th  G 

W 

Obviously,  t = t . .  
0 1 

F ig .  8  shows an  numer ica l  e y a l u a t i o n  o f  eq.  
(8) and (9) a s  f u n c t i o n  o f  G / G  f o r  an  a i r  w. tempera ture  o f  20 O C  and a  r & a t i v e  humidity 
of 80 %. 

CONDENSER LOAD AND HEATER POWER VERSUS RATIO 
OF AIR/CONDENSA TE FLOW RA TE. t f a i r )  -20 deg C 

F i g .  8: Normalized condenger load  6 /6 and 
C . W  h e a t e r .  poper QH/GW a s  f u n c t i o n  o f  

r a t i o  G / G  
A W '  

A s  can .be seen  from F i g .  8 an  optimum v a l u e  
f o r  G / G  e x i s t s  f o r  which bo th  t h e  condenser 
l oad  fan! hence t h e  load t o  be removed by t h e  
P e l t i e r  element)  and t h e  h e a t e r  power a t t a i n  



a minimum. This optimum is explainable by the 
fact that at the lower limit of Fig. 7 the 
temperature difference in eq. (8) and (9) (in 
fact the sensible heat Joad) reaches a maxi- 
mum and the flow rate m a minimum while at 

A 
the upper limit of Fig. 7 the opposite is 
true. 

The optimum ratio corresponds to 

(iA/iwlOpt = 0.19 
and the corresponding temperature of the air 
at the condenser outlet is t = 8.1 OC. 

Co 
To get a feeling for the absolute power 
values it shall be assumed that G = 0.1 g/hr. 
Then follows Q = 0.13 W and-Q 0.06 W for 

C the optimum mass flow ratio ( ~ ~ 7 % ) ~ ~ ~ .  

Finally, the required electrical power to 
operate the Peltier element shall be esti- 
mated. As will be recalled, a measure of the 
quality and the actual operation condition 
of a Peltier element is the Coefficient Of 
Performance (COP) which is defined as - 

heat absorbed by cold side 
COP = 

electrical input power (10) 

The heat to be removed on the hot side of the 
element is 

Combination of eq. (10) (11) results in 

6P,H/Nel,P = 1 + COP 
Typical COP-values are in the neighbourhood 
of 0.3. This then leads for the evaporation 
ratio used in the example, namely G = 0.1 g/hr 

to N e l , ~  = 0.43 W and to Q = 0.5g W. 
P,H 

By using a regenerative heat exchanger a 
portion of the hot side heat load of the 
Peltier element can be used to reheat the air 
returning to the cuvette and therefore the 
heater power N 

el ,H 
(0.06 W in the example) 

can be saved. 
Power for the mini-fan is according to 
current experience appr. 0.2 W. So, assuming 
zero heat leaks and heat regeneration the 
total required electrical power would be 
0.43 + 0.2 = 0.63 W for an evaporation rate 
of 0.1 g/hr. 
Presently 18 stationary (microgravity) and 
6 rotating (1 g) cuvettes are specified in 
the BF requirements. Neglecting the fact that 
the heater needed in the 1 g-cuvettes very 
probably will have a lower dissipation than 
the fans in the micro-gravity cuvettes one 
will end up with a total electrical power 
consumption of appr. 

Nel, total 
= 24 W 

assuming zero heat leaks. 
Compared with the budget allocated to the BF 
of 160 W this is already a significant 

So the practical design must be rarefully 
optimised to minimize heat leaks in order to 
come at least close to the theoretical per- 
formance of N el, P+F / G  W : 6.3 W/(g/hr). 

4 .  DESIGN OF A WATER RECLAMATION NODULE 

In order to demor~strate the feasibility of 
the concept of cuvettes with internal water 
reclamation, a Water Reclamation todule (WE!) 
has been conceived, designed, manufactured 
and tested. 
Since it was felt that the concept would be 
more difficult to verify for the microgravity 
cuvettes the design of the kRP1 was limited 
to that part. 

As will be clear from the concept descrip- 
tion, the critical element in a mirrogravi ty 
cuvette is the Condenser/Wick Assembly (CWA) 
which interfaces with the Peltier element. 

The major requirements the CWA has to meet 
are as follows: 

1. Large specific surface area to minimize 
temperature difference between Peltier 
element cold side and condenser surface 
with which the air comes into contact.. 

2. Wick material must have a good ther~nal 
conductivity for the reason mentioned 
in item 1. 

3. Wick material must have a good capillary 
action. 

4. Wick design must be self-priming, i.e. 
it must show capillary action even if 
it is initially completely dry. 

Usual cotton wicks, for example, as used in 
commercial oil lamps have been considered in 
the beginning since they exhibit good capi l -  
lary force but there are 2 drawbacks: 

(a) They contain a small amount of cotton 
oil prohibiting water adsorption and 
(b) thermal conductivity of cotton is very 
poor. The next thought was to use a wick made 
out of a grid of stainless steel. Two samples 
are shown in Fig. 9. 

although not unacceptable amount. 



F i g .  9 :  Gr id  samples c o n s i s t i n g  of  s t a i n -  
l e s s  s t e e l  w i r e s .  Edges a r e  seamed 
by e l e c t r o n  beam welding ,  l e n g t h  
70 mm,  w id th  10 mm 

Although t h e  t he rma l  c o n d u c t i v i t y  was much 
b e t t e r  t h a n  t h a t  of  a  c o t t o n  wick,  t h e  s e l f -  
pr iming requi rement  could  on ly  be met by 
adding  a chemical  w e t t i n g  f l -u id  t o  t h e  wa te r .  
S ince  we were n o t  s u r e  i f  t h a t  f l u i d  would 
s t a y  d u r i n g  a  mi s s ion  t ime  of  s e v e r a l  months 
i n  t h e  s o i l  w i thou t  d e g r a d a t i o n  (and t h u s  
c r e a t i n g  contaminants  f o r  t h e  p l a n t  samples) 
a l s o  t h a t  wick m a t e r i a l  was r e j e c t e d .  

The following s t e p  was t o  t-hink abou t  a  com- 
p o s i t e  wick d e s i g n ,  [lamely t o  u se  one ma te r i -  
a l  having  a  good the rma l  c o n d u c t i v i t y  i n  
o r d e r  t o  f u l f i l l  r equ i r emen t s  1  and 2 and use  
a second m a t e r i a l  p r o v i d i n g  t h e  c a p i l l a r y  
f o r c e  and be ing  s e l f - p r i m i n g  t o  meet r equ i r e -  
ments no. 3 and 4.  The re fo re  v a r i o u s  copper 
n e t s  have t ~ e e n  e v a l u a t e d  a s  condenser e l e -  
ment,  2 samples a r e  shown i n  F i g .  10.  

F i g .  10:  Sampies o f  copper g r i d  m a t e r i a l  
used a s  condenser  m a t e r i a l  

F ig .  11: Design concept  a s  used f o r  wa te r  
r ec l ama t ion  module 

The a c t u a l  d e s i g n  i s  t h e n  i l l u s t r a t e d  i n  
g r e a t e r  d e t a i l  i n  F ig .  12.  

I WTER RECLAMATION MOWLE DESIGN I 

Fig .  12: Water r ec l ama t ion  module d e s i g n  

A s  c an  be s een  from F i g .  12 ambient  a i r  i s  
sucked by means of  a  sma l l  f a n  through t h e  
co ld  gas  duc t  and i s  cooled/dryed a t  t h e  
condenser .  The water  absorbed by t h e  wick 
assembly i s  t r a n s p o r t e d  t o  t h e  s o i l  which i s  
con ta ined  i n  a  c a s i n g  i n  o r d e r  t o  p reven t  
evapora t ion .  
The was te  h e a t  is removed by a i r  drawn by 
ano the r  f a n  through t h e  h o t  gas  d u c t .  

As a  wick m a t e r i a l  a  commercial ly a v a i l a b l e  
c a p i l l a r y  mat was used and t h e  r e s u l t i n g  
des ign  concept  i s  shown i n  F ig .  11 .  - - - . -. . 



5. TEST HARDWARE 

The a c t u a l  hardware used f o r  t h e  t e s t s  i s  
shown i n  F i g .  13  which d e p i c t s  t h e  WRM wi th  
thermal i n s u l a t i o n  i n  o r d e r  t o  minimize h e a t  
exchange w i t h  t h e  environment and from t h e  
ho t  g a s  t o  t h e  c o l d  gas  d u c t .  I n s u l a t i o n  
c o n s i s t e d  o f  a  foam m a t e r i a l  (ROHACELL) and 
a  l a y e r  o f  go ld i zed  KAPTON. 

F ig .  16: D e t a i l  of  wick assembly and i t s  
r o u t i n g  i n t o  t h e  s o i l  hous ing.  Also 
shown a r e  t h e  c o o l i n g  f i n s  

Fig .  13: Assembled WRM wi th  i n s u l a t i o n  

F ig .  14 g i v e s  a  b e t t e r  view how t h e  thermal  
i n t e r a c t i o n  between t h e  2 gas  d u c t s  o t h e r  
than  v i a  t h e  coo l ing  f a n s  was t r i e d  t o  mini-  
mize. 

F ig .  14: Thermal i n s u l a t i o n  o f  co ld  and h o t  
s i d e  a i r  d u c t s  

The d isassembled WRM i s  shown i n  F i g .  15. 

F ig .  15: W, disassembled 

D e t a i l s  o f  t h e  des ign  of t h e  wick assembly,  
t h e  c o o l i n g  f i n s  and t h e  s o i l  housing can be  
d e t e c t e d  from F ig .  16. 

6 .  TEST SET-UP, INSTRUMENTATION AND 
CONDITIONS 

The t e s t  s e t -up  i s  shown i n  F i g .  17. A s  can 
be seen  from t h e  p i c t u r e ,  t h e  WRM was placed 
on an e l e c t r o n i c  s c a l e  i n  o r d e r  t o  determine 
t h e  weight d i f f e r e n c e  i n  a  c e r t a i n  time 
p e r i o d  due t o  t h e  condensate  acc~unula ted  i n  
t h e  s o i l .  

Fig .  17: T e s t  arrangement used f o r  t h e  WRM 

Three power s u p p l i e s  were used t o  provide  
r egu la t ed  DC power t o  t h e  P e l t i e r  e lement ,  
t h e  co ld  s i d e  f a n  and t h e  ho t  s i d e  fan .  
Rather  than  us ing  flow me te r s ,  t h e  co ld  and 
h o t  s i d e  mass f low r a t e  was determined by 
means of a  d e l t a  p r e s s u r e  r ead ing  wi th  a  
micromanometer. The r e l a t i o n  between d e l t a  
p r e s s u r e  and volume flow o f  t h e  two d u c t s  was 
determined p r i o r  by means of a  volume flow 
meter  and t h e  same micromanometer. 
Thermocouples have been p l aced  a t  t h e  follow- 
i n g  l o c a t i o n s :  

1 .  A i r ,  ambient 
2.  A i r ,  o u t l e t ,  f i n  
3. A i r ,  o u t l e t ,  condenser 
4.  Condenser g r i d  
5 .  P e l t i e r  e lement ,  co ld  s i d e  
6. P e l t i e r  e lement ,  h o t  s i d e  



T e s t s  were i n i t i a l l y  performed in  a  c l e a n  
room i n  o r d e r  t o  have f a i r l y  cons t an t  ambient 
c o n d i t i o n s .  But due t o  t h e  compara t ive ly  d r y  
a i r  no condensat ion  could  be observed.  There- 
f o r e  a n o t h e r  room was s e l e c t e d  the  a i r  humi- 
d i t y  o f  which was a r t i f i c i a l l y  inc reased  t o  
approx.  50  % w i t h  a  r a t h e r  p r i m i t i v e  humidi- 
f i e r .  However, t h i s  v a l u e  i s  s t i l l  f a r  below 
t h e  o p e r a t i o n  range o f  80 - 90 % fo re seen  f o r  
t h e  BF. 

7. TEST RESULTS AND DISCUSSION 

S ince  t h e  d e t a i l e d  t e s t  d a t a  r educ t ion  i s  
d e s c r i b e d  i n  (2 )  and ( 3 ) ,  only  t h e  t e s t  
r e s u l t s  s h a l l  be d i s c u s s e d  below. 
F ig .  18 shows t h e  condensat ion  r a t e  a s  func- 
t i o n  of  t h e  co ld  s i d e  mass f low r a t e .  
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Fig .  18: Condensate v e r s u s  co ld  s i d e  f low 
r a t e .  T e s t  d a t a  f o r  condenser g r i d  
no. 3  and 4.  

Desp i t e  of  t h e  c o n s i d e r a b l e  s c a t t e r  it is 
appa ren t  t h a t  t h e  d e v i c e  f u n c t i o n s  a s  expect -  
ed .  
The power of t h e  P e l t i e r  element was N = 

e l  .P 
6 W ,  t h a t  f o r  t h e  f a n  N e l , q  = 0.36 W ,  t h e  

measured condensa t ion  r a t e  G = 0.51 2 0.08 W 
g / h r ,  hence t h e  measured performance 

/ k  = 12.5 W/(g/hr) .  
N e l , ~ + ~  W 

I f  one compares t h a t  va lue  wi th  t h e  theore-  
t i c a l  performance o f  6 .3  W/(g/hr) a s  pre-  
d i c t e d  i n  s e c t i o n  3 one must conclude t h a t  
t h e  d e s i g n  has  t o  be  r e f i n e d  i n  o r d e r  t o  
f u r t h e r  reduce h e a t  l e a k s .  
F i g .  19 i l l u s t r a t e s  t h e  measured condenser 
t empera tu res  and a g a i n  no s i g n i f i c a n t  v a r i a -  
t i o n  w i t h  t h e  co ld  s i d e  mass flow can be ob- 
se rved .  
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Fig .  19: Condenser tempera ture  v e r s u s  co ld  
s i d e  flow r a t e .  T e s t  d a t a  f o r  con- 
denser  g r i d  no. 3 and 4. 

F i g .  20 d e p i c t s  t h e  v a r i a t i o n  of t h e  tempera- 
t u r e  d i f f e r e n c e  between t h e  condenser g r i d  
and t h e  t h e  co ld  s i d e  of t h e  P e l t i e r  element 
w i th  t h e  co ld  s i d e  mass f low r a t e .  
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F i g .  20:  Temperature d i f f e r e n c e  between 
P e l t i e r  element co ld  s i d e  and con- 
dense r  g r i d  v e r s u s  co ld  s i d e  mass 
flow r a t e .  Tes t  d a t a  f o r  condenser 
g r i d  no. 3 and 4 .  

A s  can be seen  from t h e  f i g u r e ,  t h a t  d i f f e r -  
ence i s  i n  t h e  o r d e r  o f  1 .5  O C  (2.7 OF) and 
a l lows  t h e r e f o r e  t h e  conc lus ion  t h a t  t h e  
thermal c o n t a c t  between t h e  co ld  s i d e  o f  t h e  
P e l t i e r  element and t h e  condenser g r i d  i s  
q u i t e  good. 

F i g .  21 shows t h e  d i f f e r e n c e  between t h e  a i r  
a t  t h e  condenser o u t l e t  and t h e  condenser 
g r i d .  
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F i g .  21:  T e m p e r a t u r e  d i f f e r e n c e  be tween  t h e  
a i r  a t  t h e  c o n d e n s e r  o u t l e t  and  t h e  
c o n d e n s e r  g r i d  v e r s u s  c o l d  s i d e  
mass f l o w  r a t e .  ~ e k t  d a t a  f o r  con- 
d e n s e r  g r i d  no .  3 and 4.  

Appr. 5 OC (9 OF) a r e  o b s e r v e d ,  a  f a c t  which  
c l e a r l y  i n d i c a t e s  t h a t  i n  a  f u t u r e  d e s i g n  t h e  
t r a n s f e r  a r e a  s h o u l d  b e  s i g n i f i c a n t l y  i n -  
c r e a s e d  i n  o r d e r  t o  r e d u c e  t h e  t e m p e r a t u r e  
d i f f e r e n c e .  

F i n a l l y ,  F i g .  22 i l l u s t r a t e s  t h a t  t h e  tempe- 
r a t u r e  d i f f e r e n c e  between t h e  P e l t i e r  e l e m e n t  
h o t  s i d e  and t h e  o u t l e t  a i r  is  a p p r .  7.5 O C  

(13.5 OF). C l e a r l y ,  d e s i g n  improvements  a r e  
n e c e s s a r y  a l s o  i n  t h i s  a r e a .  

8 .  SUMMARY AND CONCLUSIONS 

o  A c o n c e p t  f o r  t h e  L i f e  S u p p o r t  Subsystem o f  
t h e  BOTANY FACILITY i s  d e s c r i b e d  which f o r  
t h e  t a s k  o f  t h e  h u m i d i t y  c o n t r o l  o f  t h e  
a tmosphere  i s  hased  on w a t e r  r e c l a m a t i o n .  
Such r e c l a m ~ c i o r i  is o b t a i n e d  by  u s i n g  a  
P e l t i . e r  e lenlent  and a  condenser /wick  
assembly  by which e l e m e n t s  t h e  w a t e r  
removed from t h e  a i r  i s  r o u t e d  back i n t o  
t h e  s o i l  s u p p o r t i n g  t h e  p l a n t  s a m p l e s .  

o  T h i s  r e c l a m a t i o n  c o n c e p t  i s  a p p l i c a b l e  t o  
c u v e t t e s  (= p l a n t  growth chambers)  f lown i n  
m i c r o - g r a v i t y  and 1 g  envi ronment  b u t  i t  
a r e  t h e  fo rmer  which a p p e a r  t e c h n o l o g i c a l l y  
more s o p h i s t i c a t e d .  

o  By s i m p l e  a n a l y s e s  a n  e s t i m a t e  o f  t h e  s p e -  
c i f i c  power consumption ( W a t t / g / h r  conden- 
s a t e )  i s  p r o v i d e d  i n  o r d e r  t o  s e e  i f  t h e  
r e s u l t i n g  power consumption i s  c o m p a t i b l e  
w i t h  t h e  power b u d g e t  a l l o c a t e d  t o  t h e  
BOTANY FACILITY. 

o  I n  o r d e r  t o  p r o v e  t h e  f e a s i b i l i t y  o f  t h e  
c o n c e p t ,  a  p r e - p r o t o t y p e  o f  a  w a t e r  r e c l a -  
m a t i o n  module h a s  been  d e s i g n e d ,  manufac- 
t u r e d  and t e s t e d .  

o  The t e s t  r e s u l t s  c o n f i r m  t h e  v i a b i l i t y  o f  
t h e  c o n c e p t .  They show on t h e  o t h e r  hand 
t h a t  a  v e r y  c a r e f u l  t h e r m a l  d e s i g n  o f  t h e  
P e l t i e r  e l e m e n t / w a s t e  h e a t  r e j e c t i o n / c o n -  
d e n s e r / w i c k  assembly  i s  r e q u i r e d  t o  m i n i -  
mize h e a t  l e a k s  and t o  come a t  l e a s t  c l o s e  
t o  t h e  t h e o r e t i c a l  v a l u e  o f  t h e  s p e c i f i c  
power consumption i n  t e r m s  o f  Watt  p e r  g / h r  
c o n d e n s a t e .  

2 9 .  NOMENCLATURE 

lip 

ASACC BF : Atmosphere p o s i t i o n  C o n t r o l  S t o r a g e  And Corn- 

i 
: Botany F a c i l i t y  

k ?  
COP : C o e f f i c i e n t  o f  per formance  

g 0 G : Mass f l o w  r a t e  i n  k g / h r  ( a i r )  
J o r  g / h r  ( w a t e r )  
f o '  LSS : L i f e  S u p p o r t  Subsys tem 

N : E l e c t r i c a l  power consumption 
8 
i r 0  . I  s .So .5 

(W) 
w =.- Fa- .-ace fignwt 6 : Heat  l o a d  (W) 

mw. DIFFERENCE PE mr SILK-CU~LET AIR v.= VASAH : V e n t i l a t i o n  And S o i l / A i r  Humi- 

1 EDLO S I E  FLOW II1 TE T E I T  DA TA Gf7IOS M. 3. d i f i c a t i o n  
I WRM : Water  R e c l a m a t i o n  Module 

C 
F i g .  22: T e m p e r a t u r e  d i f f e r e n c e  be tween  h o t  P  : S p e c i f i c  h e a t  a t  c o n s t a n t  

s i d e  o f  P e l t i e r  e l e m e n t  and o u t l e t  p r e s s u r e  
r : h e a t  o f  e v a p o r a t i o n  

a i r  v e r s u s  c o l d  s i d e  mass f l o w  t : Tempera ture  i n  d e g r e e  C 
r a t e .  T e s t  d a t a  v a l i d  f o r  c o n d e n s e r  
g r i d  no. 3 and 4. ( d e g r e e  F) 

x : A i r  w a t e r  c o n t e n t  i n  2 w a t e r  
p e r  kg d r y  a i r  



10. SUBSCRIPTS 

Air 
Condenser 
Fan 
Heater 
Peltier element 
Water 
inlet 
latent 
outlet 
sensible 
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