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MEFKEE THECEY OF EVAPCRATIVE CCCLING

frcf. Lr. Engineer Habilitatus Wetner Heéeussler, College of Science

and Technology Karl-Marx-Stadt, Heat Ercincerirc

e THE PROBLEM CF EVABCHEATIVE COCLING

The increasing water shcrtage im a1l irdustrial countries
frecludes tae use of fresbhb water fcr cccling, with its subsequent
discharge into the envircnment fcllcwirc heatirc in the heat
exchanger, in all bkut excepticnal cases. The need fcr fresh water can

le reduced tc a few percent if a conversior is made to recirculating

4
m

cperation with cocling ly ecvapcraticn ir accorcénce with Fige 1.
design ot the appatratus which is necesseéry fcr this is complicated
cecneideratkly by the fact that nc clear exctange surfaces in the seuse

¢f the thecry can ke defined fc¢r ccupled hest crd mass ftranster
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tetween the circulating water

ard the asbiert air. For this reason

exjerimental research is frcrinernt.

In power—-generating technclegy up tatil mcw the "cold" end of

the prccess bas received less

steam generatcr and in the tur
cap bte improved just as effect
cptimizaticns of heat
surmary is given below cf the

area c¢f evaporative ccclings

FRCEESS

Luring flow througbk a ceo
exterral air picks up heat and

circulating water and therety

an additional coolirg cf the w
terperature cf the a
SuUIrgtising. The interactich of
seen ip the

hy,x=diagramw in whi

representaticn. Thercky a dire
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iEput and
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¢s. The superpositicn ¢f ti

C

(

ttenticn thar the fprccesses im the
ine, altkougk the enerqgy conversichn
vely ty cclder ccoling water as Lty

exparsicn c¢f the working medium. A

1¢st recert state cf research in the

B25S THEPESFEEF LCURING THE EVAEFCRATIVE

-

1y apperatus as in Fig. 1, the cclder

B,

rcisture frces the sprayed or sprinkled

i
~
e
m

ite stete frem Ly, Xys By L6 Yo,
€ necat srd mess transfer also effects
ter if its temperature has dropped

t, which tc the cbkserver may seen

toth trapafer prccesses Can bhest be

h the erthaljy L and the moisture
ccrdinate axes c¢f the obligue

t view results tcr heat and mass
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trensfersa

Fcllowing the
there shculd also t
crder to facilitate
tranches of science
calculation is alre
refrigeraticn techn
still preferred in
the overview and gr
which can be easily
research. A diagran

raterial values renm

A pcundary lay
transfer, is accept
during re-coclipng X

CE€ateéd on tne surl

€egquilikbtrium state is

acccrdance with Fig

Fcr ccnpvective
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internaticnal adcpticn cf the h,x-diagram [ 1]

¢ mcre vigorcus use in tke cccling tower sectct in

the exchange ¢f researcl results with cther

and technclcgy in slkick this Lkasis for

ady emplcyed (air ccrditionirg, drying and

clojy). The tatular 1epresertaticns which are

the "cccling tcwer regulaticrs® [2] cannct achieve

aphicness of the h,x-diacras, the readakility cf

matched tc the limits ci errcr ¢f cooling tcwer
with interrvationally reccocgnized format and

1:ns a werthwhile gcal fcr future develcpmert [3].

€r temperature 6, determinirc fcr heat and mass
€d fcr the prccesses in the water trickling dcwn
n acccrdance with Fices 1. Ar equilibrium state is
water anc the airt rarticles assume tthe
water vapcr partiel presscre becomes equal tc
sure ®»s at 0. Therefore ir the h,x-diagram the

fcund ¢n the saturasticn lige # = 1.0 1y

lleat *trancter ¢ ltetween tle water and the ait
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the faniliar relaticnshifp 1s valid:
(1) gx=a(®—1)
with o for the heat trapster nusker.
The gquantity of water &vapcrated 1s expressed Ly:

(<)

s in this case 1is the s

ccuntent of the core f1

The "air number"

(3)

as the ratio of the volume

cf water m; o has a detern

tenpe Ty

Iat L«

cuantities

(@ 1 ¢
unchanges

stat cf which A4 @®, zs

cuantity of heat @ is

saturaticn

attainatle

lie

transfe

my — 6 (Ls—x)

cecntent et 6 and x the mcisture

15 the€ evapcratich rumber.

)_:n%

ct air passirg thkrcuch %= to the vclume
ining effect on the final water
during re-ccolirg. In the case ¢f large
tate L (ty%) in Fig. 2 remains practically
a clear ccoling ¢t thke water, the entry
€ atcve the air temperatura so that the

) o tc the air ccnvectivelye. In B the
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tenpreratures are ba

(7]

reve s direct

GIE €O

+

Fcr the mass

the difference in f

s cn the bcundary

greatest in state A

remai unidirected

ns

the rzight dn EBigs 2

(4)

esults the pr

ye
i

evapcrati B b

+al

vajcr

the interac

quantity

yat input

Subsegue

its he elease is

sugply the heat reg

telow B

cccling

does

lanced (P2=% @& =0) yiile ir C ard D the heat flcw

icn and rcw heat is trarsferred increasingly frcm

ccler water,

ransfer >cording tec Egws (Z) the driving foerce is

ha cChtent Let&cen the =aturaticn state

lay ¥ 0 *the core flcs &f the alr. It is

n

and reducc threagh B; € tc D« The mass flcwu

teck the beundary leyer tec the alr das 1s shcwn cn

The necessa recuirenent for evagcraticr

qy — rh,~r

cduct ef my accordirg tc Eg. (2) and the heat of

surface temperature € whbich can be takern frcr

ti0n © heat and mases trensfer the water in state

L

ct heat ¢=4qx+ar tc deliver if there is nc

s

» thus the rccess proceeds ediatatically. The

ntly cccl ang even after reaching state B(gx =0

not yet firished sirce it still has to ccmpletely

virement fcrL evapcraticr g <« Only tollcwirg

1€ DCW walrfter ait tc contribute to the

begin
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heat

cf evapcration, respectively, can the keat supply of the water
¢g=(@v—qx) decline, state C. The mcisture ccntert difference @s—2)
has simultaneously Lbeccmre snaller and leat Znc¢ mass tlow aLe ncw
Cipcsitely directed. Firally a bcndary state is rcached in which the
teat supprly from the air just suffices to ccmpersate for the heat cf
evapcration: dx=@v . Ttkis state is called &n eciabatic steady state,
it correspcnds to pcint L[ ir Fig. <2 anc¢ mears thkat the water is not
giving cff any more heat: ¢ = 0. In L[ 1s tle lcwest temperature tc
which cne can cool water with air c¢f a freessicred state. State L is
therefcre alsc designated as the "ccclirg limit.n
Alsc valid for rthe state oi adiatatic statility are
gk =gy =tpr
a(f —t)y=o0(xs—a)r
(%)
L e
o (D1
Experimental grocf fcr the relaticrshigs éecccrding to Fige. 2 was
cktained by the authcr using an evapcrgticr test stand and
reasurement cf temperature prcfiles [4]. Tle investigations cf
[ienelt were corntinued tsing Lketter eguipmert {€]. In addition, at
the present time in the mechanics lakcretcry ¢t the College cf
£c¢ierce and Technolcyy Karl-rarx-Stadt partial jressure prcfiles ate
teing recorded [6]. In Fige ¢ the temperature ard partial fressure
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frctiles are schematically represented.

The adiabatic stakility state [ is atteined in the cocling tcwer
fcr X = =, In the case ¢f grartities cf water wltich are large in
relaticn tc the amcunt c¢f air fasssing thrcugh the system, i1.€., A =
C, the kcunrdary layer state (#,2) <¢f the ircotriry water rerains
urcharged and the air state I ig¢ drawm to it rectilinearly. IR
fractical cperatiou cne strives ror the lowest possible cold water
terrerature e but hardly gets belcw E sirce the air thrcughput and
the exchangye passages are limited. Fcr en evalvéticn of the total
freccess and its latcratcry sisulaticp it i€ aprerently necessary tc
ceterumir nct only the iplet states of the sir and water but also
their cutlet states.

« MEEREL THECEY OF EVAECEATIVE CECLING

The classic work 1n the area cf evepcretive cooling was dcne Lty
Yerkel [7] as a dissertaticn fcr hakilitaticn &t the College of
Science and Technolcgy Cresdens In it he veed the relationship

S=c
|&) g
which lewis [8] derived thecretically vrder the assurption that there
is no terperature gradiert present in tles vater, i.€., thete 1is an
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|
adiabtatic stability D in acccréence with Fige 2. ¢ in this case 1s |
|
the specific heat c¢f the mcist air. :
Through elementary heat arc mass talances ana using Ege. (€) and
certain simplifications Merkel errived at his fundamental ecuaticn
(7) mwdtwcw=(hw~—hl)dA
Here My is the enthalpy c¢f saturated eir at tlte vater temperature
& amd M is the enthalpy of the air in tlke ccre flow. The
: 9
relaticnship states that the heat lecss ¢f thke seter depends cnly cn
the epthalpy ef the air, tut nct, hcwever, ¢n tle temperature t and
the mcisture content X.
¥erkel's fundamental ecuaticn has entered the internaticnal
lJiterzture and is geunerally used tcday for the leat-engineering
¢esigring ctf coclinj tcwers, FcL evaluating measurements one ccrverts

A tws dt
o. cy diy
K.-_—f_—:[ Lidi 88
(&) i T

twa
ke inteyral is solved usirg ar apprcximaticn
crangevacher [9). Tle Jdimersicrless explressicr

the evaperaticn numter and it characterizes

pethod, e.gs., aftel

Ky is designated as

the ceccling capacity cf a
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Merkel attempted tc ccrfirm his furdamentel eyuation
exgperimentally, whereby he was prismarily ccrcerred with checkirg
fewis® law, Eg. (b))« His test Fesults are scatlbered in a wide range.
1f they are plotted so that
(€a) Z=a-?:p,
represents the relationship ¢t the driving jotertial Az=(zs—2) tc At
= (6-t) then there 1esults & wedian curve with & surprisingly sgall
spread which permits one tc presume a ccrrelaticn of the Z-values tc
the pcsiticn of the charge cf state in the h,x-ciagram. The tests are
tc ke arranged between 2 and E acccrdirg te Fic. 2 and disglay
7-values > 1.0 with an increasing difference ir comgarison with Eq.
(6) during +he apprcach tc E. Luring tests cn air washers kelow D, 7
also resulted less than 1.C, while in tte state ot adiabatic
stability Eg. (6) cculd ke generally ccrfirmed.

Ir spite of the ursatisfactcry experirental recsults acccréing to
Fig. 3 Merkel made * tcld statement trat Eg. |S) and (6) are
(Cnyl&*sly valid in the wcrking range cf ccclirc towers. This
ftcvcked the oppositicn cf cther reseaichers.
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In deriving the i

glificaticns were alsc

tundanent

padac q

al equaticn (7) tlte fcllowin

a) the temperature dref in the water 1is disregarded
L) +he evapcrating guantity cf water mr is disregarde

¢} the heat of evapcration r and the sgecific heat cx
rocuced as mean values irdegendent c¢f tegpereture.
In later works the effect cf these approximaticns was

urcertainties in vthe dete
were pcinted ount. A final
crding to EFig. 3 was attal
KECEN STUBIES QF MEEBREL™S
The publicaticn by PFKerke
ther invastigaticns Cf the
ried out in Germany énd ti
ch have not yielded unifcrm

has nct &

curve in Fig. 3

rvinaticn ct the state of the

e the relatio

ned with 1

BEGCERPTIVE COOLIN

1 {7) artocvsed z greater numbe

vapcraticn piccess which we

€n increasincly ir cther coun
m results. In particular the

isfactcrily clarified.

l']

(ty = ?) v

d,

ar €

exarined

€Xnaust

nehigs

G

L Of

re first

tries

ceurse
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An analysis or t
rade in recent years
fraunschwely (FERG) ar
strongly contradictcr

fcunded on their own

klenke [10], in

aecording to Fige 2,

e

and water cool off,

syncnymcus transfer,
the heat lcss of the
heat ¢f evaporation
ccrvectively frem the
Cppecsite transfer ornl
water, and the convec
rartial condensatior
[ 5] eentradict this v
theery that for Tt « @
cf evaporaticn and ti

cepnstant change of th

transfer ccnditions t

11

he irternational ctate of development has keen
in twe dissertaticrs; cne work by Klenke 1in

I d wmerk by Mehlaec 1a Erescen (GER). The

y thecretical statements cf Lboth authcrs are nct

measurements.

the tctal rrocess cf evapcrative cooling
ditterentiates "syronymors transfer" (t > 6, air

oughly state €C) ardéd "cgpcsite transfer"™ (t < 6,

er cools off, regicn A aprricaching B). While fcr

in agreement with the considerations cf Fig. 2,
water 1s the difference Letween the necessary
gr ana the heat which 1s transferred

air 4x , acccrdirg tc Klerke, in the case cf
y the heat ¢f evapcraticr is supplied by the
tive heat lcss tc the sir takes place due tc the
of the formed vapcr. Tke wneasurements cf Cienelt
iew and ccnfirm the assumpticns of Merkel's

. the flcw cf water has tc supply both the heat
€ heat lost tc the air ccrnvectively. With a
e air tcmperature end rearly ccnstant mass

he heat lcss cf tre water changed in the case cf
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cppesite transfer. Klenke rejects Merkel's thecry and the Ke-methods
derived frcm it but considers Merkel's geasurements to be valid and

atterpts tc clarify the ccontraaicticmns in F19. I using a new thacry.

In contrast to thie Mehlig [11], ir acreenent with internaticnal
exprerience, considers Fg. (7) tc he suitakle fcr rredetermining
changed coperaticnal and design ccnditicrsS cf cccling towers frcm test
data and has come tc grips with the ericr pcssitilitises wkich arise
frem the sipplificaticns peinted ot at the end of Section 3 as
cceparcd with an "expanded fundamental equaticr" (derived taking full
acccunt of the cutlet ccnditicns fcr hest ard mess transfer). He
cstimates that with Eg. (7) the K,—values, cn &8n average, are

calculated 12 o/0 too léw, But im practical aprlication the errors

o)

are ccrpensated for to a great extent by thke dctkble intrcductice of

the fundeamental equaticr.

According to Meanlig the discrepancies fketween theory and

raced ftack tc inaccuracies in

e
M
4

experiment according tc Fig. 3 car

the measurements and evaluaticns by Merkel endVpcints out imn

rarticular the uncertainties which ccwre intc play as a result cf

jeternining the exhaust state usging a lLteat talarce.

Fcr final clatrificaticn of the relatiornshiis, in the mechanics

lztcratery of the Ccllege cf Science anc Technclegy Karl-Marx-Stadt,




after sutficient experience hadé Leen accuired with measurements cn
caolirg installaticns thrcugh ccntract research, a test installaticn

was ccnstructed whecse mea

m
=
=
C

secticr was ncdeled to a great extert
cr the arparatus used by Merkel but which ccnteined significant
improvements for the regulaticn cf stakility stéetes and the

1cquisition of test data. Special care was tse€é in deteramining the

Fiye. 4 shows the schemetic ¢t the instellaticn. In order fcr the
test szeries tc te incependernt cf tle armliert air states (terperatute
and mcisture content) and air washer II1 with preheater IV and
afterbteater V was installed in frept cf the messuring secticn I. The
final inlet temfperature was ccutrolled ty thermcstat 3 and kept
ccnstant. 1he quantity cf air wm; was cetermired with the stancard

arerture 16 followiry a calming secticr and was blcwn into the

cylindrical transfer vessel thrcugh an anntlar channel. The

cwperature t,; wos accomplished with

-

reasuremcnt c¢f the supply air

the resistance thermometer 1 the reading c¢f which was checked with a

rercury thermcreter 2. The mcisture cecrtent of the air x; was
deterwined with the psychrcmeter S and additicrelly with th

tygroeneter 6.

Frior to determinaticn cf the exhatst state t,, X3 of the air

the ertrained water drcplets were ccllected ir twc drep separatcrse.
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The exhaust air temgerature
thermcmeter 7 and checked wi
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r« ¢f Engineerirg B
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ted in his cwn works
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states neer saturation
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a
u
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rn
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e
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tihe ccld water temperature
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tc Fig. 3 and between
Mehlig. & significant
Ir this represen

Z, mwmeasured by him a

ceoridinates in Eig. 3

reasurcd values

SELVES ag that

proof

tests to be completel

cf €vajcrative coola

successtul,

The marked

can te traced toc imge

particularly in the d

heat talance, and 1in
cf cocling tcwers MWMer
re—evaluating accepta
designs, and as such
cne must agree witt
sirplifications made
Fave 1ngenicusly made
[ICCesses accessibly

aEe «

lehilig

the thectetical statements of Klenke and
result is shewn ae Fic. Eq
taticn Abdel-~Hamid has plctted the mean values
ccicrding tec BEge (€2y, with transpositicn cf the
. In the range cf PFerkel's tests the new
oncentrated betweer Z, = (€.B to 1.0. This alsc

Klenket's prccedure [ 1C] cf ccnsidering Merkel's

y valid, tut rejecting his fundamental equaticnh
g and cppesing it with a new theory, cannct ke
ticns c¢f Merkel's test values from Lewis' law

frcticne in the

L ]

enplcyed measuring methods,

eterminaticn

cf tke exlaust state by means cf a
the evaluaticn fprccedire. In the operating range
kel's thecry rerairs ar apprcpriate method fcr
nce tests to cther conciticns and for mraking new
it has prcved itselt irterraticnally. Therefcre

¥yt the

(11 ¢t} assurpticns and

hi

by Merkel in develcping ¢ tunilamental equaticu

the intricate leat anc material exchange

calculaticn.

C
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S alsc shcwes tests which were made irp the range t > 6 and

which therefcre yield negative values ftcr the rétic Axs/At. This range

is imgor

corditio

tant for the prccesses in the air washer cf am air

rn
=)

ning installaticn and in the US farticular attention has

feen paid to the guesticn ¢f wky, in the state cf adiabatic stability

[ according to Fig. 2, lewis' law i1s gererally ccnfirmed and

catictfacrcry agreement tetween thecry end experiment can also Le

—

€estatblished in regicn &, Lot in intermeciate stetes, however,

éifferen

n

181 =sunm

tn

terperat

included

letermin

in

ces cccur which cannct be cverlcokec. PFcst recently Kokcrin

imentel méterial.

"

marized the existirg exre

ce research is glsc keing ccnducted on the air conditicning
in the department cf heat engineerirg at the Colleye of
and Technolcyy Karl-Marx-Stadt, tests with the air
ure above the temperature cf the sprayec¢ water were alsc
irn the precgram ty Abdel-Hamid, after Schreiber [ 16] had

ed the Z,-values stown ir Fig. 5 usinc an air washer. The

ccurse ot the curve is cualitatively ccrfirnec end points cut tlrat

unaec the

transfer

-

se conditicne the analogy is nc lcrger satisfactorily

ds The ratic Ax/At = <0.H4 Cerrecpeocrds tec adiabatic stakility;

easingly negative value c¢f the 1atic irdicates a change cf the

ccnditions thrcugh € toward B.

the framework ct his jirvestigations Atcdel-Hamid [ 14]




develcped an additicnal iwmrprcved
@FfrLOofpriate mean values Az, ard

cstates of the air ard water are P L
can be made, however, akcut the ig
state cit the air, which wculd yern
rezn value. Fig. 6 is a schematic
changes cf state of the air (1 tc

F,x-diagram.

In addition he investigated r
tw=9, and fcr labcratcry studies
ccncludes that the water distrikut
structure must lead to cimilar dro
in the inlet shculd cecrresgcnd tc

states of the air should maximunly
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Fig. 2. The interaction
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