
Papcr So. 994168 
A;: :\5,.4E 3Tceting Presentation 

DEVELOPMENT AND EVALUATIC h' ; F AGUEOUS FOAM 
FOR COLD PROTECTION fh; ";'CE'42OUSES 

and 

Written for Presentation a; thC 
1999 ASAE Annual Intcrnrtional l i c e f i n g  

Sponsored by ASAII 

Toronto, Ontario, Canads 
July  18-21 

Aqueous fb~ \LIU dcrdoptd lo ss bnrrim 10 conduc~ivc. i cn \c~ : i ic .  m d  ndial i \e hear rmfci. 
Through rhe usc of a bulking agmk rhc p h y b l  pmpcrries 01' cc l3 i1n-bW frwm \\.crt rnorc stablc. 
adhcsivc, bicdcgn&ble. and lone lasting Factors that a&r rhe yh?siul pm&cs and the uijlirali~n of 
the f w  wm: qlunrifrd. These included tbc proportion 9 . :  r f ~ c  <cum cornpone%. t . c  t;..ixin~ 
lcmpcrature of  thc p f m  solurivn. rhc applicntion tcmpcnrurr. 2nd [he ntc of  foam gc~lrraiian. P.e  
forun danonstrn~ed hc longevity ntctnary for practiml field us;.. SP~! t c r n p c n m  kncarh an insulalion 
layer of aqumus foam musurrd 10 dctmninc thc c n ^ c t i i \ e : * ~  o f  foam as soil mulch for 
gmnhouscs. D c  3qumus foam pmvcd 10 bc an cW~ctivc irr<u!a;.-: ::x! rjdisrion shicld ~cainst the cold 
niphr sky. 

Keywards frct-cc and frondamage. plant cold ptoltclion. ndh;r,xn s5ield. biobe$adablc aqueous lm. 
and mulching. 

T M  ut n~w IO th~ f& pra mr\. CI\- .LSA;I *.-.:.-?+< i:>;.=IxMI Ihcttfnrr. art IV'. b br 
m t r r l  rr M p u b a m r  

=AMPLE - Frrm AUI' w'r k r r  Nunc. !rub& 7 1 I . k  d Prmtatxn- %*)-L. 2: -3r 24% irJ TI& d mt.=l& PPJF SO \ 
&%E. 39 Ndc9 I;,%!. 21 lwph, MI 4%%.'.%W L'SA. 
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'Thc recurring \vidcspn'~d losscs of  ~friculrural corn~l;.dii:~.s CXC :O f r w ~ e i r ~ ~ r  C13m3~ il;f+c 
been 1l1c driving forcc behind the continued research in crop prci:c:::cn during rhc Izst f c ~ v  dccadcs. in 
cases wvhere thc cold period is wrere and'pmlonged Irith a danger offrcczing ihc rusting icchniqucr ur 
zilhcr inadequ~re to protect rm or too costly (Rcigcr. 1989). Tlrerriorc. 3ny cffmrivc. ccooomi~ l ly  
viable. cnvironnrenrally responsible means of prorccrion r r ~ s i n l ~  !.:cc~c and fmsr d a m a ~ c  by clcvzrinp 
lernpenlurcs by only 3 few dcgrccs may be of incsrimahlc v.?l~rc ;;$ :i:c n:nc~~lrunl indusrry in tllc l.'nrred 
Staius nr~d aro~rrid tlic \\orld. 

There lrave been man:. cold prorecrion rcchniqucs ur~ir?c.:i wet1 3s artiticial ulnd cr hca! 
generation. or [he use of phase change enersy from spray rrrlgJilcil ikarer. One aItcn-3\1\t: 1s [hc 
application o r  aqueous roam ovcr crops for both freeze rind frost prnicction. 'nlc scicnrific jusrifiwrion ior 
Ihc present research is ~wofold: ( i )  aqueous foam is 3 good insulator with relarivcly low rhmnsl 
conductivity. ( i i )  and aqueous foam is 3n excellent radiarion shicld. sincc Lvater is opaque rn radi~tidn. 

Previ~us agricultural foam research demonsrmtcd tllc cffectivcncss of aqueous roam (Barholic. 
1985). while important rechnical challenges for field applicar~on lt9crc still unsulved. Therefom, the 

- primar?, objecrives of Ihc prcsent Study were ro deelop stahle. inc~pcnsivc. adhesive. long-lasting 
aqucous foam and to conduct a ficld strdy. Tlle main Ii?.potliesis is thar aqueous foam can bc applird 
readily ro any crop or soil in greenhouses and may scme m an cficcri\.c bamcr against convccrive and 
radiativc heat loss for a desirable time period. The development and evaluation of long-luring foam and 
the results of field exp, rimenrs involving freeze and frost protccrion arc prcscnrd. 

A series of experiments was performed to evaluate foam prclpenies. while searching for foams 
that would las[ for a minimllm of several days in various weather conditions. would be sufficiently 
adhes;-!c to endure windy conditions on tree trunks and on mnopics uf fmstandrng tall trecs. would be 
non-to:a::r 1u plants and cnvironment and would readily degndc after its u x h l  period. There were 
hundrcds of possible chcrl~icals and fomulations to examine. Chcnlicalr were chosen and tested with 
numerous formulations based on litenturc survey and hypothesis- 

As a standard procedure. 25 mL (0.85 fl oz) liquid foam solution lvas pu t cd  into a 1 L (0.26 gal) plastic 
beaker, The beaker was tilted. and a gla~ pipette with a h y p o l l m i ~  needle n~R<lle (0.24 mm ID. Ek!ct.on- 
Dickinson & Co, NJ) was insertcrd into the liquid. A controlled sircam of air was blown through the 
needle, and the time and solution temperature were noted. 

A higher capacity foam generator incorporating a venturi similar to previous lexarch w a s  also 
constnlcted and uscd for the labratory test (Rraud and Chcsness. 1970. Braud et al., 1971). Compressed 
air served as the energy source for crcating tilt: foam and provided the air for incorporarion'into bubbles. 
The pressure drop in the venturi was sufticient tv suck the solution ir110 rhe foam penemtor.' The ratc of 
liquid flow and airflow also had to bc controlled; rod much liquid in the venruri rcduccd foam stability, 
with ton little liquid, the foam wobld not fbrm. 1,nter the venturi sectiun \US replaced with a micro-pump 
in an ef in  ro accurately cnnrrol the flow rate the solution. 

For the tield test. a polyethylcnc plastic film-covered. hoop-supported row tunnel ( 1  s 2 x 0.8 m 
(3.3 6.6 x 2.6 ft. l en~th  x width ?i height] was installed above :I side-hy-side tt-st consistin of fuum 
applied to the ground as a soil mulch and fuam applied to a tray of lcrtucc plants as a plant ~nsulator. Thc 
tunnel provided protection from rainfall. but not from radiativc licar lass: i.c.. longwave transmibsion . 

through the polvethyle~e was npproxima~ely 80% for a single. non-~rrliarcd b m i c r  film (Giacomelli and 
Roberts. 1993). Thus, radiative hear loss at night could be significa~~t under the clear. winter dese~r sky in 
Arizona. 
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T l ~ c  soil rvas ~illcd and d c d  smoolh. and r l rn to : :~)~ ic~  srcx rnstallod u;::: :..\L. :~;.:;3~;.;.::2 

each on lhrk soil l r n t m ~ t  arms x 60 Cm (1 1.8 x 23-6 'i?c$'rl. 'n?c a-cahncnb includtd hhn d@u of 
. . applied foam over foil -thin foam 12.5 cm (1.0 inch)]. ri;:i,. :. 2:n i f  cm (:.O inchti - .  :-.,I :.:rc ;.-euz:; 

a s control. At mch of  rhrsc six lonrions. h r e t . r h c r m o c c  ;..c:c r ~ ~ x c d  IC mcas::rc :;.I: :r.n;=.c:. .!K 

of thc soil near rhc surfacc 10.25 cm (0.1 inch)) and  51 a dc t r i~  ,:t T.5 cm :,,! inch) f > c ~  ::;z:: : . Ihc z!r 
tcrnpernlurc within rhc runnel \\+as mwsurd ar I2 cm (4:: .:.cni 3-303i):c C:C h2x s : ~ i  :;.,:-: .. q. 
junctions inch the air or within Lhc foam l a r r s  tvcrc lir~cd \ $ : : ! I  ;.?L;'irtron shicldr. 

Two rnys [30 x 60 crn ( 1  1.8 x 23.6 inch)] ~ > f  Ic:~ucc (Locruco saliva I... .:L .!j.z.;. :~cz:P:! 
Simpson'). containing 15 s d l i n g s  each. \VCR placed sidc-h.,-srdc i\irhin rhc runnel. .-I: :3: : r r x  :.f Ecij  
testing, a closcd plant canopy exisrcd within the lenucc my, 771crmocouple juncrians \\.i.:c ~!i:-.'.::< :: 

. .  . selected leaves by insening [he thermocouple within !hc :nidiib t r f  thc a&?ti~I :i:c ,x . .:. -2;. 

approximarely one-third [he leardislancc up from the root 7cnc. 2nd \vcll within ~ h c  plat! ~3s.;)). t-c27. 
was applied to cover one cnlin tray to a deph of approsinrn:cl 2 crn (0.8 inch). 'Fht, tcs: i x z 3 n  ~;n 29 
January. 1998, and was terminated on I2 February. 1998. 

Air. soil and foam temperatures were measured wiiil 2; gage rypc--i rhcmxoupics. .-\ ~!lcr;nlger 

in each tcrminal block (National lnstrumcnr SCXI I 100 muitlp~cxcr. SCXI 1505 isu:nr.rmsl rcmina! 
block, and AT-MIO-l6H-9 multifuncrion *hard. Austin. Tcxasl was used as a rcfercr,cc cold junciion 
tenperature. All the thermocouple junctions that measurcd air and foam temperalms w e e  shicldcd from 
radiation. Each experiment tvas preceded by a calibration lest of rhe dab acquisirion synm. .v?5 

particular emphasis on the themocouplc sensors. Based sn  data from a series of calibn~ion resls. the 
accuracy was determined to be t 0.15 " ( 2  0.27 OF).  and repcatzbilih was 2 0.05 "C ;= 0.09 T). 

RESULTS AND DISCUSSION 

The formulation with gelatin and sucrose was most s~~cccssful among the chemical formulations 
we tested, and the formulation is shown in Table 1. 

Table 1. The ideal foam formulation chosen for the frcezdfrost field 
experiments based on laboratory experiments. 

Ingredients l'erccntage by Weigbt 

Water 68.0 

Gelatin (Dynagel 250 Bloom) 2.4 

Sucrose (Sugar) 

Sulfochem ALS ( 1  0% SOLIDS) 

Glycerol I .O 

Potassium sorbate 0.1 
- 



Figurc I. l ' l lc size of Iiic row lunncl and the layout of tlrc licl~l cxpcrirncn~ condr~crcd in n singfc-lqcr pc~lgct l~y lc~~c  pluh~ic lil111 sr)vcletl, tr irC 
hoop-sl~pported, row tunnel. 
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Foam in the I L (0.26 gal) beaker \\as p ixcd in a ca:ril;+r:r Icl;rnenrure o\.en (Jsorcrnc i e a t y u n  
Ovcn 182A. Fishcr Scicniific. Pinsburgh. PA) to obxme irs l o n ~ r ~ ~ l : :  slider warm subt:opiwi c;rr.diii(bnl;. 
Thc tcmpenturc was s c ~  consccurively a1 30. JO. 50 'C (86 .  102. iI2 "I'I. md each 1crnpe;a:urc ..,as 
maintained for 48 11. No visiblc degradation of rhc foam s1ruc:crc. \\:IS cSsewcd. alrhough \ c ;u rncu~c  
shrinkage did take placc. A scrccn 11.3 x 1.3 crn rncs11 sitc (0.5 x 0.5 inch)] was prepared in ordcr to study 
thc foam shrinkacc whcn all foam surfaces were cxposed to air. r\ppr~?simatel~ 15 cm long. 5 cm wide. ? 
cm tltick foam (5.9 x 2.0 x 1.1 inch) wm placed on thc screeo. l i ; ~  :\!;1111 shrank aboul iO". br i i i ~ n  :: i: 
and remained 1hc same volume afierward. The volumetric loss was due mainly to thc reduction in  the 
foam ~hickness (depth) rather than lateral shrinkage (!en@ or lridrh). Higher oven tcrnpenrwrs 
accelerated the shrinkage and the drying of rhe fo,m sufiace: i.c. rlic soft and moist tcxturc of the Foam 
surface quickly disappeared due to evaporation, Neverthelas. thc roam maintained ils original shape over 
the screen. AAcr the oven experiments. the foam from [he oven was placcd in the laboratory at 23 c 3 'C 
(73.4 k 5.4 O F )  and 30 f 15% relarive humidity for more than a \vccL. S o  noticcable change in  sl~ap: and 
volume was observed during this period. 

The  survival of the foam under freezing and thawing cor~ditiotls was also examined. Beakers 
filled with foam were placcd in a constant temperature freezer. Tempcnture \\.as set at - I0 alld -20 "C (1.1 
and -4 "F) respectively. The foam immediately shrank to approxirna,cly 70% of its originai volume at 
both -10 and -20 "C (14 and -4 OF). When the beakers were rapidly csposcd to room tempenture after 24 
h in the freezer, the foam completely collapsed within an hour. Rcpexed experiments produced the same 
results. Alternatively. the beakers with foam were gadually thawed ovcr 4 h: i.c.. the beakers from the - 
10 and -20 "C (14 and -4 OF) freezers we& placed in the 0 "C :;2 "F) frcezer for about 4 h. They were 
moved to a 5 bC (41 OF) refrigerator for more than 4 h: they were thcn csposcd to room temperature. With 
p i d u a l  warmine. the foam consistently maintained its vol;:mc and sllapc. The latter expcrimect closciy 
simulates extreme \venthcr conditions in nature. Tlius. 1 1 1 ~  ,I!.:::: I\:.!: likcly sunlivc sc\r.rr. tl;?ii!. 

temperature fluctuations. 

A closed wind tunnel wvas used to rest the foam stability under windy conditions at various 
temperatures, Thc wind tunnel provided a uniform temperature and RH airflow across the test section at 
air speeds varying from 0 to I0 m.s" (0 to 32.8 Ws) and at air ternpcratures from 0 O C  to 50 OC (32 to 122 
OF). Details of the wind tunnel design and evaluation are described by Leon et al. (1 998). 

Foam 2-4 cm (0.8-1.6 inch) thick on a 1;xirontal Plexiglas plate maintained its structure under 
windy conditions, where the wind speed was set at 2,4, 6, 8, and 10 mes" (6.6, 13.1, 19.7, 26.2, and 32.8 
ftfs), reswive ly .  The air temperature in the wind tunnel u -s mainrained at a constant temperature for 
each run, Starting from roam temperature [about 21 'C (70 OF)] ,  the air temperature was reduced to 0 OC 
(32 OF) a ing  a heat exchanger and an isothermal bath. The relative humidity in the wind tunnel was 
within 50 f; 10%. In general, the results sllowed that the foam was stable at windy conditions. At 8 and 10 
m.s" (26.2 and 32.8 Ws), however. the upstream section of thc frcsh foam on the Plexiglas surface 
deformed noticeably toward the downstream. The gelatin in the loam had not gelled immediately afier the 
foam generation. As thc wind speed was reduced. the foam returned to i& original shape. The foam 
became increasingly impervious to wind deformation as it gelled and solidified. Ovcrail. the foam 
maintained its shape well at wind speeds up to 10 mas" (32.8 Ws). 

Figure 2 presents the temperilture fluctuation of air and soil at a 2.5 cm (I inch) depth. Each 
tempenture reading represents the average value from two locatiot~s. Thc daily fluctuation pattern \vu 
neatly the same as the data collected at the weather station, and the temperature readings were 5 - 10 OC 
(9 - 18 OF) higher during the day than the weather station data due to a moderate greenhouse effect caused 
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by thc plastic film tunnel. The soil rcrnpenrurc protected I+> rhc tilick foam maintained ~ i l c  highest 
temperature at night. and the thin foam maintained the hishest wmperarurc during the day. 

During the cold morning (from 0300 to 0700 14R) of' 2 1 Jsnuary. 1998. the soil remperature 
difference (AT) between the thick-foam protected soil and [he unprotected soil was abour 5 "C (9 OF), and 
the difference between the thick foam treatment and the air was nearly I0 OC ( 1  8 OF). as shown in Figures 
2 and 3. The thin foam provided a reduced insulation effect during thc same period, with about a 3 "C (5.4 
OF) temperam difference. On the relatively mild morning of J a n u a ~  30. the effectiveness of the foam as 
measured by the temperature difference was reduced. On 1 February. 1998. the temperature difference 
between the foam-protected soil and the unprotected soil gradually increased (Figure 3) as the air 
temperature droppcd early in the morning (Figure 1). Tlie differences were quite consistent during cold 
and clear nights. 

The daytime soil temperatures under the thin foam were consistently higher than under the thick 
foam. reaching values between 8 - 9 OC (14 - 16 "F) greater (Figure 2). The shortwave solar radiatior. 
apparently penetrated the thin foam and was absorbcd at thc soil surface. while the foam acted as a good 
insblator against convective heat loss. However. tlle stored tl~errnal ecergy was quickly lost after sunset. 
Radiative loss from the soil surface [he cold clear sky could hnvc contributed to the energy loss. The 
accumulation of thermal energy during the day, therefore. did not significantly alter the soil temperature 
during the following evening. 

-So11 Plo~ected by Thick ?oam 

1200 ti!? 0000 HR 1200 HR 0000 HR 1200 HR 0000 HR 
29 Jan 30 Jan 30 Jan 31 Jail 31 Jan 1 Feb 

Figure 2. Soil temperature at 2.Scrn (I inch) depth. 
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Figure 3. Temperature differences (AT) between protected and unprotected soilsJleaves during the 
early morning hours (0300-0600 HR). 

0 
1200 HR 0000 HR 1200 HR 0000  i l R  1200 HR 0000 HR 
29 Jan 30 Jan 3 0  Jan 31 Jan 31 Jan 1 Feb 

-Leaf prolecled by Foam 

-Leaf wilhoul proteclmn 

.. . , 
Figure 4. Temperature i f  the midribs of foam-covered and uncovered lettuce leaves. 
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Tempemturc of the midribs of foam-covered and uncovcrcd Ictrucc lcavcs is showr! in Figure 4. 
During the cloudy and warm morning of 30 January, 1998, the cffcct of the foam was not significant. The 
temperature difference between the protected and unprotected leevcs \itas ne~li,oible (sce Figure 3 )  due ro 
the cloud cover. On 31 January. 1998. t;,c temperature differences for the leaf covered with foam were 
about 3 "C (5.4 OF) on average and as .high as 4 O C  (7.2 OF) grcntcr than the uncovered leaf. F i~ure  5 
indicates that the leaf temperatures of theyprotected midrib were higher than the air temperature. bec:!i~se 
the foam layer protected the lettuce leaves from radiative loss to the cold and clear sky during the 
morning hours of 3 1 January and 1 February, 1998. Such a trend was not evident on rhe cloudy morning 
of 30 January, 1998. 

The foam protected soil was effectively insulated and generally exhibited temperatures that were 
3 and 5 O C  (5.4 and 9 OF) above that of the bare soil for the thin and thick foam covers. respectively. 
When compared to air temperature. these valucs increased to I0 and 8 OC (1 8.0 and 16.2 OF), respectively. 
Radiation heat losses from the plant leaf canopy were reduced on clear nights by an application of foam 
directly to the leaf. Temperatures were from 3 to 4 "C (5.4 and 7.1, "F) higher than the air temperature. 
Leaves were not damaged after being covercd with the f i ~ a r n  for 14 days. The foam maintained its 
integrity and desirable  ropert ties under dry weather conditions for the entire 14 days and nights of 
exposure. 

I n  conclusion, the gelatin-based. aqueous foam can be x e d  as biodegradable soil mulch in 
greenhouses. The foam can potentially protect the aerial portion of both low and high profile crops from 
damage by below freezing air temperature, and from frost causcd by radiation heat loss under clear sky 
night conditions. Tbe foam can easily adhere to plant canopies. branches and trunks of freestanding tall 
trees, and unless washed away by water spray. the foam structure will be maintained in typical outdoor 
environments. 
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