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ABSTRACT
A heatandmasstransferteststandwasfabricatedandused dominantconcentrationgradientoccursneartheinterface,film

to investigate noni_thermal falling film absorption of water mixing will induce secondary flows that reduce the diffusional
vapor into a solution of aqueous lithium bromide. The absorber resistance across the filmand increase mass transfer. To validate
was made of borosilicate glass for visual inspection of the falling this theory, testing was conducted on a smooth tube and on
film. Experiments were condueted on internally cooled tubes of several other tube geometries to determine the possible
about 0.019 m outside diameter and of 1.5,3m length. Testing enhancements achievable through film mixing. Because the mass
evaluated a single absorber tube's performance at varying diffusivityof the film is low, of the order 10 -9 m_/s,water vapor
operating conditions, namelydifferent cooling-water flow rates, absorbed at the interface will tend to remain at the surface
solution flow rates, pressures, temperatures, and concentrations, unless some type of filmmixing occurs. Advanced surfaces were

Advanced surfaces were identified that enhanced absorber selected with the intent of mixing the film and renewing the
load and the mass of absorbed vapor. A pin-fin tube with 6.4- interface with fresh solution from the bulk of the film. Pin.fin
mm pitch absorbed about 225% more mass than did a smooth surfaces having 26 fins per turn, a fin height of 3 ram, and three
tube. A grooved tube was the second best performer with 175% different spine pitchest were tested. A grooved tube surface, two
enhancement over the smooth tube. Increasing the cooling twisted tube surfaces, and a fluted tube having 24 tube starts
water flow rate to 1.893 x 10-4 m_/s caused about a 300% were also tested.

increase in the mass al:xsorbedfor the grooved tube compared Laboratory testing was conducted over operating conditions
with the smooth tube. Results showed that the pin-fin tube with that simulated field conditions for residential applications such
6.4-ram pitch and the grooved tubes may enhance absorption to as the DEACH system (DeVuono et al. 1990). Testing was
levels comparable to chemical enhancement in horizontal later broadened to include commercial applications
smooth tube absorbers. (i.e., absorber pressure of 8 mm Hg, cooling water temperature

Absorber load, the transport coefficients, and pertinent of 35 and 46"C, and concentrations of 60 through 64 wt% of
absorption data are presented as functions of dimensionless LiBr brine). Testing of a smooth tube preceded testing of the
numbers. These experimental data will prove useful in advanced surfaces. Chemical additive for enhancing mass
formulating analytical tools to predict vertical.tube absorber transfer had never been added to the rig prior to testing, nor
performance, was it added during the course of the experiments.

INTRODUCTION
It is believed that the absorption process can be enhanced

v,ilh tube surfaces that induce mixing in the _lution film
without increasing the thicknc_ of the film. Bccausc the

' Spinepitch is the longitudinalspacingbct_een spine ro_s.



NOMENCLATURE

A surface area(m_)

,5,C,("ccmcentration(g.rrJole} l:O/cc Soln)

I),,+diffusivily (m_/s) a absorbentl.ilir brine

h enthalpy (kJ/kg) abs absorber

KL overall averageliquid-sidema_stransfer ccx:fficicnt(m/s) e cooling water

e exit
ril ma_ flow rate (kg/s)

P pressure(ram Hg) eq equilibrium

Pr Prandti Number [u/cx] fg fluid-to.gas phase change

Q absorber Load (W) flash flashed water if superheat

i inlet
4rh

Re Reynolds Number

Sc Schmidt Nomber [v/D,,_] if interface

AT,T temperature (*C) in log.mean-difference

U overall average heat transfer coefficient W/(m2.K) ! liquid-side

X concentration (wt% LiBr) o outside tube wall

.Greek S._'nbo_ t,e subcooling

dynamic visctzity (Kg/m-s) v water vapor

u kinematic viscosity(reals)

¢_ thermal diffusivity (m2/s)

LABORATORY TEST STAND madeof 304L stainlesssteel,and bothare attacheddirectly to
The heatandmasstransferteststandisdesignedfor testing the test tube.The cup wasline boredafter fabrication,and a

vertical andhorizontalabsorbers(Fig. 1). The boilerisfiredby centeringcollarisusedto centerthecupfor a uniformannular
resistanceheatersof 2.5-kW capacityand generatesboth the gaparound the test tube. Strongsolutionflowsfrom the cup
water vapor andthe strongsolutionused in the absorber.A throughthe annulargapalongtheouterwallof the tube.The
linear gate valve trims the flowof steam to the absorber. Strong catch basin is designed for testing tubes with a maximum length
solution is pumped from the boiler and is tempered by a tube. of 1.53 m; however, it can be moved for testing at different
in-tube heat exchanger to maintain _turated brine temperature absorber tube lengths. All line connections to the test absorber
as it enters the absorber. In the absorber, coupled heat and were fabricated from 304L stainless steel. The effect of
mass transfer occurs as the falling film of LiBr brine (the noncondensibleswas minimized through extensive leak checking
absorbent) absorbs water vapor (the absorbate). The film is using a mass spectrometer tuned for helium leak detection. Per
cooled by water flowing inside the ab_rber tube; the flow is tube tested, the test stand was certified to a leak rate of
countercurrent to the falling film. Weak solution leaving the 1.0 x 10-7 atm-cc/s.
absorber is pumped from a sump tank and injected back into A purge tube, having ports at 0.15-m spacing over the lower
the boiler. I m of the test stand, is used to pull noncondensibles from the

The absorber test section is made of standard pyrex glass test section. The purge tube isccmnccted to a nitrogen cold trap
pipe (i.e., 7740 borosilicate gla_) 2.1 m Icing and 0.15 m in that a_ists a 2.4 × 10 : m'/s pump in pulling vacuum tm the
inside diameter (Fig. 1). A solution cup and catch basin are entire system. The purge tube, cc}ldtrap, and pump arc also



t

1i

fi

Fig. 1. PHOTOGRAPH OF LIBr-WATER ABSORBE:I3 TEST RIG.

used during absorption experiments to increase solution meter measures the cooling water flow rate. Absolute pressure
concentration. Water vapor is pulled from the absorber and transducers measure vapor pressure in the boiler and the
held frozen in the cold trap. Purging of water vapor continues absorber. Two temperature controllers are installed in the test

until the desired strong solution concentration (wt % LiBr) is stand to regulate heat to the solution lines entering and exiting
obtained. This technique helps minimize crystallization dangers, the absorber to guard against potential crystallization at
especially for testing at 64 wt %. To reduce the concentration, concentrations > 60 wt %.

distilled water was pulled under vacuum into the boiler and the Thermocouple compression fittings are welded into each line
system was operated for about 1 hour to equilibrate for use in temperature measurement. A probe of 1.8-m length
concentration throughout all pipe lines, was in_rted into the absorber test tube. It enhanced turbulent

flow on the water side, and it contained thermocouples for
mcasuring local bulk temperatures of the cooling water at

INSTRUMENTATION O.15-m intervals down the length of the test tube.
Instrument locations are shown in Fig. 2. Mass flow rate and The _tup of the two cork_lis mass flow meters was altered

density of solution entering and leaving the absorber are to isolate the mc,,ers and eliminate any extraneous vibrations
measured using coriolis mass flow meters. _The power input to that could affect signal output. Previous use of a coriolis meter
the boiler is measured using a power tran_ueer. A turbine by Zaltash et al. (1991) shov,cd density measurements of

' l.iBr flows thrc_ugh a U-shaped tube that vibrates as a tuning
f(¢k The transducer detects a gyrosc(q_ic force associated v,ith
mo'.Jng fluid particles that is directly prt_m.io_al to the mass flow
rate,
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Fig. 2. SCHEMATIC OF LIBrTEST RIG.

distilled water to increase with increasing water temperature, a 0.35 wt % of sampling results. Consequently, heat balances
significant error. A similar discrepancy was found in the coriolis calculated on the solution-side and the water-side were on the
meters used in the LiBr..water test stand. Therefore, in-situ order of 10% in agreement.
calibratiom of the densitometers were done using various fluids
of differing specific weights to verify proper density
measurement. Under no-flow conditions, accuracy of DATA RF_UC'I'ION
measurement was better than 0.5% (i.e. :t: 0.005 g/co) for the As solution enters the absorber, it will be either slightly
various fluids tested. The density of distilled water was then superheated or subeooled, and it will almost instantly come to
checked as a function of temperature for nominal flows of equilibrium with the absorber pressure and temperature. An
0.017 kg/s through the densitometers. Again, results were algorithm was developed to calculate T_ at the start of the
similar to those of Zaltash et al. (1991), tabulated data in Fig. 3, falling film. The algorithm corrects for either flashing from the
and a correction had to be made. The eoriolis meters were film, if the solution is superheated, or the rapid mass transfer to
modified by replacing the vendor's sensor, which sensed tube the film,if the solution is subcooled. Using the energy equation;
wall temperature, with a sensor that sensed fluid temperature continuity equations; and P, X, T thermodynamic equations of
leaving the meter. The modification improved instrument state, a balance is conducted from the solution cup to the
accuracy to about 0.5% (i.e., + 0.006 g/cc) of reading and absorber inlet. Continuity yields the following relation between
showed that the corrected density measurements followed the the solution and vapor:
proper trend of density vs water temperature.

Samples were taken periodically to determine the
concentration (wt % LiBr) of the solution, using a rheq- mi = ri% ,,_-- rh_ f,,_,la, (l)
rcfractometer to measure the refractive index of the solution

(Zaltash el al. 1992). PcricxJic checks shov,cd in-silu
measurements made with the coriolis meters to be v,ithin
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Fig, 3. TEMPERATURE CORRECTION APPLIED TO CORIOLIS FLOW METERS AND DENSITOMETERS,

where calculated from C_ and P,_,and is used in Ex]. 2 to calculate the
solution mass flow rate exiting the equilibrium point. The mass

m,,_ = solution mass lk_,, tale at film equilibrium of solute, LiBr, remains constant during absorption, and a
point, solute mass balance is used to calculate the exiting solution

m.q = solution mass _ rate itt the cup, mass flow rate again based on a continuity balance of the solute
rr_,_, = vapor absorbed if subcooled, as follows:

,.a = mass flashed if superheated. 'Ix'.

Assuming adiabatic equilibration, an energy balance yields lilm = 1ilt[2] .
(3)

an expression for the mass flow rate of solution at the
equilibrium point as follows:

The equilibrium temperature is incremented and iteration
continues until the two calculations of exiting solution mass flow

lJl_l= liai01t - hfl)-Qw , (2) rate (Eqs. 2 and 3) converge. This calculated equilibrium
he(i- hill temperature is used in calculating the log-mean-temperatureand concentration differences. The absorber load, the heat

transfer (1_) from falling film to cooling water, was based on
the water.side measurements. With knowledge of the load and

where the log-mean-temperature-difference, the average overall heat
transfer coefficient was calculated by the following equations:

O,, = heat removed from the cooling water by

flashing, Q=(UA)oAT,. ' , (4)
hfg,, = latent heat of water vapor,
h, = enthalpy of solution entering the cup,

h_ = enthalpy of solution in equilibrium with (T. -T_.)-(T..-T_
absorber pressure and temperature. ATe,.= ,

,.F_
The a'.gorithm initially guesses an equilibrium temperature (T.-Tcp

(1",4)and cal,:'ulatcs an equilibrium concentration (C,4) based on
P, X, T lhcrmc',dynamic relationships bcb,_,ccn "[',,,_and the
absorber pressure (P,,,,). A saturated solution cnthalpy (h,,_) ts



•a.hcre fin tubes had spine pitches _f 6.4, 4.g, and 3.2 mm, rcslx:ctivcly.
I:at'h tub_" h,td 2(1fins p:r turn and the fin height was g2 ram.

(I, IA),, = avcr',t_,,e(wcr;_ll he;it transfer c_lpaclly, lqow vlsuahzatlon studies c(mducted in a lv,:ll jar at l];dtclle
_'lt,, = Iog.mt';in-tcml×,r;tturc.diffcrcnce. in0i_',llcd thud the 5n pitch, longitudinal spacing bctv_ccn fin

rows, cau_"d mcch,tnwul mixing of the film _md was by their
'l'hc avcr;tgc _{.'rall hqu_d-sldc m:_£,,-transfer c{x,'lliclcnl is £:;[i111;ttclhc m()st imt_,_rl:mt geometric parameter to study.

simil,_r I_)the overall heal transfer c(x.'fficient. "l'hcrc is, h_wcver, Testing pr_ cd this finding correct.
an im[x)rtant difference in ev;du_lion of the two ctx:fficicnts. In
heat transfer, the intcrfacial temperature is identical for each
phase; but in mass transfer, there is a discontinuity in Twisted Tube

concentration at the liquid.gas interface. "l'his occurs because in A proprictar), twisted tube and a plain tv,istcd lul'x: having
ma_ lransfer, the driving [_tential wilhin the phase is 4 starts per turn were tested. ]'he plain twisted tube is
coneenlralion. With knowledge of the massof absorbate, based commercially available; however, testing showed that the 45*

on a s4)lutc continuity balance, and the log-mean-concentration- helix angle of the tube was not suitable for absorption
difference, the average overall ma_ transfer coefficient was application. Solution would not remain on the tube and would
calculated by the following equations: literally sling off at various positions down the tube regardless

of the solution flow rate. Attempts were made to wet the

I'_1, = KL(A¢I_ ) , (6) surface at high flow' rates of about 0.025 kg/s and at low flow
r:)tes c_fa_)ut 0.003 kg/s. Solution would flow in rivulets down

Ae._= e, - e,_ _ the tube and sling off the surface at several positions down the
' (7) tube. Attempts were made to reduce surface tension and/or

In (e_ - e_] viscosity effects of the 60 wt% solution by heating the cooling
('e_ %) J water to about 50"C. After about 5 days of repeated failure, the

plain twisted tube was judged inadequate for falling film
where application. The proprietary twisted tube did not incur the

problems of the plain tube, and results follow of its performance
Kt. = average overall liquid.side mass transfer compared with that of the other surfaces.

coefficient,

_cu,, = log-mean-concentration-difference,

e_ = equilibrium concentration at ab_rber inlet, Fluted
% = interface concentration based on P,_ and T_, A fluted tube surface was also selected that was similar in
c, = concentration exiting the absorber, geometry to the twisted tube. The helix angle of the flute was

22* with 24 starts per turn (i.e., lead length of 148 mm for each
flute to make one revolution). The flute height and width at its

SELECTED ADVANCED SURFACES base are 0.64 mm, and the flute was cut at a 60* angle to the
Absorption theory for laminar 15Br-water films predicts that normal of the tube surface. The fluted surface was suggested by

the thermal diffusion of the film will be two orders of Conlisk et al. (1987) as a good candidate surface that would be

magnitude greater than the mass diffusion; in other words, heat a limiting case for a twisted tube configuration. Dimensional
will be transferred readily across the solution film while mass geometry was gleaned from empirical analysis done by
(water vapor) absorbed at the film surface will tend to remain Conlisk et al. (1987).

at the surface, thus inhibiting ab__rption of additional water
vapor. Mixing of the film can enhance the absorption process,
because the dominant concentration gradient occurs near the Grooved Tubo
interface. Film mixing will induce secondary flows that reduce A grooved tube surface having machinedridgesof 1.5.mm
the diffusional resistance acrt.,Yxsthe film and increase the mass height and spaced at 6-ram intervals was also tested. The
transfer. The mixing can be achieved by tube surfaces that dimensions for the grtx_,ed tube geometry were gleaned from
mechanically induce secondary flows in the solution film without the published work of Davies and Warner (1969), who
increasing the mean film thickness. Several tube geometries experimentally determined the optimum surface roughne_ for
were identified and tested to determine the l:X)ssible promoting the gas absorption of CO 2 into distilled water
enhancements achievable through film mixing. The advanced running down an inclined plate. Davies showed the gas
surfaces tested are shown in 15g. 4, along with the dimensional absorption to be fa_test if the surface roughnc_ induced wake
geometries, the fabrication pr_x:e£scs, and the tube material, interference type oscillations in the flowing water. Davies

obscrvcd that as _aler flowed down over the ridges, ,.ortices

dc_clopcd around each ridge. For a g_vcngroove _pa_ttion and
Pin-fin Tube height, Davies o',_.crved the vortices to oscillate, giving the

"i'he pin-fin surfit_.t:.s v.cre scic('tcd tit ll'_c sugge.,,llt_n of surfitcc a 9. kt.'r_r : I;tlticc-like apt%'arance. If the gr(_vc sp_cing
l)c\.'u{mt_ ctal. (19,_J) and arc ct)mmcrcl:_lly _,._l:lblc "lhc pro- ,,,,,isttx)t_ht, the ,,_rtex _hcdd_ng acr_.,,,sthe ridge w'as hindered;





c(mver,,,cl),,tflhcspacing_a_ I(_{_large,lhcv{_rlc×_a,_Ic&£,In channeledthe fl_v,;_ndreducedlhc falhngFilmtorl(_vvh_ih

cJthcr ca,.c, g,ts ;,h_,4,rptJonv_;_,,reduced, over ,_nd do_n the cr¢._ts t)f the flutes. The spJrahng /notlt,n
mcrc_,.,,edthe mc;._n free-fall palh of the falling film, v,hit'h did
cr_h,,n,c ;d_x_rl_t_n ,',ll_hll)' c_m)parcd with a ._lll_,_lh lul-_.

FALLING FILM VISUALIZATION ll()v,c',cr, Ihe Iq_),,,.,ipl_'arcd t() ha,,c a slr()ng larlgcntial
"lt'te h)'dltx.])n,_mic.,, for srn(_)th tuh,c falling film ll_._,,,,,arc c()lll[",,,.,nenl_.)f',,'cl(x._t,,',strong enough to make Ihe I',tlhng film

characlcrized as eHher laminar, v,avy.laminar, roll-wa_,e, or flow more v,av)'-laminar c__mparedv, ilh lhc r_.fll.v,,uvclarnim_r
turbulent Ilov_ depending on the Reynolds number. Wavy. flow oh,_rvcd on the smooth and gr(x)ved tubes, The waves on
laminar and transitional roll-waves '.,,,,ereobserved during tcsling the fluted surface ,,,,ere very. regular with ampNudcs of only
of the sm(x_th tube for Reynolds numbers of a_)ut ]50. about 25e,'_of the roll-waves, A.s such, the strong langcntlal
lnceplion of the waves apt_arcd to be affccled by the _flulion eomp.',ncnt of,,'cl_wlty caused b)' the flutes did not _use further
flow rate. For testing at 0.011 kg/s, irlception of short waves of mixing of the film compared with the grooved tube.
small amplitude was observed 0.2 m down the tube; at 0.005

kg/s, inception w-.m obscrve.d at 0.07 m. This short wave
transilioned into a longer roll-wave whose length and amplitude LABORATORY TEST RESULTS
were at least double that of the short wave. Similar observations Data for the advanced and smooth surfaces are listed in

were made b5, Brauner (1989), who characterized waves as a Table I for testing at 62 wt % LiBr brine, 10-ram lig absorber
function of the fih'n Reynolds number and downstrcam position, pressure, and for cooling water controlled to 46"C flowing at
The wavy roll-wave flow was irregular or slcx:hastie in nalurc. 6.309 x ]0 -_m*/,,, counlcrcurrcnt to the falling film. The
The larger roll-waves would flow over a thinner subs[rate of 10-ram llg procure translates into an evaporating lemi_ralure
smaller waves. The wavelength of the roll-waves was of the of about 12.8"C, which is representative of residential
order 0.05 m; at inccption, the shorter waves were about applications. Our original charter was to complement work
0.013 m. Wa._len and Dukler (1990) presented similar findings conducted on the DEACH system (DeVuono et al. 1990).
and showed the falling film composed of small and large waves Therefore, the comparis.ons that follow are made fur residential

interacting in a complicated manner. Peak thickness was in appli_tion with load rejection to a dry tower, ltowever, the
many cases several times the mean. scope of testing was broadened to include commercial

The pin-fin and grooved tubes did an excellent job of mixing application also, and following residentially based comparisons,
the falling film; h(rwever, the mixinq mechanisms for the pin.fin predictive compari_ns bas.ed on empirical data are made to

and grooved tubes are very different. Both surfaces effectively assess the performance of advanced surfaces vs that of a typical
enhanced performance. On the pin-fin tube with 6.4-ram pitch, 200-ton single-stage chiller system.
a major flow could be seen falling in rivulets down the tube.

The flow did not follow the spiral of the spines; rather, it flowed
through the spines making one complete revolution over the Advanced Surfaces Test Results

length of the tube. No roll.wave phenomenon was observed Load eompari_:x_ of the pin-tin, grooved, proprietary
flowing through the integral spines, and the film Ihickness in this twisted, fluted, and smooth tubes are shown in Fig. 5. The pin.
flow was less than the fin height of 3.2 ram. Another less fin tube having a pitch of 6.4 mm supported the largest load of
prominent flow could be seen flowing down along the base of all the tubes tested. Next were the grooved tube and the pin.fin
the helical wrappings of the spines. Part of the flow would also tube _,ith 4.8-mm pitch (not shown in Fig. 5), followed by the
drip from fin row to fin row, and was observed at about 0.3 m proprietary twisted tube. Performance of the fluted tube was of
from the top and at about mid.section of the tube. The droplet the same order as that of the smooth tube. The mass of water
flow probably increased the mass transfer of vapor into the vapo_ absorbed followed similar trends and showed the

falling film because of the droplet's high surface.lo-volume enhancement factors of the pin-fin, grooved, and proprietary
ratio, twisted tubes compared with the smooth tu_. For the

For the grooved tube, prominent roll waves traveled down operating conditions listed in Fig. 6, the mass absorbed for the
the tube and the grooves broke up the waves, causing._condary pin-fro tube was about double that observed for the smooth

flows that mixed the bulk of the film. Over the first 0.3 m of the tube. For the grooved tube, the mass absorbed was slightly less
tube, the roll waves traveled as a smooth wave with little than double that absorbed by the smooth tube. The twisted
disruption; then the ridges past 0.3 m would break up the waves tube absorbed about 50% more than the smooth tube. Testing
into what appcared to be several little droplet streams still at 35"C c(x31ingwater sh(,wcd similar improvements; however,
attached about the tube perimeter. These streams would then the improvements were less than those observed at 46"C. "]'he
fall back into the falling film, probably because of the surface ab_rber load and the mass of vat'x_r absorbed showed the pin-
tension effects of the brine solution. Some droplets were fin and the grooved tube to enhance performance by about
obsc_'ed to detach from the film; hov,ever, flow visuali;,ation 50"7 o,.cr ,hat observed for the sm(x)th tube.

studies shov, ed this detachment to bc very slight for falling film The results for the pin-fin and grtx)ved lubes show that the
flows var)ing from 0.01 to 0.035 kg/s. ab,,,.:Y,cr knd continues to increase as a function of solution

I'hc axi.:!!) flu[cO tube was obscBed to h;_,,c the mosl fl,.)v,rate (i.e., the n-K_rc solutKm dov, n the lulx-, the hotter _t_
uniform film of all the tubes tested. The fluting cffcct_.cl) t"x.'rf,finance). Increasing the _lution ma.s.s flo_,_ ratc from



Table 1. VERTICAL-TUBE ABSORBER HEAT AND MASS TRANSFE_ DATA FOR TESTING AT 62W1% L_Bt BRINE

Pro-fin Gr(x-_'ed Twisted lqulcd Sm_)th
lul:x:s tube tube tube lub_

I"

6.4.turn [ 4.8.ram 32.ramA

P mmlig 10,34 10,34 10,34 10.34 I0..M 10.34 10_

Re 144,1 143.8 138,6 170.0 132.6 175.9 2] 6.9

Pt 22.3 22.8 2.3,4 22.5 22.3 22.1 22.2

Sc 2576.9 2664.2 2769.5 2620.7 Z_94.5 2555.3 Z'_61.6

D_ m_/s 1.15x10"9 1.14x10° 1.12xi0_ 1.14xlOt 1.15x10t 1.15x10_ 1.16x10_

T,,,_ *C

56,5 57.5 56.9 57.4 57.4 56.2 58.1

T_, °C
51.7 49.0 49.5 50.6 48.6 50.4 52.4

T,,_ °C
2.7 6.4 6,0 3.9 6.3 4.0 3.5

T_ "C
45.7 45.3 45.8 45.9 46.2 46.0 46.1

'r.. "c
49a_ 48.5 48.1 48.7 48.7 47.9 48.3

TAas "C
39,1 41.9 32.4 37.8 37.9 33.2 37.3

th,, k_
•012475 .012795 ,012690 .011699 .012006 .013502 0.017017

±. lq_
,012658 .012977 ,012811 ,011934 ,012215 .013654 0,017160

n, k_
.0582 ,0633 .0636 .0637 ,0628 .0636 .0632

Cq g..mole,tog 3.697xI0"_ 3.667xI04 3.695xI02 3.676xI0"2 3.676xI0_ 3,715xI0a 3.678xi0-2

(2, g..mole.,t_ 3.74,6xI0"3 3.716xI0_ 3.727xI0"2 3,743x104 3.734xIO2 3.753xI0_ 3.707xi0-2

6 W 878.4 839.0 624.7 756,8 669.0 502.9 578.6

Kt. m/J 2,619xi0s 2.869xi0s 1.163xi0s 3.814xi0s 2.568xiO_ 1.769xlO.S 1.930xi0.s

U W/m_ai 1302.6 1.'_80.9 1033,2 1461,1 1583,9 897.3 799.6
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0.01 to 0.03 causedab¢_uta 150%increasein capacityascaused which in turn dropped the interface temperature, causingan
by the increa_ in n}a&stransfer. 11owcver,data sho_cd the increasem ahs¢_r/'_tzc_n(l:_g.9). "l'hc optimal cek_hng,v,ater flt,w
ma._,_transfer to level off for the smc×:_thtube for rna_sflow appearst_ be about 1.8')3x 10 _m_/s."l'h_stranslatesinto an
rules atx)vc 009,2.':;kg_s(Fig. 6). average vel_.K'itvof about 1.5 m's, which is close to the 2 m/s

Water teml_raturc pr{)filcs R_r the smtx_th, pin-fin, and water vclt_'ity us.cd in a 200-ton single-stage commercial chiller.
grtx3vedtubes are shown in Fig.7 ft_rctx'dantinlet temperatures A.s previt_u,,,tystated for the sm_×_th tub,:, increasing the
of 35 and 46°C, rcst_ctively. Film mL',:ingon the advanced falling film n]a_ fkw¢rate increases the fih'nthickness, v,hich in
surfacesenhanccd mass transfer an,l increa_d the temperature turn reduces the potential for mass transfer, llowever, the
profile above that of the smooth tube. Fig. 7 shows the performance of the grooved tube continued to incrca_ with
enhancement to occur over the entire length. In other words, increasing _lution mass flow rate as seen in Fig. 9. The grooves
thc active lengths of the pin-fin and grooved tubes _pp,car induced secondary flov,.'sthat mLxed the bulk of the film and
greater than that of the smooth tube as indicated by the level increa_d the pressure driving force for ma_ transfer. The
of subcooling leaving the respective tube surfaces. At a coolant over'all mass transfer and heat transfer coefficients in Fig. 10
inlet 1.emperature of 46"C, the solution leaving the 6.4.ram pin. show that as the Reynolds number of the falling filmincreased,
fin and the grooved tubes was about 2 to 3"C subcooled; at so did the mass transfer coefficient. This increase in overall
35"C coolant temperature, the subcooling leaving these two mass transfer coefficient with increasing mass flow rate shows
advanced surfaces was 4 to 5"C, and the subcooling leaving the that the grooved tube increased the mass transfer without
smooth tube was about 7"C. significantly affecting the film thickness. The heat transfer

cocfficicnt is shown in Fig. 10 to remain fairly constant with
solution flow; increasing the cooling water flow rate did,

Performance of the Pin-fin Tube however, enhance the _'erall heat transfer co-_fficient(Fig. 10).
The absorber heat load for the tube with 6.4-mm pitch was

about 50% greater than that of the 3.2-ram pitch tube for
testingconducted_t a concentrationof 62wt%, aninlet cooling LOADING COMPARISON: TEST RESULTS v$ SINGLE-
water temperature of 46°C, and an absorber pressure of STAGE200-TON CHILLER
10.3 mm Hg. Compared with the 4.8-ram pitch, the heat load A domestic single-stage 200-ton chiller would typically
for the 6.4-ram pitch was about 5 to 10% greater, indicating operate at 6.3 mm Hg absorber pressure, with 29.5"C cooling
that an optimal pitch might be between 6 and 10 mm. The water flowing at about 0.593 kg/s per tube (i.e., 9 4 gpm per
increase in heat load was due primarily to the increased mass tube). LiBr brine would leave the boiler at about 64 wt % IJBr,
flux to the spine fin surface (mass flux based on the outside but would enter the al:_.orberat a concentration of about 62wt
diameter of the undeform_ surface) (Hg. 8). Flow patterns % because of the chiller's recircuiation design. The absorberhas
for the tubes with 3.2- and 4.8-ram pitch did not show the about 230 Cu tubes, each 0.019 m in outside diameter and
dripping eharacleris0c of the 6.4-ram pitch pin-fin tube, nor was 3.83 m in length. The chiller uses a chemical additive, 2..ethyl-
any brine observed flowing down along the base of the spines. 1-hexanol at a concentration of about 500 ppm, to enhance
Visual observation revealed that for a given solution flow rate, performance.
the tighter pitch caused the film to thicken, possibly because of Testing was not conducted at these identical conditions.
surface tension effects between the film and the spines. A ltowever, testing was broadened to cover commercial
thicker film indicates a higher interface temperature and a applications; and data were collected for the 6.4-ram pitch
reduced pressure driving force, causing less mass transfer, pin-fin, grooved, and smooth tube surfaces at 7 and 8 mm Hg
Duplicate testingwas conducted with a continuous purge to see absorber pressures and for concentrations of 62 and 64 wt%
if any hydrogen outga_ing was affecting results for the tighter LiBr. The empirical data were used to formulate and validate
pitched tubes. Results showed similar absorber loads, within 5% a model mathematically describing vertical-tube absorption
of value with no purge active. (H. Perez-Blanco et al. 1993). Validation showed the model to

predictabsorberloadandmassabsorbedwithin about20%of
our laboratoryvalues.Model output wasthenusedto makea

Performance of the Grooved Tube direct comparison with the performance of the 200.ton single-
Comparisons showed the grooved tube to be the second stage chiller system.

best performing absorption surface. For the grooved tube, the The evaporator flux for the described domestic chiller is
effect of increasing cooling water flow rate was observed to about 13.3 kW/m2 and is listed in Table 2, along with mcx:lei
enhance performance significantly. In Fig. 9, test results at predictions for the smooth, pin-fin, and grooved tubes.
6.309 x 10-s, 1.262 x 10-_, and 1.735 x 10-4 m_/s cooling Predictions show that the pin-fin and grooved tubes yield nearly
water flow show the further increase in the mass absorbed. At 80% and 70% higher evaporator flux, respectively, than the
1.262 x 10-4 and 1.735 x 10-4 m_/sct-x_lantflowsand a falling single-stage chiller. The level of subeooling is higher for the
film Reynolds number of about 150, absorption was enhanced vertical vs the horizontal tube surfaces, probably b,,.'causeof the
by about 125_ and 175_;, respectively, of that observed at action of mechanical vschemical mLxing The prcdictir_nsdo not
6.309 x 10"" m' s. Increasing lhc. ct×-,ling_ater fh_v,'reduced accr_um ft_r the effects of non_c,ndcn-._blcs,n_r the effect {3f
the heat transfer resistance from the cooling water to interface, pressure drop through an absc_rbcr tub: bundle. Both of these
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Tablc 2. CAI ('IJI.A'I'I-D Ill-AT F1.UX FOR VI:.RTICAL-TUBF. ABSORBER t"OR COMI)AR1SON
WITII 1IOI_IZONTM.-TIII31" COMMF.RCIAI. 2(X_-'IONCtlII.I.I-R

(X = 62 v.1%LiBr,P_ = 63 mrnHg,Saturated

ill=0.03646kgJs,ria= 0.593kg/s, T,,= 295°C)

Evaporator flux Subeooling
(kWlm2) (°C)

Model

Smooth,roll-waves 10.I 13.0

Pin.fin,6.4-rampitch 22.8 9.6

Grooved 19.5 10.0

Ctxmrcrcial chiller

200.ton single-_tage 13.3 3.9-5.5

effects would reduce the performance improvements seen in across the film and increased the mass transfer. Experimcaa
Table 2 for the pin-fin and grooved tube surfaces. However, the and flowvisualization helped to confirm this theory.
results do show that the mechanical film mixing induced by The pin-fin tube with 6.4.ram pitch increased the mass
these two surfaces may enhance absorption to levelscomparable absorbed by about 225% over a smooth tube. A gr{xTvedtube
to that of chemical enhancement, was the second best performer with 175% enhancement over a

Cost becomes a significant factor for mechanical vschemical smooth tube. A synergistic effect was achieved through an
enhancement. Advanced surfaces in single.stage equipment increase in the cooling water flow rate combined with the
would not be cot,t ¢ffecti,ve. However, in applications such as mechanical mixingoccurring on the grooved tube. Performance
high-temperatureLtBr dual-stagesystems,theuseof advanced wasabout 3(X)%better than that of a smooth tube with the
surfaces would eliminate the uncertainties of controlling water flowing at 1.893 x 10-4 mS/s.
chemical additive concenu'ation in the system and the potential Results indicate that absorbers made with eithe, the pin-fin
breakdown of the additive due to the higher operating or grooved tubes would require fewer tubes and/or shorter
temperatures of the system, lengths than absorbers made with smooth tubes. Thus,

performance could be improved and both material and
headroom space could be saved, yielding a more efficient and

CONCLUSIONS cost-effective absorber.
Testing wascompletedonsmooth tube andadvancedtube Resultsalsoshowthat both the pin-tin tube with 6.4-ram

surfaces for LiBr brine concentrations of 60 through 64 wt%. pitch and the grooved tubes potentially can enhance the
The absorber pressure was set at 10 mm Hg, representing an absorption process to levels comparable to a single-stage
11*C evaporating temperature to complement workconducted commercially available chiller ha_ng horlzu,;tel smooth tubes
on the DEACH residential system (DeVuono et al. 1990). with a chemical additive.
Testing was also conducted at absorber pressures of about
7.8 mm ltg, representinga 7'C evaporatingtemperature,which RECOMMENDATIONS
is typical of commercial application. Water temperature was set The pin-fin with 6.4-ram pitch would support a slightly
to 35"C to simulate load rejection to a cooling tower, and to larger evaporator capacity than would the grooved tube. An
46"C for load rejection to a dry coil. economic analysis is needed to shcnv the cost effectiveness of

Advanced surfaces were identified that enhanced absorber the candidate surfaces. Also, system reliabilitywould become an
load and the mass of ab_rbate vapor. Test results prove that issue if the pin.fins _'ere to break off and cause damage to the
enhanccmcnt of the absorption process can be achieved by solution pumps.
inducing a mLxingin the solution film. Because the dominant It is recommended that further anal)_.isbe done on the pin.
concentration gradient occurs near the interface, film mLxing fin and grcxwed tubes to best optimize the surfaces for falling
induced _condar), flo,,_sthat reduced the diffusional resistance film absorption and to test them at higher operating



temt',cratures typical of pr(_t(_lyD.'high.temperature l.il}r dual- DcVu(_no, A. (L, ('hrlstcns.cn, I_,. N. l_nd,,lr()m, 1). K.,
st;Jg¢ cquq_mcnt, kt',,Lflt.s could y_cld a surf;ice that enhance.,,, _'Jlkln_)r,, W. l l., and l,_._,_n,W. A., tg(X}, "l)c_cl()pmcnt (_f :t
absorption by the _n_e order as chemical enhancement, thus l_,csldcntia_ (;as-F_rcd l)(}uhlc.l!ffc_:t A_r (:f)n(l_t_oncr.
eliminating the problem of additive brc_lkdov,,n in high. llcatertlsing V,'_tcr a_;d I.JthJum l_r()mldc,",,1.';lll?,41: /rm_.,
Icmpcraturc l.il]r ._.'slcm.,,. Vol 9(_,lq. 1.
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