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APPENDIX B Bstimation of the magnitude of radlant
~ heat exchaiiga

Part of the radiant energy being transmitted between
adjacent wet surfaces 1s absorbed by the non-luminous
medium through which it is being transmitted, namely,
the moist air. This absorption comes about because of
the water vapour present in the air.

The water surfaces would have an emissivity of 0,96 and
may be conaidered as black hodies. The moist air has
an eguivalent emissivity which is dependent on the
water vapour pressure, the total pfessura, the tempera-
ture and the mean beam path length of the radiation.
The moist air emlssivity may be estimated from informa-
tion presented in a number of texts(49r72!73}, the
basils of which is summarized in Figure B.1,

Three different geometries of direct-contact heat ex-
changer dre consldered. First, a fluted type ¢ooling
tower packing with a characteristic dimension of 20 mm
{the wetted air passages may be considered as small
ducts which change direction every 300 mm in a zigzag
pattern; see Chapter 4). Second, parallel corrugated
sheets spaced at 100 mm {(this i3 & simple film~-iLype
packing with a large spacing). Third, an open sgray
chamber. These three conflgurations were chosen in an
attempt to cover the widest range of possibilities.

The radiaticn interchange betweea the water surfaces
and the molst air is given hy:

& = o c (.Tws;‘ - T ) : (8.1) .
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Alr emissivity (€a)

0'20 T T 1 1 ]
0,16 =
0'10 > -
0,05} i
y
0 [] 1 [ ] i ] L i
_ 1,0 2,0 3,0 4.0 5,0 8,0
Water vapour pressure x mean beam path length
' {kPa x m)

Figure B.1 Fomigivity of air due to watex vapour,
valid for temperatures from 0 to 50 "C
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which can be simplified(29) to:

& = B ( tyg =ty ) : (B.2)
where  Bp = 2,3 x 107 ( 273 4 by )% 6 (3.3)
or h, = ¢ o  for ty, = 25°C (B,4)

The form of Bguation B.2 is identical to the normal
convective heat transfer eguation and the value of the
radiative heat transfer coefficient, by, may be compar-
ed directly to the normal convective f£ilm coefficient,
b The values of these coefficlients for the three
configurétlona being considered have been calculated
and are given in Table B.1.

The raties of the radfative to convective heat transfer
- eoefficient have values of 0.3; 2,87 and 0,4 per cent
for the three different situations. The value of 2,8
per cent applies to the parallel corrugated plates; in
fact, this confiquratirn was choaen as an example in an
attempt to maximize this ratioa.

It may be stated that the value of this ratio will al-
wdays be less than 3 per cent but normally around 0,5
per cent. Thus, the radiant tranafer is small when
compared to the convective heat transfer, which itself
is psually small wheh camparad to the total heat
transfer.



Table 8.1 Comparison of the convective and radiative heat

tranafer cbeffi:ients

E,¥ (3538 ¥
TEE |sota i
3% § i3 gl c3
R beg g
e SE Lo ¢
N o 3' 2
Hoter vapour partial pressoce tkBs} fa} 3,2 3,2 1,2
Hean beam path length (m) D815 {b} | 9,19 (e) | 1.B (d}
Molst «kr emissivity ' 4,01 (e} 0,05 4,
jHadiakive hoat transfar cosfficiest {W/n2 *C) (£) 4,06 5,31 1,20
[Convective heat Eransfer coefficlent (W mZ *C} 2 {g} 11 (k) { 300 {§)
Ratio hefhe (1} .3 | 2.8 a4

Hotes far Table B.f2

A
b.
- M
d.

a.
£f.
g.

h.
i.

Por an air condition of 25 "C ;saturaﬁg] and a baropetric pressure of 100 KPa.
Taken as 0,5 x diameter [nee Ao Adaos la .
Taken ax 1,5 x distance between planes (ses He Adan={49)), I
Sitvation has been approximated to s spherica) gas ghape [see Blehm{2Zl),
Valoe has been sxtrapalsted from publisaed data (see Me Adansid?l), .
fuleulated at an average temperaturs of the air and the water surfaces of 25 *C. The valuae
should be increased by 27 ger pent or decreased by 23 per cent if the average temperature
is 50 °C ¢r 0 "C reape-tivaly,
dpproximated to Flow inside pipus with 3 o/5 alr velocity [vee Mc Adamald9)),
Caleulated for dlr velacity of 3 m/% and equivelent diameter of corrugations of 200 mm.
Surprisiagly high zv&.}ue 2u¢ to the high relative velocity between the drop and the air

Y. ’

streee {see Bluhml

- vee
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APPENDIX C Listing of computer program uzed to
simulata the performance of cowr ~arflow
direct-contact water—air heat : nger
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R T T e prevererees)
1
i SIILATOR FOR BIRECT CONTACT CHUNTERFLON NATER-AIR WEAT EXCHRHEER

I H S H A HEE RSP
i Tglg llsilng bas been stripped of all inputsoutput and iteratice
stateesnts

1

i

P

: Nain loop starts here
i

I

l

ERHEEHH AR AR IR F R
Loop to calcelate Tw_out and Hw_out fros e knewledge of inlet air
, any water coaditicss and flow rites

i L T T
: Laop over K strips of tower

Preasure=Pressure_ivlek-i}-1}/Rabelta_pressora Praswra it
BRBUE Spalding ‘I:alculata Dew imass transfer},nelta_q Ihaat grlnsfarl

ﬁ:hrnutﬂggh 1n+nm|!!|a 'igparent specific humidity, ¥y at sutlet of
str
Enthgi ¥ nﬂhn tot/Ma+Enthal y in ! Enthalgy at uutlet of stnp
Tdb_cut=TEothafpy _out~ksh_ou iﬂsmli.ﬂs& sh_ontH,BY

tulb at dutiet uf stnp

' Test tor foggin ? .
' Calculate Klgat! at Tdb_out and coapare with ¥ _zut

Esat=FHEsatﬂdh rutl

ich sat—.&!‘ZlEs'U {Prussyretsat)

IF Hfog)® THEN 313

IF Ash_ont{=Ash_sat THEN &98

Tdb_saf=Tdb_gut™ ‘First guess for Toh nut if saturated

E=Ak nut*PnssureJ{ £22+hsh_out} Wapor rsssure if no feg
El=Ash_ou! IFyist quees for naturated at Tdb_

F:rst fnnnvﬂalEnthalpy _inth_tob  TéeHE

‘ \\\\\\\\\\\“\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\‘\\\\\\\\\\\\\\\\\\\
; ! Lonp for correct Twh,Tdb if fegying accurrs

Edn, 41B36EXP 117, 274T6h_sak /{237, 1+Tdb_sath)  !Saturated vapour

pressure at Tdb_sat
EBdash=EB23} . 3847, 271 257, Sdeh satl“?
fi7=, 422468/ (Pressure-ERl  'Saturated ¥ at Tdh mal
Hi=1.Ba5eTdb aitf(ZEﬂlil E4#Tdb salliﬂ? 'Buess for Enthalpy_eut
¥3:nq DCEUrFE

Ber_funcrhad?+{Nfe +Il|1t+i|allﬁsh m-h?l'lﬂdﬂ?i h_gat
Sec "fusc=Sec_func-M E:E b in

Dash ?-.622ii’rnmf Bdzsh/ (Fressura-ER}A?
F-Bar. func-First_§
Faashedaell, Iﬁﬁ'{"iﬁllﬂ aRETdh rsat}lﬁash T41,B4aish)
Fdagh=Fdash# iffo +Bm+lhllhsh T-AN 1 ob, THT-Ha¥d, 1073lash TeTdh_sat
%5 g?iF:gﬂashl{ E-B THEN 538~ )
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Tdb_sat=Tdb_sat-23 'Tdb_out if saturated
BT 396

D afo ﬂllm-Hallﬁsh o1
Han- n?

Tdb _outsTdl sa
Tuh nut—T"lh Tt

'Kpss of water vapour due te Fogfiing

uk2f?
i EntEaI g\f _outshy

d of lneg far fo ﬁ a
\ \\\\ LA UL LA T L A A
uibh  'Celeubates Twb_out iF ne fogging
nut"Ent “ aut=Ash_out#Cu¥iwb put
tu'“:lﬂl‘ltﬂﬂ FHB Lot 1T ({NwsGan) £0w)
I}elfa tu=Nan ty=Tul15T}
Tw(t+Ti=Ren_Ex
Hic_n=ytBen ™ IWater f1ow in next strip 1a actually IMLET
water flaw rate to this etrip
! Prepare for mext strip
Tdb_fn=1dh_sut
b7 fn=Twb nut
Rshin=fsh 2
Entﬁal By.. m-Enthalpy aut
Bigu _1N551md aut
ewer=R_toner+H tot!

Bite_cons=Fua_sens¥d_sens 'gup of sensible heat
tatELanhdatdi m iLatent heat
Sua_lat=Sus_lat+lat

Sul ~fog=5ua fog+Lmda'D_lNg \Eun of heat due to fegging

' F 4w Laop avor §

i HhHHHHHH!HHHHhHIHJHHHIHHHHHH Hi
H 1 Héeyg to air stream

T H!ngl!mll-ﬂfu 4Tdh_gut}: Ne

[T r ok | tonar-Kép !‘c wtidb_out™

[E TABSATHES )=2wi e, 0RE5) MTII MBSIN;-HIII(:BHBEJ THEH{frint_,rzsuit

error for
Th_orrar=Thi-TniT) 'Error in witer temperature
i error=ui-fe 1Errar_ln watar tlod rate
Tid_guesawTwe_guess<Tw_error #Errer Factor 'Mew quess for Twn -
Huu wotH_errer tKaw quass =ar Mho

' End of loap for Tw _out dnd Hu_sub
M+{~+-H+H+HHI-++T+H+H§+H¥++HNH-I-HH-I--INMNGH!-H%&HH

-'Eduflain

E Hlil‘!lIlllgﬂillﬂﬂll_llllllIIIIIHHHHIlllﬂll“lilllﬂil_llil
| MBS H T LR L T
L
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lﬂlg U S RBE RS AR R H AR E R R LR E IR S R R L R EEVE RV FRR LI EY
a2 !
{ggg SEalﬂinga' Calculates water properties by method of Spalding

1854 f=1  'Rer water tea;s ie m!ed THLET t!lp far this strip

186 Tijus (Tl ¢1db erature of fila

1879 Ews-.blﬁSiE!P{U'?I*Tn(lH '[!3 HTN[IJH 'Eatllrat!d ¥agbur
pressure of waker surfact

1688 Esatd=,41B5%EIP 117, 272Twb in/1237, 3+Twb_int) 16aturated vapour

pressure at wet bulbk

1554 Eair=FME{Tub in,Tdb in Prnlsurel ’Va?nur pressure of air

1198 Ffite=,61056E0R117, 274 I/ (237, 36TH 1nh)”  ‘Saterated vopour

pressure ak Film tesperaters

0 fsh_ftln=, 622¢E8ital iPrassure-Efifal Tapparent specific humidity, W

1120 fish we=, 6224Eya/ (Preasurp-Eys

1138 Bighz_ws=1. EBEII‘MIHIZSB]-! 3I?ﬂu{ll1lﬁsh us 'Bigaa heat water

i

{48 KhZo_ws=, 422¢Eys/ (Prassure-,37B3Ews) ! I Ka H2{HK YRIR TSHus

1559 Kh2e infe, 622iEa1rftPressure-.l?IllEnrl 1 Kg H20/%q VAIR TSRint

ilad Lalhialiﬁﬂl'i. a1 TuiX) ateat hea

(1¥'] Lpmit.B05%1 . 4hsh hll]i(Pressufa-Ehlu HPr?En:rei. SEBlEfilll
kg

; Filn

1180 ¥e {57 TABTHiLn) BLE{-0) IFile conductivity “

119 Diffusyvitysl, STOEEBM (<2} RITHi 104273, 15140, mIPressur 8. a dift b
iln diffusivi

208 Ra_file={Prassure-,5792E¢ita) /1, 28734.’&{2?3 151-Tf-illil kg vairin® 35‘

Ha LeRts=1CpH1B0gshg FilniHusavi Ly/RIA2/3)  Hiewsie o

249 =105 01-4n20_ mfl‘!(l'- #hao_nsl b 'Hass trangfer driving ferce

234 Daw=le_a/¥elen i Kase trans ko/s

248 _senwilic_a/Nk Tnlli-ldh i ‘Suns:hle heat added

259 n"tnt=ﬂ _sensttanbdaEdey " H1atal heat added

RETY
278 i | eSS I E TR B R B SR R G E A P M ER R F H F R
ggg Het_ht;llh'.' Calculates Twbp_l fros Ash_n )

314 b _guesssTab_ia
320 E- Etwa _u2as, Tdb_out,Pragsrel

b .
3P F=1'|5h untiFHPrnmrn-E]
350 Pdagha-,5276F KD Tuh uu!!a,ru‘b aut Proseure) #rpssare

360 de‘Fdash!tFra!!ure— ]

b 1) outaTub_guess<F/Fdash

388 IF ﬁBSlF!Fdashi(i.lE-i THEN 14(8

198 Twh,_quees=Twb_sut

g8 K10 1324

i

435 l B R S R R E AR TR R EA SRR E L R TR R

455 1EF FHEH(, ! '.'apaur pressure  kPa

At Esat-.tlasexptxr 27047 (237, 341

;s 555, 2, AG5eHH1, G5ED1-PrL, ATN{I1-H) ) /{1555, &4, 1 594D-1, 5V0eK
“Exatt, 143 DR} IP

St

FHEND
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}ﬁg b B T B
1336 OEF FHEsattH' : Saturated vapaur pressure  ¥Pa

154 Esat= S1BUREXF{LT 2748/ (237, S*Hll

1338 RETY N Esat

563 FRERD

SBB i SR R N S E L LB S B LR A LR
hﬂl DEF 'Wlelﬁ 3P ! Flrst derivative of vapour pressure

i Esats, alnsiElPu 1, 2T 3R )

628 DERLETY, b G- DG Esabic, 4 071,04, 2000- 6N EFRDESAL I 28001
R ST A e I

68 ilel 37146, 0= N1 %2

&4d

g

553 ' FEELEHE R R S B B RS R R R R E L
%9 DEF Fllhsauﬂl ! First derivative of oaturated vapour

Fegalre
1788 ﬂ!sat!.ﬁlﬂSil11237.3+ﬂl*11.2?-1%.27*I?!|23?-3+H}‘2}
71 Besat=Desat SEXP (17, 27/ (237, 34M))
120 RETIRY Degat
136 FNEND

174 [
175d b OB PR R R T L S B R SRR R E R
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APPERDIX D.  Heat exchsnger test facility

This appendix presents a published brochure giving de-
tails of the test faeility.

{(In support of this thesis it is noted that the author
was rasponsible for the design, erection, commissioning
of the centre as well as the present extensive pro-
gramme of research carried out at this

facility(3)).
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Interlor of test hall

¢ Fronl cover — Nozzia bank for
meastring airfiow



* THE NEW HEAT EXCHANGER TEST CENTRE

The sommissioning of the Haat Exchanger Tesi Centre of the Chamber
of Minas of Soulh Africa Research Organization has provided ihe South
Afrlean mining indusiry with an impariant research and testing centra,
it s unique in that it is Ihe largast {aqility of iis kind designed spacitically
1t provide simulated undergrourd environmantal conditions for he tesling
of heat trensfer equipment. )

The eftactive digtributlon of refrigeration l6 endarground workings Is in-
dispensable for safe and prafitable gold minirg. The Inslalled refrigera-
tlon capacity in the South African gold mines in 1983 wag appioximataly
800 MW(R) and mare 1h:an 75 per vant of this refrigeration |s disiribulad
to heat exchangers of various types, in which chilled waiar is used o
cool the veatllation air.

To mines these heat exchangers rapresent 2 cons!derable Invesimen?,
in terms of both capitat and running cesls. Conlintiing research is thus -
neaded to ensure thal the varying, increasingly-stringeni demands of 1he
indusiry can be satlstied for cosi-effeclive equipment for conditioning
the underground envircnmeant,

THE NEED FOR A HEAT EXCHANGER
TEST CENTRE

It Is ssaential thai research and development on heat exchangers ba car-
rled oul undar the thermalt condilions in which they are o operate. Up
untdl now the Research Orgarnilzation has hed to conduct most of the
testing uaderground In mine workings, whenever and wharaver suliable
lacations could be found. The bulk of this research could however be
done mare quickly and casd effecilvely in a surfags test lacility capable
¢l simulating the underground etwvironmaent. No such lecilify has previous-
ly been available. :

The advantages of a surface lesl cenira include:

@ {ha imperiant varlables such as wir and water flow rafes,
{ermparalures, and air humldity ¢an be varied and cenirolied more
convenlenily than I8 possible in mine sites; '

® 1ha sophisticatsd measuring and data prossssing equipment requirsd
for the tast programmes does not have to be protected lrom the
rlgours of the undarground environment;

® heat exchangers lo be evaluated can be Installad and 1ested rapidly; -
and

@ ihe fest dala can ba processed and evaluatad almosi immediately,

The Heat Exchangar Test Cantra will greally facililate preliminar, angd
routing tesiing, as well as fundamental sludies on heat and mass trang.er,
undar conlrolled conditions. Thia facilily will, however, nol replacs

- underground evaluation, which wilt always uitimelely bs required o con-
firm the [aboratory results and aseaflain whother the eguipment can
operale sallsfactorily undar actital mining condltions. In addition new
types of heal exchangers can ba evaluated for ihe Industry.
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" TECHNICAL DESCRIPTION

The Canire Is housed In ona of the maln bulldings at the Carlow Road com:-
plex of the Research Organization, and forms part of the Enviranmental Englneer.
ing Laboratory. The maln sectlons are:

. # iwo tast bays;
& o refrigeration Installalion;
® a water clrcult; and

#_an alr clreult.

Test bc:yé

The lesi bays each occupy a floor 2rea of 10 X 2,5 m. in thase bays a
supply of hot humid air (at temperaturas similar 1o thosa found In deep
gald mines) can be pravided, as well as cold water at temperalures similar
{o those available from underground or surface mine refrigeration plants,

The refrigeration installation

A 230 kW(R) screw-compressor relrigaratlon machine, located near the
1ast bays, Is used 1o provide kol waler from the condanser and the cofd
waler jrem ine avaporalor. The whale system has been deslgned 10 con-
sarve energy; the total atectrical power consumption Is less Lhan 180 kKW,
The {schnlcal speciflcations of Ihe svstem are:

Alr fiow cate : up to 12 m¥s
Fan alr presaura at daslgn flow rate up io 2 kPa
water flow I'EIB. : up lo 15 ¥
Coollng duty B up 10 230 kKW
Ha#ung duty . : up 10 300 kKW
Water temparature {minimum} H 4°0
Alr temperature (maximumn) H | 4040

: ) {saturated}
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30 000 lltre water tanks have been ingtallad 1o store hol waler (40 =C) -
- and cofd water {4 2C} so that heat transfer tests, at larger dutlas than
those shown In tha (able, can be carrled out for limited pericds of tlme.
A full-scale test ol a 500 KW heat exchanger could typically be carried
out for over an hour.

Water circuit

The waler clrcult provides chliled water, at a controlled temperaiure, to
the heat exchangers under test In the hays. It conslsls of four watar tanks
slorlng coid, conl, warm and hot water respsctively, with an intercon-

 necling system of plpes and valves. Ths walar ecnsumpilon is kep! to
a minlmum by recycling the water between the four tanks after cooling
ar healing,

Whater 1s pumped from tha cool water lank and chilied In 1he refagara-
tion plant 1o 4 °C, and is then slored In tha cold water 1ank, Waler from
the warm water tank enters tha condanser of the reirigeratlon plant and
laaves at a temperatura.of 40 °C; this watar is slored In the hot waler
tank, The tamperature of the waler pumped to tha heal exchangar under
test Is coptroilad by mixlng ihe water at 4 °C with hat al 40 °C. The
water from the heat axchangers [n the 1ast bays [s returned to the cool
watar tank,

Tha duty of the humidifiar [s controlled by varylng the iemperature of
the watar entering It. This is achiaved by adjusting the proportions of
fead watar from the colu and hot waler tanks, The return waler from the
“unldifier 12 purnped to the warm watar tank. A cooling tower has bean
installed ahove the warm water tank to allow surplus heal to be rajecled
to the atmosphere when necessary.

ooy oSN Ak HUMIDIFIER

i .
OOk YAHK lm -‘m'm|

REFRIGERATION
MAGHINE

Water circuit



. Alr circuit
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The alr ¢ircuil pravides {he test bays wiih a flow of air at fhe temparalura
and humidity neaded to simufais the underground environmentat condi-
tions selected for the tes).

Alr Is drawn by a centrifugal lan through the kumldifier where it Is heatsd
and humidiied. The alrflow Is then divided, wilh some alr flowing to the
heat exchanger test bays and the balance. by-passed back to the
fwmidifler, This by-pasa arrangement ansuses that the fan operales near
to its design condillons even though the air flow through the lest saetion
may vary belween 1 m¥s and 12 m¥s. Ambienl air can also be introdie-
ed Into the air circuil to exiend lhe range of tas! conditlons.

The gep between tha wet-hulb and dry-bulb tlemperatures of the air be-
Ing fed lo the test bays may be controllag by a 30 kW alectrlcal heater,

The alr from fne humidifier is passed into a measuring section {itted with
8 sel of nine nozzleg designad to an ASHRAE standard. By uetacting
various combinations of the test nozzles, llow rales between 0,5 mis
and 12 m3¥a can be measured accuralsly.

The alr |s then directed lo one of 1he twa 1est bays balore ralurning to
the humidifler for re-heating and humidifylng.

The gnargy reqguirement Is minlrnlzed by operading In a closed circuit.
The enargy supply needed lo lncreese the wet-bulb tsmperature of
12 mi¥s of air frem § °C 1o 30 °C would be over 1 00C kW 1n & oncs-
through sysiem but, by using a closed loop, this has been raduced fo
230 kW,

@RI‘IIﬂUlAﬂON CONTROL

TEST FLOW CONTROL

P

" a0 W
HUMIDEHIER AHD HEATER
FAM .
fLOW
L ALASURING
— TEST BAY 1 ot | NOZILES
-+ TEST RAY 2

Alr circuit



THE USES OF THE HEAT EXCHANGER
TEST CENTRE |

‘The Ressarch Organization is currentiy devoting constderable attantion

to daviging mathods tor reducing the heat and politutant load on the undarground
anvironment, and to lmproving mathads for conditioning this environmeni. This in.
cludes the fellowing types of investigations.

Fundamental work on heat
-and maoss transfer

Research In this area will give a betler understanding of the haal and
mass transfer proceszes which take place al naar-saturation conditions,
almilar & those found in deep mines.

Heat fransfer and pressure drop'
characteristics of the various cooling colls

A knowledge of thesa charactaclstics Is necessary to deslgn beih im-
proved coollng eolls and Improved watar distribution sysiems, and 1o
deiermine the optimum operaling conditions of thase heal axchangers.
Investigatlons will also be carried out into the effect of air flow disiribu-
tian on coollng coll performenca, 1t Is generally recagnized 1hat foullng
|s ona of the mejor probiems assbeiated with cooling ¢oil parfermance,
and lis affec! will ba evaluated ogether with metheds of cleaning the
tolls while In service.

Development of dust filiration equipment

Watar spray chambare provide a method of fillering large volumes of
vaniliation air underground with minimal energy expandilure. Tha per-
formance characiesislics of various spray nozzles and the effact of waler
spray pragsuré on the filleting sfficiency are heing sludisd.
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Development of spray air coolr =
o Direci-cbntact air coolers are more sultable for some sifuations lhan caéol-

ing colls and heat exchangars using spray systams with and without pack-
Ing are presently being studled. )

Freastanding Spray Mesh Coolar prolofypa designad for a nomine! du-
Iy of 500 kW, a watar flow of 7.5 £/5 and an air llow of 10 m¥%s. The unit

AR Fom ALK
IO N

is 2.8 m long X 1,4 m wide x 2,5 m high.

WATHR SUMP

Schematic of free-standing Spray Mesh Cooler prololype




299
Developmen’f of stope air coo!ers

A pmgrarnme lo devalup heal exchangess which may be used to pru-
vida in sitw cooling in narrow slopes has commenced. These heat ex-
changers use the waler pressure {by means of 1urkinas) lo creats the
air flow and thus obviale the need for a supply of electrsal power,

e

e B - e e nkeatdl 2
A one metre diamelsr siope alr cooler c.es{gned for a wamr supply pregsure of 400 kPa,
& waler flow of 1,8 ¥s and a nominal croling duly of 30 kW. The alr flow of 1,2 mP/s is in-
duced by a 450 mm diamaler fan drivar, by & 100 mm diameler Pelton wheel. Fan. fan shafl,
Pelton whes! and bearing housings ara shown logether with a sample of piastic mesh heat
axchanger packing.



TECHNICAL ASSISTANCE

The Hea! Exchanger Test Cenire wil! augrment the service provided by
ihe Research Organlzalion to the mining industry in tesling the perios-
mancé of new types of heat exchangars. ’

For further informatlon please contaci:
The Dlrectar,

Environmental Enginesting Laboratory,
Research Organtzation,

Chamber of Mines of South Afrlea.
P.O. Box 808, :
Jehannashurg, 2000,

Telephona 726-3020,
Telex 426070 SA,

— Chamber of Mines of South Africa
- Research Organization
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APPENDIX E  Specification of spray nozzles used in
test tower

The test tower made use of four nozzles spraying down-
warde with each nozzle producing a square water distri-
bution pattern, The nozzles used wera Spraying Bystemsg
Co. type 1%H230 5Q0; specifications are givenp below:
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CATALOG 25

INDUSTRIAL

SPRAY
NOZZLES

AND ACCESSORIES

SPRRYING SYSTEMS (0.

Englnaers and Manufacturars _
2201 Randolph Streat » Bellwaod, iHline s 0114
Telophonas AREA CODE 312 Lindon 4.0350 x Echlu Addrosns SPRAYSTSCO



304

/ ?l/: {7(?/3;" NOZZLES
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306 APPENDIX P

APPENDIX P Specification of mist elimin:ttor mesh
used in tast tower o

The nlst eliminator used in ‘he test tower consisted

of four layers of interlaced plastic mesh in the form
of a mat. The design used was Kimre Inc type 16/96;
specifications ars givan helow: :



. dy lcally and staticall
Sinforces thoge glosest to it Kimremist
glimipatdrs and tower papking are diffarent from any,
ther produgts ‘availahte, They are available.in _
_v_ riolss ﬂlamentmatenals ind.diameters, providing

Bpecﬂncdﬂtannlhe allablﬂ ty [es.”
ppllsaltans tor-§:Eon Lﬂum'fnawrs aig Kon-Tang. ig
abletrom Kpmre Inc Thxs data ulsn lnclddaste
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B-GonMistEl

K] +l:]

B-Gon provides high efficiency removal of
the liquld phasa from the vapor phass, and low
pressure drog through the materlal, allowlng
tilgher throughput al lower energy usage,

B-Gon achleves maxlmum tmpingsment
with lower drag because assomlally all ot its (-
bers are sligned purpandicular to the gas flow,
rather tian in tha randam arrangemeant common
to knilled wire mesh matarals. In addition, 1he

" B-Gon mist ellminater comblnes iha bast fea-

turas ol knitled wira ard plate typa oliminators,
‘The ludder arrangemant of 1ha twa sels o fila-
mants causes a change in direction of vapor fiow
which aids in dropiet removal by cenlrifugal dc-
tion and alse produces a cress flow of lhe re-
moved waler that lushas partioulates from the
medla. The table below shows the elficiency of
the B-Gon style 16/98 undor tesi condiliong,

Test Dola---Glyle 1606 (27057 Thiuh)

vy | AR

\ ] Eticlancy: %
Fiiec | Inchos
Myl

- Diap Nigmwler, Micions

0 29 46 68 B0 1012 1049
a2 A2 | 96,73 9949 9982 005 9999 095%
_ B2 | 100 | 580 9966 997 9992 ¢9 66 9999

Thae elficlency dalp. obiained by Calapan Carpara-
{kan, is villd to (he nearesl {1.1%6. The losla ware dune
using waler fogs in a saturated atmosphara,

Slzes nhd FpInsnt Diprosiem

B-Gon mist etiminalors are avallabla in
slzes up fo 6 (eet by 20 foet. In the greal majorily
ol applications, this slze range climinalos Lha
need lar plecing. B-Gan mist eliminators ary
avallable in filamen! diamelers itam 4 mils o 62_
mils, and y sefala vold {ragtions, which provida a
wide range ot physical characleristics lor
individual applicalions.

B-Gon I3 stock manulacturad irom either
polypropylena or Kynar, (Kywar isthe regislarod
rademark for Pennwail Corparation’s
polyvinylidene fluaride resin.)

Design tnlarmation and Examples
CAtieleray - The ameun] of liquid passing theough 1he

glitninatar wihout beig captured may B 9xpresied as
Pl=gxp (—K- MY of —In(PY =K
N

The vatue ol Ki* determlnau expanmentally, oe
eslimaled Iram lhaary. Arsults i atyle 16/ oz are shown
n Flgura .
| »wvpdu -To agnava @ deured 80 5% elliciancy ol
tamoval § 1 gas vainedy of 5 #ps far 9 nuron dropiels
ana SoloHuEs.

LY s | | o ) e an | (OG0T} ) 5T,
From Pigute | lor 16,06 al a veiooily of 5 {ps, K 1% fount

Ko mO A2 w e [P} Ne 163 layora, use 1.

N

1 1innsunig Dirgo - Pragsure deop Shrough 4 mist siinenaler
can ba ralalad by.

AP = B2 al,

Fat style 16,96 wilh ar af 760 mmiy and 75F. al low

lecyundd ralag Shis expressiun begomas:
AP a1 TIx107 W RN,
Pyt For the axympla abave, the pressure dron ie
Galoulalad e be:
A1 IR 6 0,68 inohate HaD.
Hisnyeaie ity
P1 = Penetralion » (| —~afliciancy) = Fragtion A 1our
passing
N - Numbet of lyaes. .
K™ a Vanablo relidng the 3uoma'.rv of 1ha maiandl. & b
sy, alt) gak velocily valt drop I
K™ = Vistratiln rel the ¢

Y

Ioadirg nnd pressura drap.

Figure 1. EHectlvanass of 8-Gon Style 15/96
1.1, For Al at 7G0 men, Ho- end 76" F,
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Kon-Tane Is an Interlaced
monolilament malerial lor towar packing
use. The maierial is designad to provide
excellont breakun of the liguid phasa,
croaling maximum Suriace area jo: mass
transfar with the vapor phase. Its
propeities froduce low prassure crop,
prevent liquid holdup on and within the
packing, anJ prevent axcessive anergy -
usage :

s adder-like arrangemeni of
lilzmants or eylinders iorms V-type doubla
syslerns which intersact eact: olher at right
anglus. A drop {alling frem one of the
cylinders almost immediately hils the next,
making naw liquid suriaca avallable for
mass transfer. :

The range of lilament diamaters from
which Kan-Tane can be manufaciured
ﬁarmiis usa of larger diameter cylinders.

hese cylindars offer relalively lass
rusistance to vapor flow dus to lawer
surlace area. It also permits variation in the
void fraction of the material to suit process
regriraments.

While having approximaiely the sama
dry prassura drap ratings as 1!4" raschig
tings, Kor-Tane Siyle 37/94 does nal flood
&l liquld Teed TaTES in excess of 8600,
iBé .2 bugta ltd tnherent rigidity and
strength, Kon-Tane can be installed in
layered pads many feal thick usisg
relalively siriple supports, The mabarial is

Hexible enaugh for the layers to be

Insartad fhraugh 8 manhale, Becduse of

“the Unilarm cross section of ihe material
edge to adge, channellng at the wall of the
vagsel and throughout the matesiatis
minimlzad,

Kon-Tane tower packing Js avaltabie in
layered pads up 1o 8 tnches in dapth and &
feat in dlameler, and sheels Upio &Teal

_by 20 feal, Larger slzas can be
nanulactured in multiple-piece pads,
Filsment diamaters are available [rom 18,
miis to 62 mits. Kon~Tane lower paching -
Tsavailabie In & variety of stylas (sew back
page) manutactured fram Kynar {Kynar
is thé {rademark for Pannwatt
Corporatien's polyvinylidene uoride
rosin), and polypropylena. Kynar will
hancle virlually any corrosive application
up to 230°F. For higher temperaturg
applications, olber matarials are
available on apacial prder,

Kon-Tano lower paching 1s avadable »t
Inyers up to & inches i depth and 6 feat n
diameter. C
Sl Lacddordike arrangomont of
ftamants formg Yutypt daubie gysioms which
wntersoet cach other al right angles.

S GeGon antt KoneTaro uhhiy
iterlagod monoliamenls with assonbatly alf
f;l:mmfs orietited parpendicalar to thy gas
flow. . .
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APPENDIX ¢  Specifivation of packing oxr £ill usad in
test tower

The packing medium consisted of corrugated sheets join-
ed together in a fluted configuration. Tha packing
used was the L2 mm and 19 mm flute size fill supplied
by Munters Buroform; specifilcatlons are gilven balow:
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Typ
Type
Typ
Flute size
Jute siza
Vellhsid

Austauschfltche

Surface of exchange

Kentaktyta

Min, Regendichte
Min, water [oad
Vattenbelastring

Werlslofe
Materials
Material

Materialstérke
Materiul size
Malerialijocklek

Gewicht
Weight
Vikt

Drainugesystem
Drainage system
Dréinogesystern

Standardabmessungen
Standard dimenstons
Standarddimensioner

€102

12 mm

243 m*/m?

Bme/meh

e

0,20 mm

35 kp/m®

HVTZAT

€015

15 mm

187 m%/m?
8m¥/mih
G

0,20 qmm
22 kp/m®

AT

c1o19

19 mm

" 148 m¥/m?

5m¥/m*h
MO

0,25 mm

27 kp/m®

AT

1200 x 300 x 300 mm

clo.27

97 mm

N2 m¥7m?

Im¥/mih

PVC

0,40 mm

928 \p/m?



Motiiers EUROFORM @?‘ _

c10

- CONSTRUCTION OF FILL:

CORRUGATED SHEETS ARE
PILED UP AMD JOINED
TOGETHFR WITH AN AD-
HESTVE OF SAME QUAL~-
ITY AS FOIL MATERLIAL.
ALTERNATING POSITIOM OF
SINGLE SHEETS GIVES
HIGH STRENGTH.

ADDITIONAL REINFORCEMENT
AND PROTECTION AGAINST

DAMAGE OF SHEET EDGES BY
CAPSIZING THE SHFET ENDS,

THEPMAL QUALITIES:

HIGH EXCHANGE RATE AT COM-
PAPABLY LOW PRESSURE DROP.
THF MATEPTAL STRUCTURE
FFFFCTS A SUFFICTIENT TUR-
- BULFHCEF OF GASFQUS ANG
FLUID PHASES.

FLUTE &12F OF SEVFRAL DI~

i i : Ml MENSTONS FOR VARIOUS THER-
"MAL SPECIFICATIONS, DRAIMAGE SYSTEMS FOR HIGH KATER LOADS WHICH STOP
THE PRESSURE DROP. '

MATERIALS:

RIGID PYL (FLAME RESISTANT)
ASRESTOS (FIREF PROOFED)

APPLTEATION!
CPOSS OR COUNTER FLOW
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APPENDIX B Fxpected uncertainty in the measurement
of the enerqgy balance

The uncertainty in each of the primary measurementa
have been estimated in the main text. This appendix
shows, for a limlted nunber of examples, how these
uncertainties are propagated in the determination of
the ovaerall heat balance.
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f a &5 ] Ll o L] h o o a a8 E
H - ak F- +F e a F-1 a e A al K
a2 L] a1 M i H al ] . “ 1 u [~ o 7
L] - ac |~=e a g E N1 uE LK & oy - N ] L3
F'E - [ ] 1 = ﬂm [ - a 13— ﬂm [ - L0 g 1L a=- « & ~u.
[ Eed [T L AN aCcem| co g S ace| Crd BM‘ El A=l Lo
B =d “crﬂ- £ UB“ F— ﬂﬂ.“ 4 UO“ - ue.“ =3 ap
[N cCoudlwpo Egu l..mu LR ﬂﬂ.r-.ﬁ-.ms X _‘.-mﬂ Eoe]wiag
l.-m l-.-&—ﬂuub-h ey, - ~u g oML I._lum adc !n.rq“ u- F = l...-.-n-n -
g Yﬂm.nﬂl V.Qm msl V‘ﬂm = e “-HM fae e Sl E b mUE|lsQ
i | oog|loaan I .wﬂ. ool 0o soloog « aa] 04 I -7 o
o LT CDLf—-a CwE M l....:.vr B e et ED k] v 2 k-
iy L] - Jluwgtyg |- Ajaecla - ol ] T - AlHwEl 9 - gjauc| o - Fglad
L83 o ﬂﬂaw.lnM -] sgajegdal O LI R-E1 a L4 N _ﬂﬂM o ApAalmed o gaal ge
&0 [ 7] Hdpa] - 7] MopR[E~El O i el o E [+ ] ] Sl [+] tma e-l gl u adgmf B
My [ HEE[= 2= = :nm - o -t = o ¥-% l_.“.‘d = rnm - G- [ u -] I-a.iu. [ —.u“.m == a
] LE | pAaE o LR - K1 F-F ] &= a o e E M a & -4 o a odE|l O N o a o q -
8. |22 (23 |BEEICE|EI0MRRY 22 RS0 Y 221 0ed 22 (B2 4G 2R B2 RS
223 .uﬂub >n- ccd. DN H-t“l- .P_H.u R |Fa-Hl uon MN U-M.L mn—.ﬂ i-7-1 2A-=|UUD AR [aa- o
. p—
Alr flow rate kgfs 2% 1,81| 2,00)| 1,73| L,%8] 2,00| 1,94) 4.8] 2,00 4,7E{ 5,25]| 2,00| 5,14] 6,38] 2,00 €,23] 6,94} =.c0] &.BO
Inlet wet-boly tecp. ‘¢ fo.1 “cl29,00 0,72128,90|11,06] 0,21[11,10}29,001 ¢,99128,90]11,0u0] &,20})1,1n|29,00] 1.42]28,90 B.uu. 0,53f51,1G
Intet dry-bulb temp, *c Y0,1 "c|34,00} 0,03{33,.90|10,00) 0,03]18,10|34,00] 0,03}33,90}18,00] ¢.03|18.10[3¢.00] 0.03]23,90[18,00[ o0,03(18,10]
jutiet wat-bull temp. *¢ Jo,: "e|r.20f 0,38)11,40037,00) 0,63}36,90(14,50] 0,49]14,60(32,00{ 0,7L1[31,90]|22, 000 1,01{21,10]25, 60| &,94]34, 90
jOutlet dry-bulb temp. *c §o.1 *c¢|i1,804 0,00{11,50)37,00} 0,00)35,99|15,60] 0,00{15,10(32,00] 0,00]31,50{21,50] @,00[21,60{25,00] a.00]24,90
15:..3 £flow rate xgfs | 2 |t2.00) 2,00[12,24}12,00F 2,00[12,24} €,00] 2,00] 6,12| 6,00} 2,00} 5,22] 3,00 2,00{ 3.08] 3,00) 2,00{ 3,0¢
fnlet water temp. ¢ §o.1 “ciio,00| 3,78 9,.95041,00( 1,92[4), 05116, 00f Q.04 9,95 41,00f 0,52{43,05i%0,00| 0,50] 9,95 41,00] ©,34]41,05
foutler water temp. «c Nao,1 “ciiz.s6l 3.72|12,66036, 105 1,95136,00]21,58F ©,84]28,76|22,30[ 0,51]22 20f25,13] 0,52]25,23 HM-.mm 0,.3a)13, 86
JHeat balance nwn.»ﬁ - Loy - f,90] 1.00¢f - 0.83] 1,00 - 0.9¢] L,oal - 0,35 1,06 - a,31§ 1,00 - 0,94
JUngectainty in heat balance - 6,07 4,00 3,22 2,02 3,40 2,08
i i il ' ' ‘ ’
the measarement of the energy balance

Continued o,
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APPENDIX I Procedure for calculating heat halance
and correcting data

As discussed in the main text the heat flow from either
stream is simply calculated by the change in snthalpy.

The change in mass flow rate of the water due to con-
densation or evaporation is determined by a mass
balance with the air stream, since the inlet and outlet
moiature content of the air is known. The logic for
correcting the errors in the data to create a heat
balance is also presented in the main text. The
following computer listing gives vhe exact preocedutre
used to achieve this. :
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BPPENDIX J Direct comparison between the overall
transfer ccficient for evaporation
tests and that for condensation tests

It is possible to predict the effects on the transfer
ceoefficients of changes in temperature through an exam-
ination of the well established correlation for heat
transfer data (eg, Fquation J.1). Lefevre{102) hag
shown that the expectation is that the transfer co-
efficient will dacrease with an ilncrease in air and
water temperature for the same water loading and air
velocity. The indications are that this reduction
might be of the order of 10 per cent for the full range
of conditions considersed here. However this sort of
analysis has to ilnevitably be based on broad theocret-
ical assumptions which have inherent limitations.
Furthermore it is not c¢lear how Lefevre took account of
moigture content and 1ts affect on the transport
properties at the f£ilm condition., However, what could
be significant is Lﬂfevre s i ..:;ation that the water
phase thermal resistance anpe 'r~ to be hlghly affected
by temperature conditlons.

On the basig of the present set of data the copportunity
existed to examine the effects oo Nusselt number of
variations in temperaL. @ on an experimental basis. As
describad in the maln text, values of the overall heat
transfer coefficient were determined for each of the
- 160 tests and listed in Table 5.2. The experimental
programme was atructured so that, for the same flow and
geometry conditions, equivalent tests were done for
cold water/hot air and hot water/cold air conditions.
This allows the effects of these changes in temperature
conditions and direction of mass transfar to be
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‘examined directly and in iaolation'to the flow and geo-
metry variabias.

Beat transfer and mass transfer data are usually corre-
lated in similar relaticonships as given by Eguations
5.1 and 5.2,  Through this similarity the mass transfer
coefificlent 1s related to the heat transfer coeffic-
tent. BRecall that this approach ls embodied in the
compiter simulator and thus an investigation nf the
overall energy transfer can focus attention on the heat
trandfer coefficient alone. Data on heat transfer co-
afficients are normally correlated through Equation
5.1, another common form of which is(96);

Fu ¢+ a Reb Prz : ' (.2}

(Thiz i3 aimply another form of Bguatiop 5.1 “ollswing
minor algebraic manipulation. BAlthough the s&v > nomen-
clature is vsed, the exponent terms will have different
values.) '

Bquation J.1 often takes the Fform where an additive
term is included on the right-hand side!{49}, Beacing
in mind that the analysls iz comparative and thak, as
will be seen, Bguation J.1 is used simply as a taol for
differential adjvstments of the Nusselt terms, the
relative merits of the various correlations will not be
' debated here. '

As will be s&en later (Table J.1} the value of the
Prandtl number, Pr. does not vary significantly in the
present set of tests., Furthermore, the value of the
exponert, o, la usually small {c = 1 - 2= 0,33),
Yhus, variations in Pr do not play a significar pare
in the present comparative analysis and haive been

neylected.
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The analysla now concentrates on the.relationship:

Nu e Re® - : ©(J.2)

which'may be axpanded to aive :

- . a, [ fa¥ 4 : (T.3)
K Favt

The velocity term referrad to above is that of the free-
air stream. Ideally this term should be the relative
velocity of the air in relation to the water surface.
Again, considering the comparative nature of the
analyses and that Equation J.3 1s aiwply used as a tool
for differential adjustment, the effect of the water
veloeity has been ignored.

' Recall that all the transpert propertles are evaluated
at the £ilw condition. However, note that the
reference mass velocity of the bulk air stream is
applicable to the calculation of the Reynolde number.
{This becomes obvious from the model of Reynolds flux
discussed in Chapter 2), Of further interest at this
stage is that the Stanton number, based on mass trnsfer
data, simply represents the ratlo of the Reynolds flux
to the reference mass veloclty of the bulk alr stream.

Sty = My /e (F.4)

An evaluation of Equation J.3 requires a knowledge of
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the values of the various transport properties. The
representative values of these terms for_each test have
been determined by examining the experimental data in
conjunction with the simulator. The computer simulator
was used to determine the variati-. af the transport
properties within the heat exchanger for each test and
not only at the end states, This information was then
used to determine, for each of the 160 tests, represen-
tative values of each of the transport properties with-
in the heat exchanger. This has been done on a weight-
ed mean basls with regard to the total heat transfer at
each simulated section within the heat exchanger.
Thege values are presented in Table J.1.

As mentioned earlier, note should be taken of the gmall
varlation in the value of Pr.

It will have been noted at this atage that the film
ceeffigient and the surface area have been combined in
a single overall term given as A . It is impossible
to determine independently the value of the surface
area of contact available for heat and mass transfer.
Apart from the difficulty in determining the sarface
area of the water drops in the spray above and below
the packing, it is also apparent that the wetted area
of the packing will depend on water flowrates.

The surface area is primarily a function of the packing
. geometry and the water flowrate: by matching these
parameters it is ‘possible to create an identical set of
circumatances for cold water tests and for hot water
tests in which the surface areas of contact are identi-
cal. BSubsequent snalysis can then be done on a com—
parative basis where ratioa are taken and the surface
area terms cancelled.

Por each series of tests (both coid water/hot air and
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celd air/hot water tests for each packing cenfigura-
tion) the water flowrate was varied from 3 to 12 1/5 in
four steps having nominal values of 3; 6; 9; and 12
i/8. Por each of these water flowrates the flowrate of
the air was varied from 2 to 7 kg/s, again in four
steps with nominal values of 2; 3,7; 5,3; and 7
kg/=. Thus, each series of tests conéiated of 16 sets
of measurements at the nominal, standard flow sett-~
ings. Practically, it was extremely difficult to coa-
trol the flows to the exact nominal values and the
actual values varied slightly. For a direct comparison
of corresponding cold water and hot water tests, it was
necessary to marginally adjust each of the measured
values to the exact nominal conditions.

Iincluding a surface area term in Egquation J.3, gives:

-]
yu.a = MR8 - e Vd 7o, (3.5)
Kt Havi

For a single packing geometry, the surface area will be
related to water flowrate; hence:

Nu.A = hoh 4 = i M ]h f;(rr;f() {J'G)
Kayt C bt .

For a meaningful comparisen to be drawn betwesen Wueqld
and Wupge, the terms on the right-hand side of Equation
J.5 must pbe identical. (The subscripts cold and hot
‘refer to the cold water/hot alr and hot water/cold air
tegts respectively.) Marginal adjustments for the
slight variations from the nominal values of each test
were dohe on a differential basis using equations which
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had heen Eitted to each of Ehe 10 sets of test data.
The f£itting of theses eguations involved a correlation

Nu.A2 = EKgm, + KRe + Eyni,Re + Kgw,? + KyRe? S
+ Kymy?Re + K niRe? + Kjm,2Re?

Results of the curve fitting exercise and values of the
coefficients are shown in Table'J.2. In @ach case the
correlation was excellent.

Marginal adjustments to the actual valuea of Nu.A vere
then done through: '

3{Nu.A) aARe 4+ O(Nu.A} am,
7 Re a n,

a4 Nu.,A = .(J-SJ

where ARe and Amy are the marginal differences beiween
the measured and nominal values of Re and he water
£lowrate respectively. ARu.A is the marginal differ-
ence betwean that caloulated from the measurements and
‘the expected value at the nominal flow settings.

The adjusted nominal walues have been compared'by ax—
amining the ratio of the cold water/hot alr values to
the hot water/cold air values and the results given as
the ratio of the Wusselt numbers In Table J,3.

'Based on the well accepted historic use of the re-
lationship Wu = a Rel, the high guality of the data and
the care taken to makch egquivalent <¢old and hot operat-
ing conditions, it should be expected that the ratio
Nuge1d/hot Would have values of close to unity.
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From an examinatlon of Table J.3 it can be seen that
over the full range of “ests, the value of the ratio
Nugeld/hot varied from 0,88 to 1,42. The value was
 generally greater than unity and on an average basis
the value of Nugglg Was 7 per cent greater than the
value of Nupor. However, the wide variation in theaa
values is worth clossr examinatinn.

A careful consideration of the valus of the Nu cold/hot
ratio has not identified any systematic and consistent .
relationship batween its wvalue and the main parameters
such as the water flow, alr Fflow, temperature condi-
tions and any combination of these terms. For example,
‘it waa felt that there would be merit inm examining the
relationship between Nugglg/hot and the ratio of the
density of the £ilm and free siream condition For the
eold and hot condltions. This data is plotted in
Figure J.l, and there i{s clearly no trend evident.

This ohservaticn and the wide variation in values of
_tha Nugoid/hot ratio identifies two main guestions.
Pirat, is the value of kA calculated in the correct
manner? Second, is the s.rface area term indeed iden-
tical for equivalent cold water and hot water teska?
Each of these guestions is discussed in turn . below.

The basle equation for the total heat transfer from a
wet sorface is given ass

G = KA ( By =t + X BY ) (7.9)

The definition of the transfer coefficlent is intimate-
ly linked to tha definition of the overall driving
force term. However, once defined and measured, the
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values of the transfer coefficlent are ccrreiated, for
future nse, in a marnear that Is essentially independent
of the driving force conditions under which it was
measured. 'Thus, the hasic method of analysis uses two
distinct terms and the underlying premise is that, in
the true physical sense, the two parameters should be
independent of each other. .

[Note that, notwithstanding the . ~ve, the kransfer
coefficient does not really describe the physical mech-
anismg put rather the overall effects thersof.}

Howéver, as discussed earlier, it can be expected that
in the presence of mass transfer, the 7alue of the mass
transfer coefficient would be affected by the migration
of vapour, and wouid depend on the extent of the mass

- transfer itself. This led to the introduction of the

- logarithmic correction term given below and shown
graphically in Pigure J.2.

fiy o in(1+B . (.10}
B

. Accepting the validity of this correction term and not-
ing that it is included in the bracketed driving force
term of Eguatlon J.9, it seems acceptable to anticipate
that the transfer coefficient =nd the overall driving
force term would be independent. {(Note that the value
of the transfer ccefficient is related to pure heat
transfer data only.)

Thus, the value of Nu should be essentially independent
of whether hot water or cold water is used. However,
the large variation in the values in Table J.3 does not
support this observation and generally Nugglg 18
greater than Nupgt.
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The simpligity of the basic¢c analogy and the basic lega~
rithmie corrertion term must be guestioned. Recall
Goefrs{41) :-a:nt queted earlier with regard to 'in-
accurate donje::ure tised upon an unwarrauted falth in
the ultimate simplig:zy of nature'; this may well he
applicable here. <Certainiy Spalding emphasizes that
the_simple procedure must be abaadoned for all except
the roughest calculations. The present set of daka
appeatr to highlight these limitations.

One gossible conclusion is that the logarithmic correc-—
tiocn term does not comply with reality. Examining this
issue more deeply indeed reveals some evidence of its
inaccuracy. BSpalding{67}) discusses experimental
data(80:81) yhich indicate that the driving Force
might have a more dominant effect on the value of the
transfer coefficient than would be indicated through
Equation J.10. Even more evidence of this strong
dependency comes from theoretical laminar boundary
layer studies. Bvang (56} presents information for
flow over a flat plate for various Prandtl and Schmidt
numbera, Bvans' findings are repeated in Figure J.2,
for the appropriate Prandtl and Schmidt numbers. FPor
-the range of conditions being considered, the value of
the driving force, B, varles between -0,1 and +0,1.
Figure J.2 indicates that for condensatlon situations
{cold water), the value of the actual mase tranafer co-
efficient might be as much as 3 per cent higher than
detarmined by the basic logarithmic correction factor.
The oppoaite eaffect ocenrs for the hot water situa-
tion. Feor extreme cases, the comparative diffarences
could be as much as 6 per cent. (Note that the nature
of the dependenzy ls such chat the transfer coefficient
decreases as the condltions become more evaporative.)

If the multiplying factor resulting from the boundary
liysr studies had besn uzed in plage of the normal
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logarithmic factor within the computer program for cal-
culating the values of hch , then the resulting ratio of
Mog1d/hot Wonld be somewhat decreased. Thus, here '
is some further evidence that the mass transfer affects
the value of the transfer coefficient to a greater ext-
ent than the widely used logarithmic Ffactor would pre-
dict. '

These present arguments cdnnot be regarded as any proof
of this fact, but it is an issuve worth pursuing fur-
ther. One possible solution might be the use of gapar-
ate transfer coefficients £or heat and mass traasfer.

~ This is an approach that a nuamber of other research-
ers(87/88) nave used. From practical point of

view, the adoption of this approach would ke unfortun-
ate since the simplicity and user-friendliness of all
the methods of analyéis rely hezvily on the use of a
gingle combined transfer coefficlent. Another course
of action to follow would be the development of a heat
and mass transfer analogy and a correction factor (for
the mass transfer effect on the transfer coefficient)
that would decribe both this present set and other
data. In su¢h a development the basic premise must be
that the transfer coefficient would be a raeferance
value {applicable under circumstances of no mass trana-
fer}) which would be independent of the so-called
corrected driving force. (The driving force term would
include the analogy relatlonship and the effect of mass
transfer correction factor.)

In essence, this proposal would be aimed at forcing
Nugg1d/hot to take on a valie of unity, which is o
be expected from using the 'film' coefflcient concept
in the first place. Whateﬁér course of action is
taken, this present work has highlighted a pumber of
limitations and has again indicated the need for an
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independent, specifie treatment L.r water-air systems
{see Chapter 1).

The second'queation raised earlier was with regard to
the surface areas being identical For the cold water
and the hot water tests. Recall the assumption that
the extent of the surfac: area would d=pend primarily
on water flow, and that for the same water flow, the
same wetted surface area would be created (for the same
geometry), whether the water was hot or cold. Con-
sldering this in Further detail, the interaction be-
tween air flow and water flow could be expectéd to
affect the gurface area to some extent. This inter—.
action would be driven by phenomenl related to
Reynold's number. The prevailing logic has heen that
this effect was also aceounted for by making the com-
parison of Niggiy t0 Nupet at the same Reynold's

air flow numbers. It should also be noted that the
physical properties of water that would affect the
formation of the water surfaces, namely density, vis-
cosity and surface tension, do indeed vary over the
range of conditions being considered.  These properties
are given in Table J.4. It can be seen that the vis-
cogity varies by up te 300 per cent and the sorface
tension'by 10 per cent aver the full range of condi-
tions. The mechanisms involved in the formation of all
the water surfaces are extremely complex, but probably
deserve some Eurther research, Lefevrel102) ipgi-
cates that the water phase thermal resistance could he
significantly affected by changes in water temperature
and, in examining the formation of the water surfaces.
this aspect should also be investigated.
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Conclusions

. Values of the ratio Nuegld/hot dre expected to have
a value of close to unity. For the 30 sets of data
the mean was 1,07 with a range from 0,88 to 1,49.

» The wide range of values of Nuggld/hot encountered
is probably an indication of the limitations of the
aimple heat and mass transfer analogy empleyed and of
the basic logarithmic correction term used to aceount
far the 2ffect of mass transfer on the transfer
noefficient.

. Two further areas of research putside the scope of
the presant study are suggested. The first is an
examination of the heat and mass transfer analogy and
the ceorrection factor on the basic premise that -
Nuupld/hot Should equal unity. The second is a
study of the effect of water viscosity and surface
tension on the formatlon of wet surface areas in
packed towars. ' ’
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8.9

542

8,545
.91
5,91
B.96k
f.928
(A
8967

- 9b2

8,952

2. 958
H! 923
B.482
8,865
B, 73!
F.920

8,67
5,959
2,933
6912
2,508
.94
8,934
8,715

8,99
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BULK

DENS,
$e

kpia®

8.945

BoRL

8,557
LR T
B.95
B4
9. 943
927
6. 93¢
A.954
.93l
87
.94
8,530
8. b
#.939

8,995

8,367
B9
4,987
6,997
6,973
8,949

8,56k

4,989
2,975

8,958

B.925
£.9ah
.97
6,95
B,933

FILK
SF. HEAT
Cavt

akgk

5.7
1821
1028
1819
1822
(629
1819
6l

122

i H
18
1821
1824
1919
:1%)
1)1

1821
1635
1837
1648
Py
Wiz
1635
HA
1629
1829
533
1833
1627
7
193t
1833

FiLH
DIFF,
Davt
#p-5
(e25)

310
3087
3108
500
309
1672
3,968
3,152
3113

- &85

kA1
324
3806
3.675
3.807
kAL

3,148
LI
3359
3410
3. 04l
3.253
.38
3483
1214
3.23
534
341
326
325
330

BT

.72
8702
B 721
6,721
8,722
.71
6.72¢
g1
s L] Tzz
8.7
6,729
5,722
8.721
8,721
.7
8.7

8.724
.72

- R

8,732
5,74
L1
8,720
LA
6. 725
B.725
.27
72
B.724
B TE
8.1%
B.727

.48l
2,687
B.t83
Ilm
B.418
B.488
#.488
6,408
8,418
8.4
B.487
8,40%
£.48%
f.468
f.488
5,687

6,443
447
8,518
§.620
6,612
EAH
§617
8,419
B. 414
B.&14
B. 514
B.b17
B.413
8,614
6,515

A

weighted by total heat transfer for each
of 100 segments of heat exchanger)

Continuned/. ..



FILH

TEST
No. £o%d.
Kavf
#g-2
{Hinkl
33 2,584
3 2,904
35 2,551
I 2,558
37 2,567
18 2,582
39 2,545
W 2582
i 2,592
2 2,59
43 2,344
i L33
LH] 2,578
46 .04
L3 2,540
4B 2,559
RV 2,648
i 2.540
51 2,697
§2 2665
3 2.827
LI A i
b4 2,448
1 2,554
L 2,519
5 2,815
H 2,67
& 2.b48
&1 2813
42 1,687
43 4624
b4 2,543
Table J.1

FILK FILK
Y18E, DERE,
pavd favt
#18-5 ] .
Ks/a®  kgfe®
GBS BME
L.ei3 5,97k
1,889 B 1%
1.68% §.977
(927 B, %51
1.BH 2,957
(18:5.]1 &1
.81 .95
£33 B934
1,881 .98
1.812 E. 746
1.81% 6,963
L.a&7 8,922
[,818 g9z
1.6ip B.921
HER [ kxd
1,859 f.934
1,369 t.924
1,874 6,918
1.5} 8920
1,852 .98
1,844 8,514
L. 889 .97
1846 6. 58k
[.944 8,912
1.65! .56
186 2.898
1.842 .07
LB} &Am
5,451 B.876
‘Bl 2,558
{Cont.)
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BULK
BENE.
a

kpla®

4.9%
8.9
8,965
#9362
$53
8557
B.9483
595
6,528
B, 943
.94
(ALY
1,49
8,917
B. 917
!

8,949
§.967
8. 941
B.55%
d.948
LA
2.95L
6.5
§.939
694
£, 93
B 925
B389
#.55%
8,857
sl HB

FILY
5P, HEAT
Cavi
gk

L2z

T

1819
1919
1623
1928
b8
1829
1628
1628
1916
162
1822
1§26
1628
100

{273
1g32
1636
1837
1936
138
1834
153k
1936
1828
1831
1835
183
1828
132
1836

FiLh
DIFF.
Davf

-G .

tn?fs)

il

3.852
3838
.45
3,145
L.ETY

EX

3.688
L%
3.116

3.489

48
T304
3282
3.28
379

.21
.03
3.2
3.5

- 3,356

3251
3364
3.
132
338
LBt
3,485
348
3.422
1469
1,539

Eontinuedf..,

Fr

8722

B.721
8,721
8,721
8,722
el 721
8,728
5,721
B.722
571

L

#.72
B722
£72
.71
#.721

872
8727
873
§.738
8,72
8,720
B.728
872
8128
B.725

72

8,729
8,72

% Yy
BTE

8.7

5518
$.489
#.468
B, 508
5610
5,649
§.4697
5,508
B.b1B
§.408
B.487
1,509
Bubid
488

© f.469

9.48%

Babié
B,k
B.418
8,519
0415
B.413
8,017
B.4i8
8.614
.014
tbld
#,&17
g4t
8,653
8,415
B.418



TEST
He. CORD,
Kevi
HE-2
1)
&8 .547
& 2. 568
& 2,571
4B 2,542
3 3,583
" 2,564
T 2,343
n 2,592
I3 2,47
T4 2,550
15 2089
7 L5485
n 2,954
78 2.509
i B A
B 2,547
a1 2:638
a2 2,555
[N 2,454
% 264
5 2. 418
i1 2,643
8 2,045
] bbb
% 2.41%
] 2,633
- 2,048
2 2,454
¥ 2.685
94 2,425 ..
93 2,638
L1 2,598
Table J.1

FILK

FILH

Y138, DENG,
pavt Favi
#1§-5

He/n®  kg/e®
1,624 6. %48
f.918 (AT
1:B17 6,973
1.Bi2 #3758
1,624 £.042
[1%: K] 8,962
1,R12 B.7ad
J. 868 2. 158
1.6 B, 207
1.80% 8,937
1,983 5949
1 5549
1.997 #.9580
1.8 [ :
t.BH4 2.8
1.282 2,985
1,883 6,935
1.Bbh B.925
1.668 6.9
.87 BOI5
L4 8,918
1,881 B.980
1,853 8,918
.81 8,904
1,84 £.803
1,858 8.5
b,95¢ ER:H
1,860 B854
1.638 7839
1,880 4,821
1,055 4,817
19: 1] 8.812
{Cont.)

FILY
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BlLY,
DEKS.

b

kg/e?

899

9. 549
.95
8.942
1943
8,757
Il 9“
395
£, 988
6%
854
B.948
§. 850
g, 828
8.8%
.89

2, 954
0.954
&, 959
#9092
8,544

- B

5.9
8,933
B, 911
2983
8,992
§.094
§.856
g.04a
8,843
8.843

FILK
P, HEAT
Cavt

dfkgk

1423
1819
1821
1928
1628
1626
1428
1618
1922
1928
1819
1958
1028
1019
1
(819

1838
A
1035
1939
le2s
fg34
1835
1638
1829
i85
1838
1830
1638
1835
193¢
1842

FILK

DIFF.
lavé

-3
(n? s}

i
a4
S Bhb
3,054
L7
3.995
3.00¢
3.849
LM
kAT,
3127
i
3,562
3L
R}
3.2%9

3,20
3281

-5IB

3319
3,282
3,350
3.328
331
41l
345
3481
3421
3.8
5.49¢
315
3.763

‘Continued/ ...

Pr

C 872

8,72
#,722
8,72
B 722
$.72
572
5,724
5722
.72

5T

.72
8722
[ B3l
8,72
6,721

B2
§,72%
8.728
2.730
BT
5128
8,726
B.736
#.72
#.720
8.72%
.73
8,727
LT
[
8,732

h41p

9,488

007
467
flbie
489
8.8
8,508
B 18
B.468
B.5p8
B, 689
8,569
8,488

2,488

6,415
g.018
8. 817
6,419
fi.414
B.817
8,817
8,819
g.614
(ML
617
B. 819
2,614
.47
4,417
8,528



TEGT  FILK

Ha, COHD,
Yavi
#g-2
{Wfek} -
g7 2,504
38 2,561
99 2.548
166 2,50
1Bl 2,580
1 2,568
183 2.575
14 2,548
185 2,504
186 2,55
187 2.58%
128 2,561
18% 2,548
1ig 2,514
A1 2,508
112 2.588
1(3 %837
144 2.65
13 2.65%
131 bbb
1i7 L5
118 2,530
1% 2,E45
126 3,455
121 b
182 2.6
125 2,635
124 2,448
125 2,488
126 282
127 14
128 2,642
Table JS1

FIL® FIEH
Vi56, OEHS,
pavé Lovt
Fif=5
fle/n®  kghe®
1.825 8.9485
1.Bi1 .97
[9:11 £, 578
1,814 4,973
1.9 8,508
- LR #8457
1,826 8.953
{815 B.7h%
1,828 #9482
LEA 8,933
1,813 B, 53
1.eli 54952
1,823 988
1.81% §.922
1.813 2.9
1,109 B.925
L85 CBJ93R
1.Bb8 f.938
Y1) 8,725
g4 B.4%28
5,808 5,538
HY [F:
) 6. 723
1050 8,915
tla“ s. qﬂ
1.B52 2,71
185 8,712
1,854 §.981
1,838 B.898
1647 .09
L8 B8
1,668 £.873
{Cont.)
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Lk

(ENS,
b2

kpla”

B9
L4

§.045

#.95%
8.9
LA
8,955
8.952
5,95
B, 944
B, 4B
£.345
5,963
6,514
#.922
£.918

2,973
B9
.92
8,537
8.571
#.962
$.%37
8,933
8,95
B. 248
6.5
.93
8.9
he2
8,917
.58

FiLK

8P, HEAT

- Gavf

17k

1922
18
1426
1626
1623
1623
1621
1828
1623
1928
1828
1676
182
1622
JEo0
1026

1631

1634

183
1837
iy
15832
13z
1§58
1928
53
1832
1835
1528
1838

Caidl

1635

FILK

BIFF.

. Davf

£{4-5
{n2/1]

3.8%7
.04
3043
3,063
341
3,128
L.4%
3.6%2
3178
342t
3. 125
I ¥
w287
3.2%%
3,213
3.218

3,2
3.254
LM
3,298
328
3,25
527
3389
3,252
3,29
5,312
3.3t
3,35
3,397
3,49
147

‘caﬂtinued{- -

e
8,721

B 72
6,721
.72

8782

a2z
721
722
5.7
4.72
872
B 723
§.702
B.722
8,721

§.72%
9,728
BI2%
6,719
B 725

A

(s
6737
2.7
6,72
6727
8,728
4.7%
726
.72
8,7

a

£.b10
.488
f.000
B.689
4.4
3.414
8, 669
2,547
Bl
2.689
§.407
8,589
bl
Hubid
B. 589
9,488

8,415
8,617
#.418
9.519
falé
§ ol
deblb
8,418
8,413
8,415
§.615
8,547
9,413
#.015
8,615
8,517



F13:1

FILK
He. :Bﬂnl
Kavi
g2
{(Hfak)
29 A50
13 2,54
3 .54
132 2.0
131 2,584
kL Lokt
131 2,595
13 . 2,558 .
137 2.5%
39 2466
13 2,961
2] 2,556
il 2,545
42 .5
i 2540
1 L58
1 nalf
W 2.8
147 2,43
148 2,426
LY 2,482
il 2,432
162 2422
15 2.5%
154 FNL
155 2.626
1 2.4
157 2,59
138 2,600
15¢ 2,42
148 2,488
Table J.1

FILK FiL
yise, DEYS,
pave $avi
*1f-3
iHefal  tpie®
1,818 .95
1,811 8,977
1,888 4.962
1814 B, 472
1,823 B. 548
1.Blg ~ .97
t.869 £.978
169 PR
1,821 £.528
1.658 3,948
1 .54
1,068 #,948
3T N
1,698 §.915
1,983 #.923
1,886 #.914
L.843 B F4b
165 .95
5,850 B.535
LBS 8,94
La% B.937
L8 LT
1,88 5,924
1.848 §.92%
1,834 B.914
1,843 BET
1.83( B, %81
1,043 B. 987
1.9 8,674
1.639 8.888
L. 847 B.E&8
1.3 £, 984
{Cont.}
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BULK
BENS.-
ta

refed

8, 545
6,964
8.570
2,91
f.947
9. ya2
8,951
.57
8.9
6,548
8, 985
§.942
.84
#.915
8,928
s‘ ?12

a.972
8,988
8.947
.71
54§
8o
§. 553
.95
.95
. 734
B.527

9.0%8
FI Hn
fi. BOG
B 862

FILH
5P, HEAT

- Bavd

kol

12t
1026
18e
182t
174]
18"
1619
181y
1p22
U
1628
184
g2
i1y
1819
1819

1827
1238
1m;2
tlrky
1826
192%
e -
W
L6235
182%
1a31
1828
1826
ieze
183
g2

FiLH
DIFF,
Davf
#16-5
= fs)

3876
3847
3828
3.068
3,08
3,41
$. 063
.97
322
3134
T 140
313
334
3,24
LY
32U

&Lin
L2142
3.232
3,260
1.286
3.248
31248
3,247
3. 285
31,325
3,30
3,34
L4y
3474
J.422
3.40

‘Continued/...

fr

872
2.721
B.72t
471
8,722
§.721
8.721
832
p.722
BT
&72
#:.72
g1
g.721
8,724
B2t

E7H
0736
B, 727
2,725
(AL
£ 725
B Fza
2,72
BTN
8,725

. BRI

2.725
8124

AT

B 727
.75

e

8,409
4,588
$408
#4089
S.b10
B. 468
.t
8.4
B.b18
£,
b 09
5 L) EN
BuoBY
9.488
§.h88
8,469

B&f3
2,613
[
4,414

iy

BN 1
R E]
d.b14
LA
14
B, 413
413
Dbz

LA C

!.015
f.513



BEE

TEST “FLUTE DEPTY | ROT/COLD [} K& K7, a, X x10 K17 K12 K13
HUMBERS m MATES, x107% | 1074 ) x107R | 21077 | w073 | 07 | 907
1- 14 LPRAY OHLY cae o980 {over|-871| ) 007 47| -tw|-m] 1,18
17- 32 SPRAY DHLY HIT oo [ 0,085 | ~B2e | 1,99 |-0.73 | 5] 033 -2zl 07
B- &8 12 500 cor o097 {oan | 1,19 063 2611 -0.40] 008 0,55 -0,94 ]
59 - & F £00 Hot 0,99 | 0,296 [ -5,27 | 5,6 ) -1,78] 1,n | -3, | -0.6r | 0.3
& - 80 2 | fa200 coe {1,060 {0200 | -4.73 | 9,83 [ -2.15 | 2,16 [ -4,53 | -1,62 | 0,81
81 - 95 12 1 200 #or | 1,e00 | 0352 } -4.59 [ 8,7 | -3.52 1 3,57 [ -3,05 | -1.76 | 0,59
97 - 112 19 £00 cos | 1,000 | 0,432 [ 4,45 | 3,64 2,641 1,32 | 1,95 -0,37 | 0,3
113 - 128 19 19 HOT 1,000 | 0,419 | -6,25 | 3,95 ] -2,51] %61 | ~2,26 | -0,39 | 0,77
129 - 14 19 1 200 b | 1,000 fo482 ] 8| 530|241 1,5 e e
158 - 160 19 1 200 Hor 1000 [ 0,475 | 3,37 | 3,87 -6,14 | 1,05 } -0,% | 0,41 | o1

Table J.2 Coefficiernts of curve fitting for Nu.A = f(Re, m,)
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NOMINAL NOMINAL NOMINAL NOMINAL Nu.z
WATER' ATR ATR REYHOLD Cold/Hot
FLOW - FLOW VELOCITY NUMBER )
(kg/s) (kg/s8) (m/s)
3,0 2,0 1,5 3go0 | 1,022
6,0 2,0 1,5 350 1,054
9,0 2,0 1,5 390 1,070
~iz,0 2,0 1,5 390 1,202
3,0 3,7 2,5 680 1,089
6,0 3,7 2,5 480 1,099
‘9,0 3,7 2,5 680 1,091
12,0 3,7 2,5 630 1,164
3,0 5,3 £,0 g50 1,048
6,0 5,3 4,0 550 1,187
o,0 5,3 4,0 350 1,120
12,0 5,3 4,0 850 0,989
3,0 7,0 5,0 ~ 1 310 1,126
6,0 7,0 5,0 1 310 1,189
2,0 7,0 5,0 1 310 1,239
12,0 7,0 5,0 1 310 1,202
1,118 mean

Note

The characteristic dimension was taken as tha flute size of the
packing, that is 12mm or 19mm. For the apray situation a
characterlstic dimension of 5mm {approximating drop diameter} was
used. However, the exact choice of thesa values 18 not important
gince the analysis involves direct comparison for similar
geometries.

" Table J.3 Ratlo of Bu.A cold/hot for corresponding flow situations

Continued/...
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1]
% | NOMINAL NOMINAT NOMINAL NOMINAL Nu.A
a WATER AIR AIR REYNOLD Cold/Hot
o FLOW FLOW VELOCITY NUMBER
g (kg/s) (ka/=) {n/B)
=y 3,0 2,0 1,5 300 0,995
@ 6,0 2,0 1,5 900 0,984
B 9,0 2,0 1,5 900 1,002
3 12,0 2,0 1,5 500 1,408
bl 3,0 3,7 2,5 1 603" 0,979
g 6,0 3,7 2,5 1 630 0,980
& 9,0 3,7 2,5 1 630 1,069
fal 12,0 3,7 2,5 1 630 1,243
3,0 5,3 4,0 2 470 ' 0,973
@ 6,0 5,3 4,0 2 470 0,997
I 9,0 5,3 4,0 2 470 1,085
o 12,0 5,3 4,0 2 470 1,485
3,0 7.0 5,0 3 520 1,011
W §,0 7,0 5,0 3 520 1,127
7 3,0 7,0 5,0 3 520 1,239
B 12,0 7,0 5,0 3 520 1,464
1,134 mean
~ | NOMINAL NOMINAL NOMINAL NOMINAL Nu.A
| waigr AIR AIR REYNOLD Cold/Hot
g FLOW FLOW VELOCITY NUMBER
o {ky/s) (kg/s) (m/s)
[y ]
- 3,0 2,0 1,5 900 0,039
o 6,0 2,0 1,5 200 0,880
et 9,0 2,0 1,5 200 1,004
3 12,0 2,0 1,5 900 0,989
w 3,0 3,7 2,5 1 603 0,940
g 6,0 3.7 2,5 1 630 1,047
a5 9,0 3,7 2,5 "1 &30 0,875
fal 12,0 3,7 2,5 1 630 1.042
3,0 5,3 4,0 2 470 0,877
- 6,0 5,3 4,0 2 470 1,047 .
IS 9,0 5,3 4,0 2 470 1,035
0 12,0 5,3 4,0 2 470 1,083
3,0 7,0 5,0 3 520 0,901
b 6,0 7,0 5,0 3 520 1,034
7 9,0 “,0 5,0 3 520 1,137
) 12,0 7,0 5,0 3 520 1,236
1,015 mean

Table J.3 Ratlo of Nu.A oo1d/hor for corresponding
flow eituations.

Continued/...
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8 1  NOMINAL NOMINAL | NOMINAL NOMINAL Nu.A
k] WATER - AIR AIR _ REYNOLD Cold/Hot
| Frow . FrOW VELOCITY NUMBER '
& (kg/s) - {kg/s) (m/=)
e 3,0 2,0 1,5 . 1 450 1,081
38 6,0 2,0 1,5 1 450 1,027
B 9,0 2,0 1,5 1 450 1,107
L 12,0 2,0 1,5 1 450 1,079
3,0 3,7 Z,5 2 850 1,142
E 6,0 3,7 2,8 2 E50 1,033
a 9,0 3,7 2,5 2- 550 - 1,690
~ 12,0 3,7 2,5 2 550 1,092
@ 3,0 5,3 4,0 3 800 1,092
b 6,0 5,3 4,0 3 800 1,003
g 9,0 5,3 4,0 3 g§ao. 1,045
Y 12,0 §,3. 4,0 3 800 1,049
3,0 . 7,0 5,0 5 310 1,024
u 6,0 7,0 5,0. 5 310 0,974
- @ 9,0 7,0 5,0 5 310 -} 1,015
g 12,0 7,0 8,0 5 310 0,999
1,053 mean
8 |  NOMINAL NOMINAL NOMINAL NOMINAL © Nu.A
@ WATER AIR AIR REYNOLD Cold/Hot
o FLOW | FLOW VELOCTTY NUMBER
A (kg/s) (kg/=) (m/s) _
- 3,0 2,0 1,5 1 450 0,890
3 &, 2,0 1,5 1 450 1,061
S 9,0 2,0 1,5 1 450 0,995
a 12,0 2,0 1,5 1 450 1,098
3,0 3,7 2,5 2 550 0,907
g 6,0 1,7 2,5 2 550 1,051
e 9,0 2,7 2,5 Z 550 1,038
~ 12,0 3,7 2,5 2 B5D 0,938
) 3,0 5,3 4,0 3 8OO 0,903
ot 6,0 5,3 4,0 3 800 1,036
! 8,0 5,3 4,0 3 800 1,029
E4 12,0 5,3 4,0 3 800 0,974
= 3,0 7,0 5,0 s 310 0,985
@ 6,0 7,0 5,0 § 320 1,081
@0 9,0 7.0 5,0 5 310 1,174
g 12,0 7.0 5,0 5 310 - 1,098
1,020 mean

Table J.3 Ratio of MR og1d/hot for corresponding
Elow situations.
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- Temperature
o°C - 10°C 40°C 50°C
Density (kg /m®) 998 997 992 998
Viecosity ~ (Ns/m?) 1752 1300 651 544
Surface tension (x10%Mm) | 7,6 7,4 7,0 6,9

Note that the typical cold and hot water temperatures in the tests
were 10°C and 40°C respectively.

Table J.4 Physical propert..s of water related to the formation
of wet surface ar:a



343 APPENDIX K

‘APPENDIX K ACCURACY OF MERKEL'S EQUATION WHEN USING
SIGMA HEAT IN PLACE OF ENTHALPY

The exact equivalent >f Morkel's eguation when using
sigma energy in place of enthalpy is given as:

& = A ) [ By - 51 ] (K.1}

cﬂ‘\fauo

In the same way that the accuracy of Markel's equation
was investigated in Sectlon 6.4 the accuracy of this
above equation has been examined.

The results are presanted in the form of a correlation
curve batween the value of the sigma heat differenca
driving force and that of the true value as calculated
from heat and masgs transfer parameters. This plot is
shown in Figure K.l which 7ivea an indicatlon of the
extent of the errors involved and their dlstribution
(as a parcentage of the true value), This figﬁré
should be compared to Figure 6.9 which is the eguiva-
lent figuré used in thée examination of the original
Merkel equation., A close study will show that the
sigma heat Ariving force equation 1s a slight improve-
ment over the Merkel equation in termsz of accuracy.
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APPENDIX L  PROCEDURE FOR CALCULATING B AND ITS VALUE
FOR NON-SATURATED AIR CONDITIONS

The term, A, is defined for a specific set of
conditions, through Eguation 7.11, as:

Cavatr ( tw ~ gy + X BY) {L.1)

ﬁ=
( By = % )

The value of A is dependant on the air condition, the
water surface temperature and the barometric pressure,
Because of the complexity of the form of the eguations
invplved it is not possible to express the term as a
simple analytical funetion. It is however simple to
nrumerically calculakte its value for a particolar set of
conditions and a short program listing specifying the
procedure is given below.

Values of 2 for aaturated air conditions are presented
in the main text. Flgures L.1 and L.2 below give
7alues for non-saturated conditiors.
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Figure L.T valve of B for 50 per cent relative
humidity air at 100 kPa
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Figure L.2 Value of 8 for dry air at 100 kPa
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266
nd’s
388
Eals)
406
4i@

348

! PEDGRHM - BETRH

éTPRGGRHM TG CALC UHLUE GF B
Ti=39 | Tuster

Té=0 ! Tdb

T3=8 1 Tub

F=180 | Pressure

Td=CT1+T2)72 V| Tfila
TS=CT14T3d72 1 Teilmk
El=.6105%ERP{17. 27&Tis¢237.3
+Ti{23 1 SAT WAP PRESS Tus
ES= BlA5¥EXPCLIT7 . 2P4T32¢237.3
FT32)
E2=CE9%{1955 . 6-2 4654 T3+1 .00
SET2)—~P¥l . @B5%X(T2-T3) /(1555
LBk 139T2~1  S99ETI-E9% 148
T2-T32/P2

I UVAF PRESS RIR
Ml=.622%ELl-¢P~ 378¥Et> | TSH

Wws

M2= EZ22KES/CF~ IFEXEZY [ TSH
air

L=25@1-2.376%T1 ! LAT HEAT

E4= . G1OS¥ERAP (LT 27FET4-(237.3

+T42) t SAT YAP FPRESS FILAW
ES= . R1@SEEXF 17 . 27XTSA7237.3

+TS)> ! SAT YAP PRESS FILM%
Ad=.E22%E4-(P~E4) | FILM HSH

K=C(2485+7 PBEXT4)N1@~-3 ! FI
LM CONBUCTIVITY

O=1, G7&XI1G~~-FX(T4+273, 1T0~]
894,P | FILM DIFFUSIYITY

C={] BO%5+1.84%A424{P~ E4}I(P—
L37PBRE4)Y i FILM Cr

P=(P- FPORE4N~C. 2EYECR7I . 15+
T432 t FILM DEWNSITY

LS (ﬁ#iBBB*R*DfK>A<2f3> ! Lew
is

B=LOGCCI-M2)/01=-ML3> ! MASS
TERNS DRIVE FORCE

QuXX *B/C+T1-T2

Al= E22%ELl/<(F-El) | ASH Tus
2= 622kE2/{F~E2y | ASH RIR
Sl=}.009%T1+¢2501+1 B4%T15¥A
1-4 187481471 | SIGHA Tus
§2=1.PG5XT2+ 2501 +1 8S4¥T222R
2-4  187VXA2%¥T3 |} SIGHMAR air
AS= GE22¥ES-(P=ES> | ASHfilm¥
C3=1 BUS+1 B4%RA5 | Cp filmk
G=CS¥R-(S1-52y ! BETR

PRINT "HERT TRANSFER FROM WE
T SU?FHCE, YHLUE OF BETRY
PRINT

PRINT "T dr» bulb=";T2

PRIMT "7 wet buylb=";T3

PRINT "T water surfasces ,Tl
PRIRT “Hmh;ent Pressyre=
FRINT “BETA =":g

PREIMT =0

44@ END
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ABPENDIX M Procedure for calculating the term ¢, and
' its value for non-saturated conditionz

The texm, «, for a differential elemant of diract-
contact heat exchanger is dofined by:

'6’3“ My di, = am, ag (M.1}

The value of o ig dependant on the air éondition, thea
water surface temperature and the barometric pressure.
- Becauge of the complexity of the form of the equations
involvad, it is not possible %o express the term as a
simple analytical function. It is however, a relat-
ively simple matter to numericzlly calculate ivs value
for a particular set of conditions. The short program
listing given talow specifies the exact procedure used.

Values of « for saturated ailr conditions are presented
in the main text. Figures M.l and M.2 below give the
values For non-saturated conditions at 100 kPa,
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1.2
. 1|1 r
3
1,0
Alrfternp, {dry-Hulb °C)
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Figure M.1 Value of & for 50 per cent ralative
humidity air at 100 kia
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1.2 -
1,1F
-
1 0 - ] 1 ]
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Alr temp. {dry-bulb °C)
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Figure M.2 Value of ¢ for dry air at 100 kPa
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{69
170
153
- 288
216
220
. 239
249
250

268
2748

2ea

294
3a0
2189
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! PRDGRHN - ALPHA

! PROGRAM TO CGRLC ALPHA (WHE .

H FOG OCCURS ARIR IS FORCED T
0 REMAIN SATURATED :

1 T{=48 | Twater

T2=52 | Tdb

- T3=17.982 | Tub

P=108 | Pressure

Y=18~-8 ! hcA~sMa

{ CALC 0OF HEAT @ MASS TRANS
T4={T1+T2)72 | Tfilm

Ei=. 61B5XERP(LI7. 2?*T2f(23?.3
+T12)Y | SAT YAP PRESS AT Tuws
E?;.GiBS*EXPfI?.2?*T3f(23?.3

+T3)) -
E2=(E9%(1555.6-2.460%T3+1 .08
SKT2)-PX1 .BG5KLT2-T33) /(1555
&6+, 139%T2-1.599%T 3~ ES* 14%¢
T2-T33P)

! EE2=sVAP PRESS RIR
Mi=,622%El/(P-~.37B%E1) | TSH
HATER SURFACE

2%;.622*E27(P—.3?8*E£) I TSH

%=2591—E.3?3*T1 ! LATENT HER

E4= GI1BSXERP{LI?.27¥T4/(237.3
+T4)) ' WAP PRESS FILH
Ad=_G22%E4-C(P-E4> ! ASH FILM
K={2405+7 . 78E8%T4)%16~-5 | CO
NDUCTIVITY FILM

D=1 67610 -FE(TH+273. 1501,
€94-P | DIFFUSIVITY FILMW
C={1 _885+1.84%A4 2%k(P-E4) (P~
. 373%E4> | Cp FILM
R=(P~.378%XE4) /(. 27273, 15+
T4>) | DENSITY FILM
$=(ﬁ¥iGBG$R*DIK)*(2I3) ! Lew
is He
B=LOG({1-M2}/7{1-ML1D)> | MASS
TRANS DRIVE FORCE
A=NiL¥BsC+T1-T2 | TOTAL HERT
TRANS. DRIVE FORCE
Z=0%Y 1 TOTHAL ENERGY TRANS.
I CALC OF HNEW CONDITIOHS- HNO
SUPER SATURATION
2§=.522*E2!(P—E2) I ASH BEFO

HZ=1 BRSRT2+(2501+1 . 84X T2) LR
2 | EMNTHALPY BEFORE.
23222-4.18?*92*T3 { SlGMA BE
IF T3=T2 THEM GOTOL 478 [ FOGR
CREATED BY SAT CONDITIONS,
EHE RIR I3 WOT ALLOWED TO FO



Ho9=H2+Z | ENTHALPY AFTER
RO=A2+Y¥R¥B/C 1 ASH AFTER
T=(HI-2581%A2)/C1 ., 085+1,84%
A9y | Ydb AFTER '
EB=RS%P-/( . 622+A93 | VAR PRES
8 AFTER
2%=T3 | 15T Twh GUESS
£8= S1B5REKPCIT.27XE9, {237 .3
+223) I SAT YAP PRESS AT Twb
ZP={Z8E(1555.6-2.469%29+1 .80
S¥TSI-P+1 . B@IRCTI-ZS) 2 /(1555
6+.139%T9-1, 539%Z9-28%  14k¢
T9-2395/P%
I 27=VYRP PRESS AS FUNC OF Tw

b .

I RRSC(Z7-EBX{10~~18 THEN GO

TO 424

R1=28%4898- (237 .3+29:~2+. 864
i VAP PRESS; Tub RERIVITIVE

29=29-(Z7-EQ)sR]l & GOTG 378

%g?H9—4.1$?*HB$ZB 1 SieMA AF

P 2s(85-523 1 ALPHA

=0T 536

! TALE TO CATER FOR FOGGIMG

T=T2+ AGE1 | SHALL INEREASE

IN SAT TEWP

= GIBSEERPC17.27%T *(237. 34T
pl

E

h]

A= B22¥E-L(F-E) .

H=1 @05*T+(2981+1 84%XTX%R
S=H-4 K 1E87¥AXT
Us¢H2~H>»»(52-5> | ALPHA
PRINT "HEAT TRANSFER FROM IIE
T SURFACE"

PRINT "UALLE OF ALPHA®
PRIWT ®®

PRINT "T dry bulb="3;72
PRIHNT "T wet bulb=";T3
PRINT "T water surface=";T]
PRINT "Ambignt rressure=" P
PRINT "RALPHR =":U

PRINT =»t

EHD
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AFPENDIX N Procedure fc. calculating the term, v .
and its value for non-saturated
conditions

Recall from the maln text that 7 is defined througa the
following eguations:

Goe = My oy ( Gy - G )} + Any o B (N.1)

de = 7 0l Sy ( B~ Ty ) - (N.2)

Combining these two equations gives:

7 om L (A/ma) . (Eee/Aty) (N.3)

Note this equation applies irrespective of any fogéing
that may occuar. -

Alternatively, the formulations for the heat and wass
transfrr (from Chapter 2) may be sobstituted Into
Eguation N.3 resulting in:

. _ B o b (N.4)
(T = Ty ¥ A B = Gy & B )

ry = 1
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The value of this equation can be determined numeri-
cally from a knowledge of the air condition, barcmetric
pressure and the water temperature The routine used
for this iz listed below.

Values of this verm for saturated conditiona are given
in the main text and values for non-asaturated con-
ditions at 100 kPa are given in Fiqures .1 and N.2
below.
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Figure N,1! Value of Y for 50 per cent relative
humidity air at 100 kPa
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Flgure N.2 Value of Y for dry air at 100 kFa
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179

teg
198

200
z2la

224
236
248

238
268

276
280
29¢
.38
210
3oa
338
240
FED

286
390
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I PROGRRM GAMMA

! PROGRAM TO CALC GAMMR., NOT
EFFECTEL BY FUOGGING .
Ti=18 ! Tuater

T2=38 ! Tdh

T3=36 ' Tuh

A=1 | Ma kaors

W=t | Mw lPrs

J=.881 1 hcA<Ma

P=i@8 | Pressure

H=J%R | hch

Td=L{T1+T2)/2 | Tfilm

El= . GLASXERP LIV . 27ETL (237 .3
+T1>> V SAT YAP PRESS AT Tus
Ed= GIBSXEXPLI?.2F3T3 (237 .3

#T3%3 | SAT VWAP PRESS AT Tuwb -

E2=(ES*(1555.6-2.465%T3+1. 48
SkT25-PX1 . 885k (T2-T333 /(1555
B+, 1398T2-1 . S99FT3-ET% . 14%¢
T2-T32/P2

1 E2=VAP PRESS AIR IN

Mi= &22%Ei-(P~.378%ELf> | TSH

Ws
M2=.622%E2/({P—.378XE2) ! TSH
a1r

L=2581-2.378%Ti | LATENTHEPRT
Ed=, G18S¥EXRPLLIY . 27%T4,(237.2
+T433 | FILM VAP PRESS

Ad= 622%E4/(P-E4) | FILM RSH
K={2485+7. 788%¥T4Y%1@~-5 | Fi
lon conductivity : :

B=1 EFeR1B~=7PR{T4+273. 1501 .
5947P | FILHM RIFFUSIVITY
C=(1. 9a53+1, 24¥A43%(P-E4 ) 7P~
378LE4Y | FILH Ce

Re=(P= A78RE4)#(  2B7H{273. 15+
T4>y ¢t FILM DENSITY
A={0R1800XRXD/KI (2,32 | Le

B=LOGCC1-M2)+{1=-H1)})> | Mase
trans drive farce
B=HE{(X¥LEB/C+Ti~TZ> | TOTRL
EHERGY TRANE

M=H¥ZXBsC | MASS TRANS kers
BO=X¥Es/C | B'=MtrheA
TS=EN*T1-R¢4.13?)/(N—M1 ! Tuw
o

G=1+MET1 CWNXCTL-TE))

! ALTERMATE HMETHOD
Gi=1+89%4, 10P*T1/¢T1-T2+L4kBY
-Bo%4d 187%Ti) ]

PRINT “HEAT TRANSFER FROM ME
T SURFACE VALUE OF GAMNAM
PRINT "T drv bulbs";T2

PRINT "T wet bulb=";:T3

PRINT "T water surfaces";T1
PRINT "Ambient pPressure=":p
EﬁéHT “CAMMAY G G1
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APPENDIX O Mathematical manipulation io produce per-
formance equation fFor direct-gontact case

In the main text the following equation iz developed.

e da - ag {0.1}
rﬂa(ﬂ/ﬂ)cw' Ty o+ Iy 2
where

Ty = At gy by - A My

This appendix deiails the mathematical manipulatbion re-
guired to solve this integral and to express the solution
in a suitable form. '

Inteqrating both sides of Egquation 0,1 and using represen-
tative mean values of [{8/flaggag*]s Cay and (a/7)y
produces:

A = lim(nra %y cm (e (0.2)
oy (/) g Ty

which becomes:

EEE L. L,

Ty + 0y H . iy {a/ 8} Cyute {n.3)
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an overall heat balance across the heat exchanger pfoduces
(see Bguation 7.49 Chapter 7}:

5 o= o5+l e -
) oy My

Bubstituting J3, J3 and I, into BEquation 0.3 produces the
following for the numerator on the lefthand side:

a+c;ut\.a-?~l%%‘*-a+tﬂ- i -1 105+ 2 e (g - 0)
o [t gt R byt ) (Bt o) )

L

Similarly, the_denominator on the lefthand slde becomesa:

8+ Sy by = 2L i 5 + 2 _:Eﬁi 5 -5

n NS W MOy
moadoo, to -8 ’

Bqguation 0.3 may then be written as:

a/dm+m-w=h+—;i~§gtt..-m>-;%
[ _ T4 hcA '
B ( 2/Cy t Ty ~ BCLy } @ T (a/8)

{ ta -t )

T,

Solving for tye gives:

[1%L&L__]
te %ctff EQEL %;%il AR TN 7N T AU Cpanie/Bl

LI T i ML I
9% o MaL ® " FOuua/B]

The water efficienoy is given as:

By = b~ twe )0 B = Fa }



361

Substituting for by, gives:

7
(ba- (B=a)/ch](2-6 wopew/f )
MR TaCente/6) (6.10)

Ty BA
[ty-tg 1 [ L~ T 4T Mo o p_tX _ 7
. . . [ g e ° Mo/ A} ]

Substituting for J4 gives:

. M- E MO
W a7 B W Wt ) (0.11)

- -5 M fo Moy o L kA R
Cha=ted Lo * 2 e 7 Tppill el o

2 = ERE LSV SN E T

Rearranging 2llows this to be written as:

Sl TS B TR A R

by = B - 1-a ""lcnll"“fl’, o {a 12}
h,"i“) -t hoh 1-9 “tcwl )

CW (1-A T4l M -0 Hewan/d) W |

Mo

It must be noted that the lefthand side term can also be
expresged ast
S~ o = Tt = B _ (0.13)
twl‘z-:'-a tui"-.f-"'. by

Chw e

The term, c¢jir 15 the pseudo-specific heat term for satu-
rated air at the air inlet condition.

Pinally, the eguation can be Written in a simpler format
by introducing various groupings of terms which, as dis-
cussed in the main text, are analogons to the so o *led
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heat exchanger terms used for conventional heat exchangers
(with the exception of the term, J).

_ . =¥ (1= 1/RK)
1o (0.14)

E,S = - "
(L-3+Jr -~ ¥ (2 - R

where
R' = [ oy ey )L W, ofy {2/ ]

¥ o= hA /Lo (0/8) Cp ]
Bem (tw-twe 1R~ (SR) by )
Saw

F o= {a/th / (a/1)e
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APPENDIX P

APPENDIX P Generation of simauiated database.

In order to supplement the experimental database a

large number of test simulations were carried out, The
computar simulator was run for a wide variety of flow
conditions for heat exchangers with widely differing
design characteristics over the full range of tempera-
ture conditiona.

The heat and mass transfer conditions were simulated
for water-air flow ratios of 0,75; 2,0 and 4,0; Ffor a
range of heat exchangevs with design characteristic
values of N* = 1,0; 2,5 and 4,0; for barometric
pressures of 80; 100 and 120 kPa; and air and water
inlet temperature conditions as shown in Table P.1.
Unrealistic operating duties for water efficiencies
ieas than 0,075 or greater than 0,925 were subseguently
deleted from this set of data. Thia amounted to a
total of more than 490 sets of conditiens. This
database is recorded in the following tables.
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Inlet water temperature (°C)

0 510 15 20 25 30 35 40 45 50

0.
g1s x| (k| |*k| [«
g 10 _ _
% lis| [Xx| * * x
®las| | %] |k * X
g 30
-Jé as * +* * *
” 40 |
E 45 * * x *

50

Table P.1 Inlet temperatuare conditions used
in generating simulated data base
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= « o 5 3
5 E o2t %
= 2 s I § 2
P E F I S
- = L - T
o c = 5 B -+ -
g =z = E £ I 3 . z
g < g = 2 ¢ 2 E
2 32 3¢ 55 B+ B¢ R E»¢ Iz 2%
ghdl L HI LB IR z-ﬂ 1595 1 1602 | ~H479 | =3.8%
ERB 70 19 | 1661 5.80 | 14,37 | 2500 | Ib.4F 1 ~36.37 |-10.7%
B0 (750 LB | LB | BON | 25,80 3500 | 24.3% | =48, 09 [-12.81
B8, Bl .75 1 1,06 | L.65 1 5.80 | 34,96 | 4500 | 3LAF |-112.97 |-39.2%
BRI .75 | L0 | L6f § 5,00 | 1440 5,89 | 158 1381 | 328
Oh00 75 1 1,09 | LY 1660 | 21.23 § 2040 | 20,64 | <2004 | =22
BE.EL 75 | LM | LEF ] 5598 | 3095 ) 3500 | 27,94 | «49.25 1=1b.41
B .75 ] 1.0 | L8R ] 1500 | 4LAS | 4580 | 37,21 | -BR.BA I-81.02
BEl W78 | 4.H LD 251505 ) G L E62A ) JLZT L 7L
B L5 (M| 1T 540 ] 123 1590 | 0051 16,390 S2l
BEB .75 i A1 25,40 | 53, s .53 | <26, | =% H
M W15 | L6 | LEA Y 2588 | 43,26 1 4500 | 39.57 | -Al. 4N 1-22.08
OE8 751 1.0 | L6 | 3500 | 10 .00 F 2L JF | G250 | 1LY
B 73 N ) 0 ] 35.08 | 22,34 15,48 | 24,92 19, 11.95
i M | {61 ] 35,88 | 27.47 | .00 | 29, . Tulb
Ba.# . 2 | 160 Hh0 A3 1 500 ) 278 | 7736 b 2L
W01 W3S | LB L LR A L 2048 | NG | 2947 1 449 ) 01D
k. . ] A | 45, 27,43 251" 3 . 14,48
BR8] . ARG AR ba25 | 35.08 | 38.21 { 28.81 | %.B%
188, ] N 4 5H 713 . % =138 | ~3,13
r . F N LB 15.62 | 25.1 | 15.92 | -31.9 -2.8%
160.8 S| .86 1001 G0 § 2344 | 3509 ) 25, -¥.68 §-18,58%
] [ < N u.H | 35 12 5 32, =9%.02 1-33.5b
dl . G L 10| 1308 | ILEE T 5D TR 1202 ) .8
WeH 51 LM 1188 150120, l 250 | W37 | 100 | Db
v g9 Jf Jd1 | 15.H | 2B, 3.0 | .31 «43.45 1-15. 79
81 35 | LB 100 | 1589 § 39.03 | A5 04 | 35,89 1 -79.8h |-21.24
e8| W75 [ 1.09 0 Ly ) 2580 JE.04 10 SR LGS 26,12 1 4T
N1 S| 10 5.0 ) 1985 1 150 1 .26 ] 1643 ) AN
198, Y] 8 g | 2. 2 19 08 | 31.12 | -23.59 | ~1.04
195,81 .75 1 Lk | Lok | 2588 | AL 45.0F | 38, b3 1-19.78
5.4 . . f | 35.68 | 281 Wb | 232 1 AT.4 ] 1.TS
H.EE . 51 138 B0 )25, 1508 | 25,48 | 3b.51 _i!.lﬁ
A8 75 ) 108 | LR | 3500 | 2838 1 25, . 21,42 b 6,04
TN I AR LA N Y £5,08 | 1209 1 -28,32 =033
LB W70 ) 1460 L8 | 4568 | 25, a i 7,45 | 18.54
mn . L0 ) 108 | 4588 ) 26,33 | 1580 | 30,41 1 AR | ATAS
06,01 73 1 .98 | .68 | 45.66 | 3@, 3RS AT | TS
i.BF ,JE 0 188 ) .08 | 45.88 | 345 s I0.48 | 284 [ BB
20.80 . 5/} 8 5.0 N 13,58 9351 ~12.02 | 2.4
20,61 .75 N ] ". b | !4; n 15,59 ~28.83 | =754
] ' |75 l" q'. 5". 21‘ “a" 2276 {SIH 'l’t“
2.0 .14 i 'l' LN | 32, LN 31.“ ~89.7% 1-29. 1%
ZRE TR 506 L% | 1599 ' » 771 Ay W22
M 75 i A5 1 15,08 ] 19, 2,05 20,48 1 ~ib.%b § -4, 48
2000 31000 LT N0 . 5,06 | 20,49 | -39.19 i-11.B8
28,81 ] i 8 ) 158 L] .08 3‘|79 =12.23 1-25. 74
LB 51 L.00 ) L08 ) 25.66 | 15,85 | SO0 1426 | 25.62 A9
2000 W75 BB L0 L 2508 | 29,31 | 1508 | 2084 1 LS. o 74
259 Eluﬂ ‘2!."2 =b: B

Table P.2 Simulated database
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= = B 3
S u = - fd
& & B B E
a T 8§ § £
£ g = T 2 .4 =
o, 2 s & § 3 i
f = g ¥ 2 % Z g
CFs e e EE E 2 r 8.
22 B G 55 &+ Er B¢ Eo Ez 25
126,00 751 160 ) LOE U 2588 | 404G | 45,46 | 3B.24 | ~5L.57 I-17.5)
1268 .76 | 190 | LEO ) DG | 20,360 GO | 2278 | A5 U402
128,01 .75 1 1.8 | 1.08 | 35,08 1 24.5% | 15.08 B8 1 3541 6.82
28R I35 1 1.4 [ 1001 36, #.9 ] BE | fhi61 573
125,00 75 | L6 | 1,09 1 3500 | &%.06 ) o500 1 41.6% | -27.38 -zu'l?
1268 G50 L8 ) LA | 4586 1 2076 1 5.0 | 28,40 | 507 1 1h32
.81 791 L | 101 45.00 | Z7.69 0 1500 | .U 1 5590 15.3
25,81 L35 | 109 | LM ] AS.B0 | 3188 § 25,06 | M55 1 42,91 | 12,08
128,81 3 B AR AR-3 AR JH ) 5.0 | R85 '!.x'?
LB IS LY 2SR BB D iLéa | 15 ER) 7,81 )27 AT
EN.BL L35 1 1.0 ) 2,58 | S0 | 2101 § 25.00 | 15,50 | -55.08 [-14.8%
B 2500 258150 832 ) B Y 12,780 19881 AT
B4l .75 1 L1 256 1 18 | 2,06 | 2508 1 18,77 1 2L | -B.44
B84 0110812000 500 16201 508 ] 10631 43460 U143
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APPENDIX Q

'_ APPENDIX Q Determination of the relationship
L = £{z, N¥}

The appropriate value of chy must lie between its value
at the water inlet temperature and that at the air
inlet wet-bulb temperature., This may be deseribed by:

Ch = L Syt (1-1) iy o (R.2)

where
L = gtol

The term L will have a value between 0 and 1 depending
on tha ratis of thermal capacities and the value of the
uvglgn characteristic, thus:

L= f( m/m , N (0.2)
Based on the selected universal values of:

[ {a/B} egyag*] = 1,00 for all applications

{a/71) 1 = 1,00 for water cooling
_ = 1,05 for air cooling,

a set of values of %, was calculated for each test and
values of %L for each test was then determined. Wote,
thia included the large database of simulated tests
‘which were calculated in order to supplement the
expaerimental databasa.
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Based on this information a curve fitting exercise was
undertaken, with the Eollowing resuli:

L = ( rmy/mg }M8/0 0,580 + ( ni,/m, )18 ] (Q.3)
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