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APPENDIX B Estimation of the magnitude of radiant
heat excha.lge

Part of the radiant energy being transmitted between
adjacent wet surfaces is 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 considered as black bodies. The moist air has
an equivalent emissivity which is dependent on the
water vapour pressure, the total pressure, the tempera-
ture and the mean beam path length of the radiation.
The moist air emissivity may be estimated from informa-
tion presented in a number of texts(49,72,73), the
basis of which is summarized in Figure B.1.

Three different geometries of direct-contact heat ex-
changer are considered. First, a fluted type cooling
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 is a simple film-type
packing with a large spacing). Third, an open spray
chamber. These three configurations were chosen in an
attempt to cover the widest Lange of poe sLb i l.Lti Les,

The radiation Lnt.e rchanqe between the l~ateL surf acas
and the moist air is given by:

(B.1)
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Figure B.1 Emmisivity' of air due to water vapour,

valid for temperatures from 0 to 50 ·C
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which can be simplified(29) to;

(B.2)

where 2,3 x 10-7 ( 273 + tave )3 fa (:d. 3)

or
a for tnve 2S"C (B.4)

The form of Equation B.2 is identical to the normal
convective heat transfer equation and the value of the
radiative heat transfer coefficient, hrl may be compar-
ed directly to the normal convective film coefficient,
hc' The values of these coefficients for the three
configurations being considered have been calculated
and are given in Table B.l.

The ratios of the radiative to convective heat transfer
coefficient have values of 0,3; 2,8; 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 configuratir~ was chosen as an example in an
attempt to maximize this ratio.

It may be stated that the value of this ratio will al-
ways be less than 3 per cent but normally around 0,5
per cent. Thus, the radiant t.r ans fe r is small when
compared to the convective heat transfer, which itself
is usually small when compared to the total heat
transfer.



Table D.l Comparison of the convective and radiative heat
transfer coefficients

'" '"r:: E '" "e ... '" .... " .... '"a. u " ... .... o .,
3 '" ., '" '" .., '" k kc Co " u a. Co ".... "' '" .. "' " .c
'" .., ::J " '" E.. u Il .. '" Il c: AI
::J " " " " " .c:.... Co 0 " a. a. u.. 0 'J .t: '" 0 0

N on '" 0~-
Water vapour ~artial pressure IkP&1 (al 3,2 1,2 3,2
Mean beam path length 1m) 0,015 Ibl 0,19 Icl 1,8 Idl
Hoist .,;..Lr emissivity 0,01 leI 0,05 O.
Radiative heat transfer coefficient (;.r/m2 'C) (fl 0,06 0,31 1,20
Convective heat transfer coefficient (W/1ll2 'CI 20 (gl 11 (hI 300 (i)

Ratio hrlhc ell 0,3 2,8 0,4

Notes for Table 8.1,

a. For an air condition of 25 ·C (saturated! nnd A ~arornetric pressure of 100 kPa.
b. Taken AS 0,6 X diamet~r (Dee Mc Adams(49·1.
c. Taken AS 1,9 x distance ~tween planes (see Mc Aosms(491).
d. Situation h58 been approximated to a apnerical gas ~hape (see Bluhm(22:).
e. Value has ~en extrapolated from publis~ed dAta (see Me Adams(49)).
f. Calculated at an average temperature oE the ~ir and the WAter surfaces of 2S ·C. The value

should ~ increased by 2~ ?~~ cent or decreased by 23 per cent if the average temperatureis 50 ·C or U ·C respe~t(v~ly.
g. Approximated to flow inside pipes with 3 m/s air velocity (~ee Me Adams (49 I).
h. Calculated for air velocity of 3 mls and equivalent diameter of corrugationb of 200 mm.
i. Surprisingly high VAlue cue to the high relative ve~ocity between the drop and the air

stream (see Blu'tm(221 I.
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Listing of computer program used to

simulate the performance of com ';)rflow
direct-contact water-air heat "_ ~ger



10
29
30
31
33
4@

59
60
70
90 Start:la~
116
m
130

23Bm
256
269
m
28a
299
m
m
320
m
349
;}5S
369
m
389
390

~~6
4!~
420

mm
458
469
m
4B9
49B
see
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HUfUHUHHfffHIHUHfHHHHHHIIHHIiHfHHfHHHfH

SIMULATOR FOR DIRECT CDNHCT COUNTERFLOW WATER-AIR ~Ei\T EXCHANGER

mmmmmmmmmmmummlmmtmmmlmm
, This listing has been stripped of all input/output and iteration
statements,

Main loop starts here

Ht++tttttttttt+HtHHtttH+H HH+HHtHt+++++Ht+HH+++++++
Lcep to calculate TMeut and Hwcut frol a kn,wledge of inlet air
and water co.,di ti ens -and flQWrates

i 11111111111111111 J 1111 1111111111111111111111111111111111111 i 111I! LQQPover N strips of tQ"~r
Pressure:Pressure inlet-l!-I)/NiDelhjlressure I Pressure at

- each stnp
GOSUBSpalding !Caltulate naw!mass transfer) ,Delta_q (he~t transfer)

per strip
ASh~Qut=Ash_in+DI"/Ma !apparent specific hUlLidity, ~, at outlet Qf
str ip ~g/kg
Enthalpy out=o tot/~a+Enthalpy in ! Enthalpy at ouUet of strip
Tdb out="{Enthafpv out-Ash outl~591)/(I.~05tAsh cIlttl.B41 .! Dry-
I - .- - bulb at iiutI~t of stnp

i Test for foggingi Calculate N!saU at Tdb_out and co.pare with N_out

Esat=FNEsattTdb out)
Ash sat=.b22'1Esatl (Pr~ss~re·Esatl
IF flfog)0 TIIEN310
IF Ash out<=Ash sat THEN699
Tdb saf=Tdb out" !First guess for Tdb out if saturated
E=Ash outfPre5sur~/!.b22tAsh out) -'Vapour ~ressure if no fog
El=Asli out !Fl; st guess Tor saturated W at Tdb satIirst_runt=HafEnthalpy )n+9_tot !flU -

! \\ I \ \ I \ I I I I I \ \ I \ I I I \ II I I \ II \ I II I I I I I I \ I I I I I I I '.\\ I I I I I I I I I I I I I I I I Ii Loop for corr~ct hb, Tdb if fogging occurrs

EB=.6U5fEXP!l7.27tTdb sat/(237.3+Tdb sat)) 'Saturated vapour
- - pressure at Tdb sat

EBdash=EBf237.3f17.27/!237.3Hdb sat)~2 -
A7=.622f~e/(Pmsure-EBI !Satui'ated W at Tdb sat
H7=1.005fTdb satt(2S01+I.B4fTdb sat)fA7 !6ues5 for Enthalpy out

- - if fogging OCCUrl'S-
Sec func:NatH7+(KfogtDlw+Maf lAsh in 'A7}) t4.1B7fTdb sat
Sec-fune=Sec fur.c-Mfogf4.IB7tTdb-in -
Dasli 7=.622fJ!ressurefE8dashl !Pressure'EB)~2
F=SeC' func-First func
Fdash=Kaf( 1.805+1250Itl. B4t1cb satlfDash 7+LB4fAshl
Fdash=FdashtlMfogtDaw+Haf (Asil :n-A7ll 14. fB7-Maf4.1B7IDash ;fTdh sat
IF ABS(F/FdilSh}(IE-B THEN530- - -
Z3=F/Fdash



510
520
530
540
55~
566
57a
SS0
590
6~9
610
623
m
649 Ok:
65B
b60
mm
69G
700m
720m
m
75&m
rn
78a
79B
8ge
819
820
839
840
859
860
5m
8RO
890
909mmm
949
950
969
970
989
999
li90 STOP
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Idb sat=Tdb sat-Z3 'Tdb out if saturated
SOTI'f390 - -o mfog=DIHtMaf lAsh i o-A71
Hfog=MfoQ+D dog - 'M~ss of Hater vapour due to fogging
Tdb out=fdb -sat
Twb-out=T~b-out
Ash-out=Ai -
Entnal py out'HI
60TO Ok -,
i End 01 loop for foggir.g
, \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ 11\\ \ \ \ \ \ II \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \
60SUB Wet bulb 'Calculates TMb out if no fogging
5i gma out=Enthal py out-Ash outfCHiT"b out
New ti1=IC"f~wfTHllr+Q totl7((HwtDIHlfCwl
Del£a +H=NaNh-TMII+fl
Twll+Il=NeH tw
Kw_n=HwtDIH- !Water fiow in next strip ie actually INLET

Hater flo" rate to this strip
! Prepare for next strip
Tdb in=Tdb out
Twb"i n=Twb"eut
Ash-in=Ash-ou,
tntfial Py _i ii.Enthalpy _out
Sigaa In=Sig.a outn tower"Q toWetTQ toU
SIT. sens=Sul senstQ sens
lat=lalbdafDiw -
SU~ lat=Sua l at+l.at
ru(fog=SUM)ogtLa.bdafD~lf09 !SUI of heat due to fogging

iF· ~I loop over N strips
! 111/lIIIII! 111111111111111,: 111111111/11111111111 11/1/ //111
" !Return Kfog to air shea.
TI MfQglfTK(!) -KfogfTdb_outl! KN
G" 1·1t tower"HfogtCNfTdb out
IF' (ABStTii(ij-TwII<.e»eSI ARn IAB51)tIlHHI{.9S6051 THENPrint result

! 0.095X error lor flow -
Tw erroT~Twi - Tw(J) !Error i n ~iter te.perature
"w-error=MHI-KK !Error in "atar flow Tate
T~o guess"THO gum,!H errorfError factor !NeN guess for THo
~Ho=~wotH~_erfcr - !New gue~s-':or HIIO

i End of loop for TK_uut and Kw_out
! ++++++tt+ttHH+ttHttH+ttt+tttHtt++t++t+++++++tttt+++ftttttt+tt,
j End of tal n prograa
! UUItUlttlmmllttltlllmnUUUmUlIIUllllillmmllUi,
j HHffHHHffffHffUtfU fffHHHffUU !flUB HHHHHHfH 1**
!

!Su~ of sensible heat
lLatent heat
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1m
1020 I

11130 Spalding: I Calculates ~ater propsr ties by ~ethod of Spalding
1649 I

1@50 X=! 'For water teeps ie need INLET te.p for this strip
16b~ Tfjh=(T,llXl+Tdb Inl/2 ~TeQperature of f11~
107e E~s=.6105tEXP(J7:27iT"(X1/(237,3+TN(x)11 !Saturated vapour

pressure o~ water surface
Esatd=, 6195fEXP (17 ,274THb)nl (237.3+ hb_in) I 'Saturated vapour

pressure at wet bulb
Eair=FNE(T~b in,Tdb intPressurel 'Vapour pressure of air
Ehlm=.610SfEXP(17.27f Hl.1t237.3Hflhll 'Saturated vapour

pressure at fi I. telperature
Ash_fill=.b22fEHII/(Pre5sure·Efil~) 'apparent specific hUlidity, N
Ash ws=, 622fEw5/(Pressure-Ewsl
Sigiia~ijs=I.0a5iTH(XI+(25el-2.3B7tT"mlIA5h~HS !Sig!a heat water

,uri ate
~h20 Ws=.622*E"51 (Pressure-. 3781£"51 ! HI Kg H20/Kg VAIR TSH"s
Hh2o-inf=.b22tEair/(Pres5ure-.370fEml ! IN Kg H20/Kg VAIRTSHinf
La.bifa=2501-2. 381fTH(Xl !kJ/~g Latent heat
Cpo(1. e05t 1, 84tAsh fil.) I(Pressure-Eli illl (Pressure-. 37BtEfj III

- ! IN kJ/~g C FilM Cp
K=(2405+7.7BBtTfiIDlfW(-51 !Film conductivity
Oi/fusl vi ty=l. 6761 10' HIt ITf i 11+273.151 AI. 694/Pressure

, 1"2/SEC Fill diffUSlVityme Ro hh=(Pressure-.378tEhI$I/(.2B7645f(273.15+TfilMll !kg vair/.'3
1210 Leihs=(Cp1l000fRo filMfO'f!uslvity/Kl"(2/3) 'Lewsi. no
1220 B=LOSI(I-Hh2o_lnlfl (1-Hh2o_NSll 'Hass transfer dn {jng forte
1230 Olw=Hc a/NtLeHi.fB/Gp 'Hm trans kgIs
124@ G_sens=Hc_aiNt!T"IXHdb)nl !Sensible heat added
1250 a totoG sens+LalbdafDr.w 'Total heat added
1269 RETUffN -
1279 ! ffHfftfHHHHHHHfHffHtHHHHUHHfftUfHffHfHfHlltH
12BB '
12ge W~tbulb:' Caleu! ates Twb n 1 1m Ash n 11399 _, _ - _ ~
1310 Twb guess=THb in
1320 E=rNE(Twb guess,Tdb out,Pre$surel
1330 F=-.b22fE- -
1340 F=Ash_out+FI (Pressure-E)
1350 !'dasho-. 6221FNDe(Twb 9ueSs, Tdb out t Prmurel tPressure
1360 Fdash=Fdashl (Pre5surii-E)"2 -
1370 THb out=Twb gueSS-F/Fdash
1380 IF ~BS(F/Fdash)(1.8E-4 THEtl1410
1390 1Hb guess=TMb out
1480 &oTrr 1329 -
1419 RETURN
1m !
1439 ! ffHUHfffHfHHfHfUHUUHHffftHlfHHfUfHtUHHUfUIH
144S !1m OEF F~~!~~~L~~5*EXPtl7. 27tWI (237, 31wrtpour pressure kPa
1478 E=(Esatf (1555. 6"2.·465IW+l, 095fO) -Pll.ml (D-H)) I (1555,6+, 139*D-l.599tH
-Esat I .14f!D-W1/Pl
1480 RETURNE
1498 FHEND
15~V !

I HHHUUIHfHHUIHIHHIHIUilHHHHuHHHHHHHHHU

1090Bee
11111
1120
1130

1140
1150
Hb0
1m

1199
1190
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1513 I HHHHHffHHHnUHfUffffhHHHHHfHHHfHHfHlifHuH
15Z@ I

1530 OEF FNEsat IW: I Sat~rated vapeur pressure kPa
1540 Esat=. m~*EXi'!I7. 27fHI 1237. 3tH))
1550 RETURNEsat
156iJ FtlEUJ
157~
1580 I HiflflHHHIHHfHHHHHUHi'HHHHHHffHHffhHUHUfH
1590 !
lb~0 fiEF tHDeIWl~I?1 ! First denvative of vapour pressure
1419 Esat=.b »5fExpm.27fN/(237.3+W))
1m Oe=!371. 4t. MID-. 4'ilb (Esatl-. b+ (371.4+. 24*0-. bINI fFNOesat (WH, 241Pl + (
Esatf (371. 4+. 2410-. 6tHl-. 241 (D-W).?) f.4
1630 De=De/(37!.4+.B4fD-.4fW)h2
1640 RETURNDe
1650 FNEND
Ibb0 !
1670 ! fHHHfffHHHHHHHHUHUHHtfHIHffHHHHfHHtfHUHf
1680 !
1690 DEF FNDesat(W) ! First derivative of saturated vapour

pressure
17ea Desat=. 61051 (( (237, 3tW1417. 27-17 .27fNI 11237, 3+W)'21
1719 Dmt=De~atfEXP!17. 27fW{{237.3+WII
1720 RETURNDesat
1730 fNEND
1740 I

1750 I HHHHtHfHHfffHUtHHHHfHltHHIHHfffHHUffHHHHlt
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APPENDIX D. Beat exchanger test facility

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

(In support of this thesis it is noted that the author
was responsible for the design, erection, commissioning
of the centre a~ well as the present extensive pro-
gramme of research carried out at this
facility(3)) •
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Interior o( tes! hall

Front cover - Nozzle bank for
measuring airflow
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THE NEW HEAT EXCHANGER TEST CENTRE

The commissioning of the Heat Exchanger Test Centre of the Chamber
of Mines of South Africa Research Organization has provided the South
African mining Industry with an important research and testing centre.
I! is unique in that It is the largest facility of Its kind designed specifically
to provide simulated undergrounu environmental conditions for the testing
of heat transfer equipment.

The effective distribution of refrigeration (0 underground workings is in-
dispensable for safe and profitable gold mining. The Installed refrigera-
tion capacity In the South African gold minos In 1983 was approximately
800 MW(R)and more tt;an 75 per cent of this refrigeration Is distributed
to heat exchangers of various types, in which chilled water is used to
cool the ventilation air.

To mines these heat exchangers represent a considerable Investment,
In terms of both capital and running costs. Continuing research Is thus
needed to ensure that the varying, Increasingly-stringent demands of the
industry can be satisfied for cost-effective equipment for conditioning
the underground environment.

THE NEED FOR A HEAT EXCHANGER
TEST CENTRE

It Is essential that research and development on heat exchangers be car-
ried out under the thermal condilions in which they are to operate. Up .
until now the Research Organization has had to conduct most of the
testing underground In mine workings. whenever and wherever suhable
locations could be found. The bulk of this research could however be
done mote quickly and cost effectively in a surface test facility capable
of simulating the underground environment. No such facility has previous-
ly been available.

The advantages 01 a surface test centre include:

o the Important variables such as air and water flow rates.
temperatures, and air humidity can be varied and controlled-mote
convenienlly than is possible in mine sites;

• the sophisticated measuring and data processing equipment required
for the test programmes does not have to be protected from the
rlgours of the underground environment;

• heal exchangers to be evaluated can be Installed and tested rapidly;
and

• the test data can be processed and evatuated almost immediately.

The Heat Exchanger Test Centre will greally facilitate prellmlnar, ann
routine testing. as weHas fundamental studies on heat and mass trans.er,
under controlled conditions. This facility will. however, not replace

• underground evaluation, which will always ultimately be required to con-
firm the taboratory results and ascarlaln whether the equipment can
operate satisfactorily under actual mining conditions. In addition new
types of heal exchanpers can be evaluated for the industry.
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TECHNICAL DESCRIPTION
The Centre Is housed In one of the main buildings at the Carlow Road corn-
pier. 01 the Research Organization, and forms part of the Environmental Engineer.
Ing Laboratory. The main sections are:

• two test bays;

" a refrigeration installation;

• a water circuli; and

• an air circuit.

Test bays
The test bays each occupy a floor area of 10 x 2,5 m. In these bays a
supply 01 hot humid air (at temperatures similar to those found in deep
gold mines) can be provided, as well as cold water at temperatures similar
to those available from underground or surface mine refrigeration plants.

The refrigeration installation
A 230 kW(R) screw-compressor refrigeration machine, located near the
lest bays, Is used to provide hot water from the condenser and the cold
water from tne evaporator. The whole system has been designed to con-
serve energy; the total electrical power consumption Is less than 150 kW.
The technical specifications of the system are:

Air flow rate : up to 12 m3/s

Fan air pressure at design flow rate : up to 2 kPa

water flow rate : up to 15 Os

Cooling duty : up 10 230 kW
-

Heating duty : up to 30l) I<W

Wster temperature (minimum) : 4 ·0

Air temperature (maximum) : 30·('

L_ (saturated)
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30 000 litre water tanks have been installed to store hot water (40 GC)
and cold water (4 cCl $0 that heat transfer tests, at larger duties than
those shown 1:1the table, can be carried out lor limited periods of time.
A full-scale test of a 500 kW heat exchanger could typically be carried
out for over an hour.

Water circuit
The water circuit provides chilled water, at a controlled temperature, to
Ihe heat exchangers under test in the bays. It consists of four water tanks
storing cold, cool, warm and hot water respectively, with an intercon-
necting system of pipes and valves. Th3 water consumption is kept 10
a minimum by recycling the water between the four tanks after cooling
:lr heating.

Water is pumped from the cool water tank and chilled In the rel'lgera-
tion plant to 4 ·C, and is then stored In the cold water tank. Water from
the warm water tank enters the condenser of the refrigeration plant and
leaves at a temperature of 40 GC; this water Is stored In the hot water
tank. The temperature of the water pumped to the heat exchanger under
test Is controlled by mixing the water at 4 ·C with that at 40 ·C. The
water from the heal exchangers In the test bays Is returned to the cool
water tank.

The duty of the humidifier Is controlled by varying the temperature of
the water entering It. This is achieved by adjusting the proportions of
feed water from the colo and hot water tanks. The return water from the
"umldifier 's pumped to the warm water tank. A cooling tower has been
Installed above the warm water tank to allow surplus heat to be relected
to Ihe atmosphere wheo necessarv.
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The air circuit provides ti1etest bays with a flow of air at the temperature
and humidity needed to simulate the underground ertvironmental condi-
lions selected for the test.

Air is drawn by a centrifugal fan Ihrough the humidifier where it is heated
and humidified. The airflow Is then divided, with some air flowing to the
heat exchanger test bays and the balance by-passed back to the
humidifier. This by-pass arrangement ensures Ihal the fan operates near
to its design conditions even though the air flow through the test section
may vary between 1 m'ls and 12 m3/s. Ambient air can also be introduc-
ed inlo the air circuit to extend the range of test conditions.

The gap between the wet-bulb and dry-bulb temperatures of the air be-
ing fed to the test bays may be controlled by a 30 kW electrical heater.

The air from tne humidifier is passed I"to a measuring section fitted with
a set of rune nozzles designed to an ASHRAE standard. By selectlnq
various combinations of the test nozzles. flow rates between 0,5 m'ls
and 12 m3fs can be measured accurately.

The air Is then directed to one of the two test bays before returning to
the humidifier (or re-heating and humidifying.

The energy requirement Is minimized by operating in a closed circuit.
The energy supply needed to Increase the wet-bulb temperature 01
12 m3/s of air from 5 ·C to 30 °C would be over 1 000 kW In a once-
through system but, by using a closed loop, this has been reduced to
230 kW.

Air circuit
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THE USES OF THE HEAT EXCHANGER
TEST CENTRE

The Research Organization is currently devoting considerable allention
to devising methods for raduclnq the heat and pollutant load on the underground
environment, and to improving methods for conditioning this environment This In-
eludes the following types of investigations.

Fundamental work on heat
and mass transfer

Research in this area will give a better understanding oi the heat and
mass transfer processes which take place at near-saturation conditions,
similar 10 Ihose found in deep mines.

Heat transfer and pressure drop
characteristics of the various cooling coils

A knowledge of these characteristics is necessary to design bo.h Im-
proved cooling colis and Improved water distribution systems, and 10
determine the optimum operating conditions of Ihese heat exchangers.
Investigations will also be carried out Into the effect of air flow distribu-
tion on cooling coli performance. II is generally recognized thaI (oullng
is one 01the major problems associated with cooling coli performance,
and its ef!ect will be evaluated together with methods of cleaning the
coils while in service.

Development of dust filtration equipment

Water spray chambers provide a method of filtering large volumes of
ventilation air underground with minimal energy expenditure. The per-
formance characteristics of various spray nozzles and the effect of water
spray pressure on Ihe filtering efficiency are r,elng studied.
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Development of spray air cook ~~
Direct-contact air coolers are more suitable for some situations than cool-
ing coils and heal exchangers using spray systems with and without pack-
ing are presently being studied.

Free-standing Spray Mesll Cooler prototype designed for a nominal du-
ty of baO kW, a water flow of 7,5 fls and an air flow of 10mIls. The unit
Is 2,8 n, long x 1,4 m wide x 2,5 m high.

Schematic of free-slanding Spray Mesh Cooler prototype
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Development of stope air coolers

A programme to develop heat exchangers which may be used to pro-
vide in situ cooling in narrow slopes has commenced. These heat ex-
changers use the water pressure (by means of turbines) 10 create the
air flow and thus obviate the need for a supply of electrical power.

A one metre diameter stope air cooler ,:esignod tor 13 W,,(Ci( supply pressure of 400 kPa.
a water {low of I.B fls and a nominaf cearing duly (If 30 kW. The air flow of 1.2mIls is in-
duced by a 480 mm diameter fan driver. by a 100mm diameter Pelton wheel. Fan. fan shaft.
Pelton wheet and bearing housings are shown together with a sample of plastic mesh heal
exchanger packing.
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TECHNICAL ASSISTANCE
The Heat Exchanger Test Centre will augment the service provided by
the Research Organization to the mining industry In testing the perter-
rnance of new types of heat exchangers.

For further Information please contact:
The Director,
Environmental Englr,eerlng Laboratory,
Research Organization,
Chamber of Mines of South Africa.
P.O. Box 809,
Johannesburg, 2000.

Telephone 726·3020,
Telex 4·:<6070SA.

Chamber of Mines of South Africa
Research Organization
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Exterior v.ew showing air humidtfll3(, dueling and refrigeration plant room.
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APPENDIX E Specification of spray nozzles used in
test tower

The test tower made use of four nozzles spraying down-
wards with each nozzle producing a square water distri-
bution pattern. The nozzles used were Spraying Systems
Co. type 1~H230 SQ; specifications ar.egiven below:



, I
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CA'I'ALOG 25

INDUSTRIAL

SPRAYNOZZLES
AND ACCESSORIES

...........

~~

SPRAYING SYSTEMS CO.
Engineers and ManuFacturers
3201 Randolph 51root • Ballwood, IIl1nt.:.~60'''''
hl.ph ••• , AREACODE 312 lindon 4.0380 • Cabl. Add •• u, 5PRA'nnco
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SplilY thar3tt!ri5Ut~~-Sttl!;1rro <;1'T;tV IllIt,
lr-r-n with J: lIul di'lfrihlltinn thrutlJ!h.
flHI "''1unrf'pnlff'rn. (1Hmt ntomi1.nfim\
111 nil pr(U~~urc'R.
Con,lrueUon - Nfl"I". ntn"~ with rr·
nunnhlo, intrrnaJ ,)rr~(,tvnnes. 'rYII(''t

c; IIlHl on hu\'(' rl'l'l;u,t'ahh' {'np"'.
Materlal!-~IIPI)lil'(1 !;tnllflnrrl ill hrJt~!-t.
'''1'1'11111<1 tVI"" am a"II :l1!i stninl« ..
,1,,1" ["0,1 .•Inilll,·« .It·d I~'I''' 1l.RQ
in (\'Iut :11n oulv): O{hllr tnah'rinht
u\'lIii;)hlp on Rlh'cinl n.-clt·,',

l 1/1!J(l,{ NOZZLES
square spray

Squarl! I MOt.
CAPACITY

Spray Pail,," ttorzl~ No. Pipe GPM (<<allonl per minute) 11 p.I.I. (pound~, pcr squate Inth) SpRAY ANGLE
r:1'lt1" Orifice r'~:::RflFemAle t.hh, KPT OIAm. Dlam- S 1 10 20 lO .0 60 BO 100 ISO 7 10 !Q

Pipe Conn. Pille Conn. c.s.l. p .s. I. ps,l. e.e.t. p •• ,1. p .s. I. p .•. 1. p.I.," p .•. I. p.I.I. p.I,1. p.I,1. p.t,l.

,1r.3,6SQ. V.GGl ~ SQ, W'1 'III" 050" .26 .31 36 .50 .60 .69 S3 .95 U U 40' 52' 41'
IlG6 SQ. ~:::GG SQ. ,.. IIJ," ,0Su' ,I) ,51 .60 .S3 10 II 14 1,6 18 2,1 ;0- 66' 1»'"liGl0 SQ. 11GGIOSQ. I.'" ~44f1 ,/,," ,11 85 1.0 l.4 1.1 1.9 2.l H 2.9 3.5 62' 61' 61'

~

"HGIl SQ. ll(lGI2SQ. ,," ". Iii." ,86 t.e U 1.1 2.0 23 2,8 32 35 4,3 10' 75' 6S'"\1018 SQ. IIGGI8 SQ. !I· '1u" 'Ii," 1,3 1.5 1.8 2,5 30 3,4 4,1 0 5,3 6 4 11' IS' 6S'
\\G29 SQ. lSuGZ9SQ. \i" ~iv W' 1.1 2,; 1,9 4.0 48 5.5 6.1 1.6 S,S 10.0 11' IS' 68'

\111113,6SQ. \0\" 11i.~ ,OJ-J'' .26 .31 .36 .50 .60 .69 .83 .95 Ll 1.3 40' 52' Ut

V,IIH4.B SQ. I.... '.1," .0;0- .31 .40 .48 .M ,80 .91 1.1 1.3 1.4 1,1 48' 63' 51'
IUtIl6SQ. ". 1/'11" .050· .43 .51 ,60 ,83 10 1.1 l.4 16 1.8 11 61' 71' 61'• u ~ "

(t).4t) !I IIIHO SQ. W' ~," Iii," .12 .85 1.0 1.4 17 1.9 2.3 26 1,9 3.5 62' 61' 61'
HI1I1I2SQ, ,.. VI" ,.. S6 1.0 U 1.7 2.0 2" 2.8 3,2 3.5 0 10' 75' 68'" ."
'/0 HIH4,S SQ. I" .154" IA/' 1.1 1.2 1.45 1,1i 2.0\ 2.8 3,3 38 U 5.1 18' S2' 15'

Type IIH·SQ
.,

+\HHI8 SQ. ''i'' int" M;" 13 1.1 1.8 2,5 30 3,4 U 47 5.3 6.4 71' 75' 68'
male connection flHH19SQ. W YJ," !-I" 2,1 2.5 2.9 40 48 5,5 6.7 76 8.5 10.0 11' 15' 6S'

flHH36 ~Q. \j' W .\" 2,6 3.1 36 5,0 6.0 69 83 9,5 IDS 13.0 78" oza 75'

~~

IIH't50SQ. !I,t 1%," lI,it 3.7 U 5e 7.0 8,4 96 II.~' Il2 146 17.6 71' 75' 6S'.,
IHIOIiSQ. 1· H.~.H 'IJt 1.5 89 10,6 145 17,5 10 24 18 31 37 78' 80' ll'

,~ I , lIlHm SQ. )'1." W W' fl.8 15.0 17.l 25 30 34 41 41 52 G3 In' 80' 73'.,\:~. lf1Hl3USQ. 1\1" ~'i." !lij,'" 166 13,5 23 32 31 44 51 61 67 80 13' 17' 70'
2H2!OSQ. 2' IH," u*' 21 15 19 40 48 5S 67 76 85 100 5S' 70' 54".11

, ... se. "J '"1'1,,"" 'It," 26 31 36 SO 60 69 83 95 IDS 130 10' 74' 57'

2H480 SQ. . . '" ·~Ii.'" ',It" H 40 48 66 80 91 110 tzs 13R 166 79' 82' 14'

2I\H4\1O SQ.l ., lv." 'Vu'" ,.'/> 35 41 49 61 81 92 113 128 142 170 62' 67' 61''"r,P' GC·SQ 2~H590SQ. . .. 2!1" W' VI'" 43 50 5~ 81 99 113 136 155 173 108 75' 7n' 71'
w,lh ,emoyabl~ tip -- ---
male connection *roreilili mailer with ilIilllml,lm dtameltH as l!,;oJ ean pan lhtough noure Without tlot~mB.

DIMENSIONS AND WEIGHtS

Nrl ~];~;11
KoultHo. W",hl
----= --

\oIG SQ. I Qt, 11/.'" .. ~.'" Hex.
v.GSQ. 2 ~! I'I/u" "/.,"'UeJ:.
IIG,SQ. 3 or. tt'/'ll" I~/I,H He.:, h-B..J
ISGSQ. ~Ol, )I~1r" I" lin,.

!~GGSQ. 101. ttA,- o,I.'·liex. I-B-l T,pe HH,SQ

\oIGGSQ. 20t. ('Ii," IllaHnet. Type G,SQ Type GG·SQ
IIGG SQ. 301, I~.H J~h"'Hu.
liOG SQ. 501, 1'~tH l"Hn. 11"lilt SQ. 1'101. W' y,"OI!m. Elf\'01111 SQ. 101, fa" lI/iI""OI3m.
)\IIH sQ. I QI. ""," Ilh,'" Dlam, A\011111 so. 201. l'lIt'" I~'J'"Di:lm

lIP' "sq llllH .. ~. SOl, 11~~i" l!th" mem. J.mltyp.
lit SQ. 1~or. 21%," HI"P"m.i)ftll Dlec~ bod)" \+-a-l r-s-l(PiTlale({IMocllol1 tv.1t SQ, lib, J"'# tr.,,; Olam,
llilt SQ. 1\1lb 4'" 2'/,,' Diam, Typ' H·SQ Typ. It,SQmSQ, 2,,> Ib, 5" 3" Dial'1.

S.. r.g .. 58 10 63 lor 2liH SQ. 4'\ I', 6t!,·,,'" 3'/i,,"'O!.im. O.r Slack Call TIP'
sPlay nallie >teel,.,
tiU 1'.lenl H" UOS 210

.)o)~
',Id 3,101.829

t
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square spray

Spray Characler;stic>-I'1I11 squur« "I""V
pattern l"ln~hirwd wHh un unust , ily
wide spray ungh.' to pr(1'Iirh,' muxitmun
surface arlin ('l)\,Nngc pN' nuzz]«, I)i1'l6
tributlon is uilifurm throughuu], lIw
pnltl'rn crUSH l{(·(·lilln. hnpul'l is luw
dllt· to whitt an~lp (It spray,
Construction - O(T,·rt'(i in U l'Olllph'h'
raflg," 01 pip" Nllol'S. Inlernul \'UI\I'~
ure rcmovablo.

Materials- Standard in hruss. irnn IIr
~h·,,·I, Iliul slnillll'!'is sh·(·1. ()lhv," :-ltwl'ial
ututcrinls can Ill' :1uppli~,l ttl urilur.
flecomm,od.d For-l>llIlti-I1" .. lu instul-
lUI ions slll'h us lIir lind HU$ ww,ill'rs
:tuel ~ Tuhlu,r:-i. liquor wlIslu'rx aud
wi-l) Npr~•.\'''r~. ~qllan' SIIrIIV 1Ialll'rns
lu',',uil 'hi· ot r.·\"vr 1111/.1 l'S IWt !il'll,h'r
10 prtlviti" ('omple·lt· und unifurm "(IV·
,'rllHl' uf un'U sprnyvd.

CAPAcm
Noul, No. Pipe M,aAlmun\ CPM (adlons per mlnuta) ,at p.I.I. SPRAY---_-- Conn. Orlfic. r,"c (pounds per I~ua'e iMh) ANCLE

fernlt. M,i, Sit. Dlam. PUU(l1
Pip. Pip' NPT D\o;M •• 5 10 20 40 00 80 10 BO
t;or,". COlin. p •• .l, p.l.f, P l.l. p.t.l. p,',i. p.r.L p.I.i. p.I.1. p.s.L

.--
V.HH14WSQ V4'" ~;.u Yit 1.0 1.4 1.9 2.6 3.1 J.5 99' 101' qJ'

~HH20WSQ %'" 1116." Yli'" 1.5 2.0 2.7 3.5 4-4 5.0 104' 110' 94'

Y,HH3sWSQ 11" ''.it 14" 2,6 ),5 4.9 6.7 8.2 9.3 104' liD' 102'

11HnWSQ V.HIl7lWSQ ~/' "A," 1%.;/ 5.1 1.1 10 13.9 16,9 19.4 IDS' .100 101'_- '---- --~
IHlJOWSQ lHHI30WSQ I" ll!.'1 'l'u" a.8 13 18 l5 31 35 107' 110' 107',II

HIHI90WSQ Iv."' nA4~ ~2'" 13,6 19 27 :;7 45 52 108' Ill' 109'-
HiH290WSQ 1\11" ll;it ~20 29 40 i5 66 76 109' 114' 109'

2HSEoWSQ 2" "At v« 40 56 79 110 Il5 IS4 110' 114' 109'

2',iH8JOIVSQ 211" lV.1I ~/1l1i 59 83 117 1[,4 200 230 110' m' 109'--- --. ---
JHI070WSQ 3" Iv." tl/u" al 107 149 208 250 2~0 110' lIS' lUg'

• for.ll(n matter wllh m',imum dl"neter at listed can pan through nOllle Without clogging.

Palenl No. 2,305,210
and Palauts Pendmg

DIMENSIONS ANO WEI~HTS

Type H
fcm;le conn.
(bar slock)

noul. numbers.
'IIH and 1H

See P~i' t4 lur .pray c.""I< and
DIP" Irlchon informitlon.

SPRAYING SYSTEMS CO., 3201 R.ndolph SIIt,I, u,n.ooll, 1I1>"o;s

Wid, Angle
Square Spray VdClt'fn

TIP' lUI
mille c;onocLilun

T,po II
(bil SluCh)

female eonnecuen
';f.H 1M Hi

w,

,
~.-

T,p' H
cu( Ina:

female tti.:titl,1ItJrI
ll,.li Ihril\o~)i JI1
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APPENDIX E' Specification of mist elimin~.tor mesh
used in test tower

The ..1st elim:i.natorused in :he test tower consisted
of fc,')urlayers of interlaced plastic mesh in the form
of a mat. The design used was Kimre Inc type 16/96;
specifications are given below:
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B·Gon provides high efficiency removal of
the liquid phase from the vapor phacs, and low
pressure drop through the material, 8110\':lng
higher throughput at lower energy usage.

B·Gon achieves maximum lrnpinqe.nent
with lower drag because essentlally all of Its Il-
bers are aligned perpendicular to the gas flow,
rather than In t'm random arrangement common
to knitted wire mesh rnatertals. In addition, the
B·Gon mist eliminator combines the best lea-
tures of knitted wire and plate type eliminators.
The ladder arrangement of the two sets of lila-
ments causes a change in direction of vapor flow
which aids in droplet removal by centrifugal ac-
tion and also produces a cross flow of the re-
moved water that flushes partlculatos from the
media. The table below shows the efficiency of
the B·Gon style 16/96 under test conditions.

... 52
82

1\ P EHlclancv:%

Inches DlOpQi3n1nlcr.Microns
fllO 2·4 46 G·8 810 to 12 to·14
·.42 98.73 9949 9902 3996 9999 9999
1.08 I 9930 P9 GO 99 79 99 92 ~9 96 9999

\,~loCIlY
- •rtiSec .

The elficlency data, obtained by Calspan Corpora-
tlon, is valid to Ihe nearestO.t% The testsworedone
using water fogs in 3 saturatedatmosphere.

SI,.!,!! nllll rllfllll'lrH PII'''''':rl''
8·Gon mist eliminators are available In

sizes up to 6 teet by 20 feel. In tho greol majority
01applications, this size range eliminates the
need Ier piecing. a·Gon mist ehrnlnators am
available in filar'lent diameters trorn 4 mils to 62
mils, and \ ,'tlOI.S void fractions. whiCh provide a
wide range 0, physical characteristics tor
Individual appllcatlons.

B·Gon is stock manufactured trom either
polypropylene or Kynar. (K~"!Tari:riile rcgi$terod
trademark for Pennwall Corporation'S
polyvinylidene fluoride resin.)

QOSiCl1ltnlonnntlon I1l1d EXil:11fl'cs
I' lIir.i .... ' v·· Tho amount 01 liquid passing Ihrough niB
eliminator Wllltvut being captured may ue exp,e~$ed as
PI" exp (-K, N)· or -In(Pt) = K,

N
The value of K r ':' is detarrmnad expenrnentauv. or
esumaleu trom Iheory. Results lor sl)le 16, ~6 are shown
In tigllrD 1
1,.111'1,1<'..To acmevo a desrred 90 g% ellrcrency 01
tomovnl at _, gas velocity or 5 Ips for 3 micron droplets
one calcurates

-In(l'l) .. -I I1(1·<;090) = -111(0 001) - G93
From I'10u,. I lor 16:06.1 a velocity 015 Ips. K, " round

1(,·' .. 0452 .. -IIl(PI) N e, 15 3 layers. use It.
N

I IIIS'SIIIQ (lu'I'" Pressure drop through a trust eliminator
can u" rolaltd uy

i\P ~ K,'xV·1xN
ro' srytu 16,or; 1'11111.11< al760 mmliu and 15"F. allow
hquid rates trus exprp,sslOn becomes: .

,\p Q 1 71xlO-'xV'xN
r ".11111'''' For the example above. lhe pressure dn,lp is
calcutated 10 00:

.\f' u 171,10-'.5'.16 = o.sa tncnes H,Q.
111'"\"111111111"
PI~ POllulrullon ~ (I-eff,c,oncy) = Fraclion A 'ouol
passing
N '''' Number nl luyars
K," '''::VillllllJlo rolitllllg Ihe geometry 01 tho mDleridl. c Cip
size, auu gas vetocity wIIH drop removal euecuveness
K,.·· = VilflillJlo rol0\11f19Ihu geomelry of tne '".'"".11. IIq,'"J
londlnU nnu pressure drop.



309

Kon-Tane is an Interlaced
monofilament material for tower packing
use. The material is designed to provide
excellent breakup 01 the liquid phase,
creating maximum surface area lor mass
transfer with tho vapor phase. Its
propel ties ~ roduce low pressure drop,
prevent liqu.d holdup on and within tne
packing, arU prevent excessive energy
usage

Its tadder-like arrangement 01
hlaments or cylinders lorms V-type double
systerns which intersect each other at fight
angl'Js. A drop falling from one altha
cyunders almost immediately hits the next,
making new liquid surface available for
mass transfer.

The range of ulament diameters from
which Kon·Tane can be manulactured
permits use 01 larger diameter cylinders,
These cylinders offer relatively less
resistance to vapor flow due to lower
sur lace area. It also permits variation in the
void fraction of the material to suit process
reqrtrernents.

While having approximately the same
~~y p~es:!~t: drop' ratings as 11'1" raschig
~ing~~.~C:>~:Ta~~ Style 3719~ 9_q~Ln.2.U!£Q2
a(Fq~id. r_!leo rat~s)Q .excess of 8600.
fDs'l1r/(1.2 bue to its Inherent rigidity and
strength, Ken-Fane can be installed In

layered pads many feet thick using
relatively simple supports, The meterlal is

_ !le2<!PJ~~Q~~~ for the layers tQ_bf~---
•.ll")sar!e.~J!1[o.!!9.b? r:n_'!!!hqL~!.Bec(!luse of
the uniform cross section of the material
edge to edge, channeling at the wall of the
vessel and throughout the material is
minimized.

Ken- Tane tower packing Is available in
layered P(lqs..\l!?!.Q2.in~.9!ill.lh and.§.
teet in ~iame.ter.l.?nd sheets up to 6leel •
. by .?_0.Ji>.£l.Larger sizes can be
manufactured in multlple-piece pacts,
Filament diameters are available Irom 12..
mils to 62 mils. Kon-Tane lower packing
IS' nvEi1lable In a variety of styles (set. back
paqe) manutactured from Kynar (Kynar
is the trademark lor Pennwa't
Corporation's polyvlnylidene fluoride
resin). and polypropylene. Kynar Will
handle virtually any corrosive application
up to 230 'F, For higher temperature
applications, other materials are
nvailable on speclal Order.

Kon·Tatw tuwer pilchlng ISaVRI',lo/e.' I
layers liP to 6/11clws /I) c/epth and 6 leot 111
diameter

Lil(ftlet-llke arrungolllonr of
hlnmonts forms '1·typO aoubto svsto-ns wtuc II
Intorsoct eacll ot/lor at fight ungUIs
" •.,,.. It j fj.Gon and Kon ..Tano u(,llltJ
unorlscod mOllol1lalllf)1lts IVltII e~5ulltl.llly att
filaments onentea perpendlCulilr to /111./ gas
flow.
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APPENDIX G Specification of packing or fill ~sed in
test tower

The packing medium consisted of corrugated sheets join-
ed together in a fluted configuration. The packing
used was the 12 mm and 19 ~n flute size fill supPli~1
by Munters Euroform1 specif.ications are given below:
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Cl0

D·5100 Aachen
p. O. Box 1089
Phone 0241 '48411
Telex 832473
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Typ
Type
Typ C 10.12 C10.15 C 10.19 C 10.27

Flute size
.;Iute size
Vellh8jd 12mm 15mm 19mm 27mm

Austauschflache
Surface of exchange

243 m2/m3 187m2/m3 148m2/m3 112m2/m3Kontakiyta

Min. RegendichtE'
Min. water load
Vattenbelastrling 8 m3/m2 h 8 m3/m2 h 5 m3/m2 h 3 m3/m2 h

Werkstoffe
Materiols
Material PVC PVC PVC PVC

Moterialstarke
Moteriul size
Materialtjocklek O,20mm O,20mm 0,25 mm O,40mm

Gewicht
Weiqht

35 kp/m3 29 kp/m3 27kp/m3 28kp/m3Vikt ,

Droinogesystem
Drainage system
Dranagesystem HVT/AT AT AT

Slandardobmes5ungE'n
Standard dimensions
Siandarddimensioner 1200;.: 300 x 300 mm
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NIL!! .icrs EUROFORM

C10

CONSTRUCTION OF FILL:
CORRUGATED SHEETS ARE
PILED UP AND JOINED
TOG~THfR WITH AN AD-
H~SIVE OF SAM~ QUAL-
ITY AS FOIL MATERIAL.
ALTERNATING POSITION or
SINGLE SHEETS GiVES
HIGH STRENGTH.

ADDITIONAL REINFORCE~ENT
AND PROTECTION AGAINST
DAMAGE OF SHEET ED~ES BY
CAPSIZING THE SHEET ENDS.

THFPMAL OUALITIES:
HIGH EXCHANGE RATE AT co~-
PArA~LY LOW PRESSURE DROP.
THf ~ATERIAL STRUCTURE
FFFFCTS ~ SUFFICIENT TUP-
f'.ULrtlr.f OF (;ASF()U5 AIW

FLUID PHASES.

FLUTF SIZE OF SEVERAL 01-
~ENSIONS FOR VARIOUS THEP-

MAL SPECIFICATIONS. DRAINAGE SYSTE~S FOR HIGH ~AT~R LOADS WHICH STOP
THE PRESSURE DROP.

MATERIALS:
RIGID PVC (FLAME RESISTANT)
ASBESTOS (FIRE PROOFED)

APPL ItATION_:
CPOSS OR COUNTER FLOW



314 APPENDIX H

.i\PPENDIX H Expected uncertainty in the measurement
of the energy balance

The uncertainty in each of the primary measurements
have been estimated in the main text. This appendix
shows, for a limited number of examples, how these
uncertainties are propagated in the determination of
the overall heat balance.
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hir flow rexe ;;g/s ?t 1,82 2.00 1.78 1.9B 2.00 1.9~ <0,20 2,00 4.70 5.2~ 2,00 5,13 6,3~ 2,00 6.22 6,92 2,00 6.78

Inlet ",ct.-bulb ceep, ·c 0,1 ·c 29,00 C ~~ 28,90 11,00 0,21 11•.10 29,00 1,73 28.90 11,00 0,52 11.10 29,00 3.03 28,90 11.00 1,30 rr.ro

Inlet dry-bulb tc::.? 'c (1,1 ·c 3~,OO 0,03 33,90 18,00 0,03 18,10 3~,00 0,03 33.90 18,00 0,03 18,.10 3~.00 0.03 33.90 18.00 0,03 18,10

Outlet. wet_;bulb te::tp. -c 0,1 ·C 12.00 0,40 12, '0 37,00 0.63 36,90 22,50 1,31 22,60 25,00 0.91 24.90 25,50 2,60 "5,60 17,50 1,67 17,~0

Outlet. cry-bulb ter.:p. 'c 0,1 ·C 12.50 0,00 12,60 37,00 0,00 36,90 24,00 0,00 24.10 25,00 0,00 24,90 26,50 0.00 26,50 .1.8,50 0,00 18,50

Water flow rat:.e ;;S/s 2\ 12,00 2,00 12.2~ 12,00 2,00 12,24 6.00 2,00 6,12 6,00 2,00 6.12 3.00 2,00 3,06 3,00 2.00 3,06

Inlet wate.r ter.tp. 'c 0,1 'C 10,00 3.90 9,95 41,00 1,92 41,05 10,00 1,58 9.95 41,00 0,92 41,05 10.00 1,06 9,95 41.00 0.90 41.05

Outlet. \,.;'~ter t..emp ... -c 0,1 'c 12,49 3,83 12.59 36,OB 1,96 35.9B 16,lS 1,58 16,2B 30.70 0,92 30,60 19.32 1.08 19,42 30.38 0,89 30,28

neAt balance ratio 1.00 0.90 1.(10 ~,93 1,00 0,91 1,00 0,93 1,00 0.90 1,00 0,92

Un~erta~ntyin he~t balance 6.22 4,00 4,21 3,29 5.12 3,75

too + ..... 1

Table H.l Expected uncertainty jn the measurement of the energy balance
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APPENDIX I Procedure for calculating heat r~lance
and correcting data

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

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, si.nce the inlet and outlet
moisture 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 ma~n text. The
following computer listing gives ~he exact procedure
used to achieve this.
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16 PROCEDURE FOR CALCULATING HEAT BALANCE ANn CORRECTING DATA
29 Only the relevant statements are shoHn
39 A(21 : AIr pressure drop
4~ A (3) ; Wate:- flow rate
50 A(41 : Air lass flON rate
60 HiSl : Air quantity
70 A(6) : Densi ty of dry ai r
S@ Am : Inlet water temperature
9~ A(~l ; Outlet water temperature
1~9 A!91: Water temperaturp ~If packlng
110 AU01: Inlet wet-bulb t, ,~erature
1'0 A()Il: Inlet dry-bulb teeperature .
130 A(12) : Outlet wet-bulb telperature
140 : Ail3): DUUilt dry-bulb temperature
150 I A(14): Air duty
169 ! A(15): Water duty
179 I A(16): RatIo of air duty I Kater duty
180 P2:83.5 ! Barometric pres'ure
190 ! CALCULATE NEW DUTY
2~9 6=0m PI'A(2H.0ee5+P2
22~ Fracti en=.Sg5m IF ABS(~~S(Aj(l4)HB5(A!(15)1)(1 THEN Fraction=.e9~5
240 6:6+Fracti~n IFraction of .axilu. error
250 I Cal cui ate new temperature and floK
260 Sapl=AllIJ-A(10)
270 Sap2=A(13H(12)
280 IF ABS(A(14)))ABS(A(15)) THEN AJ(S)=A(S)fih92fS)
290 IF ABS(A(14)))ABStA(IS)1 THEN AH3)=AI3)fll+.B2fS}
3@0 IF ABS(HII4)I(ABS(iHI5)) THEN AI(5)=A(5)f(I+.02,a)
310 IF ABS(A(l4))(ABS(AII5)) THEN AI (3}=A(311(hB2fS)
329 IF A(7»A(I0) THEN SOTO m
3'3~ IF ABS(A1t14»))ABSIAI{15)) TIlEN AIII~)=A1I0hlIS
m IF A9S(4HI4)))ABS(AHIS)) THEN M(12)=A(J2)+.ifS
350 IF ABS(AI(14))}ABS(AII15)) THEN AI(7)=A(7hIf6
360 IF ADS(Al( 14) DABS(AUl5)) THEN AI (B) =A(B) +.IfSm IF ABS(~!(14))\ABS(AI!IS)) THEN AI (l9)=AmH·.ltS
3Be IF ABSI4W4)}(ABSIAH!511 THEN AI (12)=A!l2h liS
39B IF ABS(AI!14)){ABS(AHI5)) THEN AI17i=A(7)+.lf6
400 IF ABS(AI(14))(ABS(AI(IS)) THEN AI!B)=A(Bhlf6m GOTO 593
429 IF ABS!lI(14»)I\BS(AI(15)) THENA!!l91=A(19)+.lfS
m IF ABS(~1!l4))}ABS(AI(15)1 THEN AI!l2)=A(12hIfSm IF ASSI \1i14)))ABSIAllI5)) THEN Al (7)=1\(71+.116
459 IF ABS(\l(J4))>ABSIAII15)) THEN AIIB)=A(Bhlt6
469 IF ABS(~I(I4))<ABS(AI(IS)) THEN AI(19)=A!I0hIISm IF ABS(41!14l HABS(AI (1511 THEN AI(l2)=AI12)+.lfB
4B0 IF ABShlJ(J41 )(ABS(AI(15)) THEN A1(7):A!7l-. HSm IF AESIi~III~II<ABSIA!(15)) lHEN A!(Bl~AIBl+.14S
500 A1!Il)=Al (i~!tSapl
51a AI(13)=AI (12)t9ap2
529 P9=PI+.02fA(5)"2 !Pressure at flow leasuring point
539 Esatl=.bI95'EXP(17 .27fA(1S) I 1237. 3tAI (18) I)
549 EI=(Esat14 (1555.0-2. 46SiA11I9) +I ,99SlAI!lIl) -PI f I. 9a51 (AI !III-AI (19))) I (15
55. o+.139fAI! II H .5991~1 (ISHsatlf.14lIAI (IIHI (19) )fPll
556 AI Ibl=(PHll/(.2871(273.15+AHIIl)) !Density
568 AI (4)=Al!5) ~AI(6)
579 Esat2=. 6195fEXP(J7. 271AI !l2) I 1237 .3+AI (12)))
589 E2= (Esat2f (1555. 6-2. 4651AI (12) +1.@95IAI I13) H2f!. 8951(AI (13HII1:. ) I (Ie
55.6+.139fAl (13H.599lAi (121-Esat21.14I1A\ lI3HI (2) I/P2)
596 AI=.622fE!/(PHI) ! apparent si'~cific hulidity, W, of air in
609 A2=.622fE2/(PH2) ! apparent specific hU1idltYI W, of air out
biB MS:AI(SIIRI[A2-All IHass transfer
m AJ(IS)=4.187f!AI13ltAIl7HAI (3)-HB)lAI(B)) !Water duty
630 HI=I.965fAIIlIltAIH250!+t.84IAIIII)) ! Enthalpy air in
640 H2:!. e85iAI (13HA2ll2591+1. B4fAI(13)) ! Enthal py air out
650 AII(4) =f,lIS) IRf(HI-::21 I Ai r duty
668 AI 116)=· !AIII4)/AIIIS) !Ratio air duty/water duty
m IF ABSHAI!l4)/AltI5)H)(.8801 THEN DUlp to disk
680 soro 2211 - -m HEn I
7a0 STOP
mEND
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APPENDIX J Direct comparison between the overall
transfer cc lfficient for evaporation
tests and that. for condensation tests

It is possible to predict the effects on the transfer
coeffidl:nts of changes in temperature through an exam-
ination of the ~Iell established co rreLat.Lon for heat
transfer data (eg, Equation J.1). Lefevre(102) has
shown that the expectation is that the transfer co-
efficient will decrease with an increase 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 considered here. However this sort of
analysis has to inevitably be based on broad theoret-
ical assumptions which have inherent limitations.
Furthermore it is nOl: clear how Lefevre took account of
moisture content and its affect on the transport
properties at the film condition. However, what cou.Ld
be significant is V~fevre' s i ;,,:'l.tionthat the water
phase thermal resistance a)?pe r'" to be highly affected
by temperature conditions.

On the basis of the present set of data the opportunity
existed to examine the effects on Nusselt number of
variations in tempera'L~ e on an experimental basis. As
described in the main teKt, 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 structured 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 transfer to be



320

examined directly ana in i301ation to the flow and geo-
metry variabLes.

Heat transfer and mass transfer data are usually Corre-
lated in similar relationships as given by Equations
5.1 and 5.2. Through thi~ similarity the mass transfer
coefficient is related to the heat transfer coeffic-
ient. Recall that this approach is embodied in the
computer simUlator and thus an investigation of the
oVE:rall ener'3Y transfer can focus attention on the heat
trandfer coefficient alone. Data on heat transfer co-
efficients are normally correlated through Equation
5.1, another common form of which is(96)~

Nu a Reb Prz (J" 1)

(This is simply another form of Bqua t Lon 5.1 . vllcfli.'lcj
minor algebraic manipulation. Although '::heso',,~ noren-
clature is used, the exponent terms will have different
values. )

Equation J.l often takes the form where an additive
term is Luc Luded on the right.-hand side (49) • Bearing
in mind that the analysis .i.scompa rat Lve and that, as
will be seen, Equation J.l is u1ed simply as a tool for
differential adj~stments of the Nusselt terms, the
relative merits of the various correlations will not be
debated here.

As will be SeeD later (Table J.l) the value of the
Prandtl number, Pr. does not vary significantly in the
present set uf tests. Furthermore, the value of the
exponert, Cf is usually small (c = 1 - z = 0,33).
~h\\s, variations in Pr do not playa significar pare
in the present comparative analysis and hc.ve been
neqlected.



321

The analysis now concentrates on the relationship:

Nu cr Reb (J.2)

which may be expanded to 0.LVe

b
] (J.3)

!lavl

The velocity term referred 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 comparat~ve nature of the
analyses and that Equation ,J. 3 is simply used as a tool
for differential adjustment, the effect of the water
velocity has been ignored.

Recall that all the transport properties are evaluated
at the film condition. However, note that the
reference mass velocity of the bulk air stream is
applicable to the calculation of the Reynolds 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 ratio of the Reynolds flux
to the reference mass velocity of the bulk air stream.

(J.4)

An evaluation of Equation J.3 requires a knowledge of



322

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 var i a.t J r d ;)fthe transport
properties within the heat exchanger for each test and
not only at the end states. This information 1'1aSthen
used to determine, for each of the 160 tests, represen-
tative va.l.uenof each of the transport properties with-
in the heat exchanger. This has been done on a weight-
ed mean basis Wil_h regard to the total heat transfer at
each simulated section within the heat exchanger.
These values are presented in Table J.l.

As mentioned earlier, note should be taken of the small
variation in the value of Pro

It will have been noted at trlis stage that the film
coefficient and the surface area have been combined in
a single overall term given as IleA. 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 surface
area of the water drops in the spray above and below
the packing, it is also a0parent 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
circumdtances for cold water tests and for hot water
tests in which the surface areas of contact are identi-
cal. Subsequent analysis can then be done on a com-
parative basis where ratios are taken and the surface
area terms cancelled.

For each series of tests (both cold water/hot air and



323

cold air/hot water tests for each packing configura-
tion) the water flowrate was varied from 3 to 12 lis in
four steps having nominal values of 3; 6; 9; and 12
lis. For 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/so Thus, each series of t~sts consisted of 16 sets
of measurements at the nominal, standard flo~ sett-
ings. Practically, it was extremely difficult to con-
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.

Including a surface area term in Equation J.3, gives:

NU.A Pav«J V d

J.Lavf

b
] A (J.5)

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

Nu.A (Pav«J V d ]' i1(m.v)
I-avf

(J. 6)

For a meaningful comparison to be drawn betw~en NUcold
and NUhot' the terms on the right-hand side of Equation
J.5 must be identical. (The subscripts cold and hot
refer to the cold water/hot air and hot water/cold air
tests respectively.) Marginal adjustments for the
slight variations from the nominal values of each test
were done on a differential basis using equations which
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had been fitted to each of the 10 sets of test data.
The fitting of these equations involved a correlation

Nu.A Ke~ + K7Re + KaniwRe + Kgm;"'2 + K,oRe2

+ Kl1n\y2Re + K'2m:"Re2 + K13~2Re2

(J.7)

Results of the curve fitting exercise and values of the
coefficients ~re shown in Table J.2. In each case the
correlation was excellent.

Marginal ad j ustmen ts to the actual values of Nu.A were
then done through:

u Nu.A '= a(Nu.A) ARe

8 Re
+ 8(Nu.A) Aniw

a mw
(J.8)

where ARe and ilmw are the marginal differences between
the measured and nominal values of Re and the water
flowrate respectively. A Nu.A is the marginal differ-
ence between that calculated from the measurements and
the expected value at the nominal flow settings.

The adjusted nominal values have been compared by ex-
amining the ratio of the cold. water/hot air values to
the hot water/cold air values and the results given as
the ratio of the Nusselt numbers in Table J.3.

Based on the well accepted historic use of the re-
lationship Nu '"a Reb, the high qmil.i.ty of the data and
the care taken to match equiv~lent cold and hot operat-
ing conditions, it should be expected that the ratio
NUcold/hot would have values of close to unity.
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From an examination of Table J.3 it can be seen that
over the full range of ~ests, the value of the ratio
NUcold/hot varied from 0,88 to 1,49. The value was
generally greater than unity and on an average basis
the value of NUcold was 7 per cent greater than the
value of NUhot. However, the wide variation in these
values is worth closer examination.

A careful consider.ation of the value of the Nu cold/hot
ratio has not identified any systematic and consistent
relationship between its value and the main para~eters
such as the water flow, air flow, temperature condi-
tions and any combination of these terms. For example,
it wa':lfelt that there would be merit in examining the
relationship between NUcold/hot and the ratio of the
density of the film and free stream condition for the
cold and hvt conditions. This data is plotted in
Figure J. I, and there is clearly no trend evident.

This observation and the wide variation in values of
the NUcold/hot ratio identifies two main questions.
First, is the value of lzcA calculated in the correct
manner? Second, is the sJrface area term indeed iden-
tical for equivalent cold water and hot water tests?
Each of these questions is discussed in turn below.

The basic equation for the total heat transfer from a
wet surface is given as:

ileA ( t,,, - tdb + ). B' ) (J .9)

The definition of the transfer coefficient is intimate-
ly linked to t~~ definition of the overall ~riving
force term. However, once defined and measured, the



326

values of the transfer coefficient are correlated, for
future use, in a mar,er that is essentially independent
of the driving force conditions under ..vhichit was
measured. ~hus, the basic 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 . <v e , the tr.ansfer
coefficient does not really describe the physical mech-
anisms but rather the overall effects thereof.~

However, as discusGed 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 would 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 Figure J.2.

~ In (1 + B)
mrf a: (J .10)

B

Accepting the validity of this correction term and not-
ing that it is included in the bracketed driving force
term of Equatlon 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 coefficient 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 NUcold is
greater than NUhot.
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The simplicity of the basic analogy and the basic loga-
rithmic corvocz i.onterm must be questioned. Recall
Gof£'s(41) C:,-,';.f.t qr.')tedearlier with regard to 'in-
accurate conje.~ure ~~aed upon an unwarranted faith in
the ultimate simpli:n':.yof nature'; this may well be
applicable here. Certainly Spalding emphasizes that
the simple procedure must be abandoned for all except
the roughest calculations. The present set of data
app~ar to highlight these limitations.

One possible conclusion is that the logarithmic correc-
tion term does not comply with reality. Examining this
issue more deeply indeed reveals some evidence of its
inaccuracy. Spalding(67) discusses experimental
data(80,81) which 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.l0. Even more evidence of this strong
dependency comes from theoretical laminar boundary
leyer studies. Evans(56} presents information for
flow over a flat plate for various Prandtl and Schmidt
numbers. Evans' findings are repeated in Figure J.2,
for the a~propriate Prandtl and Schmidt numbers. For
the range of conditions being cJnsidered, the value of
the driving force, B, varies between -0,1 and +0,1.
Figure J.2 indicates that for condensation situations
(cold water), the value of the actual mass transfer co-
efficient might b~ as much as 3 per cent higher than
determined by the basic logarithmic cor rection factor.
The opposite effect occur s for the hot water situa-
tion. For extreme cases, the comparative differences
could be as much as 6 per cent. (Note that the nature
of the dependeh?Y is such t;;hatthe transfer coefficient
decreases as th~ conditions become more evaporative.)

If the multiplying factor resulting from the boundary
lay~r studies had bean used in place of the normal
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logarithmic factor within the computer program for cal-
cu l.a.c Lnq the values of ileA, then the resulting ratio of
NUcold/hot would 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 u~ed logarithmic factor would pre-
dict.

These present arguments cannot be regarded as any proof
of this fact, but it is an issue worth pursuing fur-
ther. One possible solution might be the use of separ-
ate transfer coefficients £')r heat and mas s transfer.
This is an approach that a number of other research-
ers(87,88) have used. From ?ractical point of
view, the adoption of this approach would be unfortun-
ate since the simplicity and user-friendliness of all
the methods of analysis rely heavily on the use of a
single combined transfer coefficient. 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 such a development the basic premise must be
that the transfer coefficient would be a refelance
value (ap~licable under circumstances of no mass trans-
fer) which would be independent of the so-called
corrected driving force. (The driving force term would
include the analogy relationship and the effect of mass
transfer correction factor.)

In essence, this proposal would be aimed at forcing
NUcold/hot to take on a value of unity, which is to
be expected from using the 'film' coefficient concept
in the first place. Whatever course of action is
taken, this present work has highlighted a number of
limitations and has again indicated the need for an
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independent, specific treatment ~.r water-air systems
(see Chapter 1).

The second question raised earlier was with regard to
the surface areas being identical for the cold water
and the hot water tests. Recall the assumpt Lon that
the extent of the surfa(.~ area would depend primarily
on water fJow, 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-
sidering this in further detail. the interaction be-
tween aLr flow and water flow could be expected to
affect the surface area to some extent. This inter-
action would be driven by phenomenl related to
Reynold's number. The prevailing logic has been that
this effect was also accounted for by making the com-
parison of NUcolo to NUhot 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 'rable J. 4• It can be seen that the vis-
cosity varies by up to 300 per ce~t and the surface
tension by 10 per cent over the full range of condi-
tions. The mechanisms involved in the formation of all
the water surfaces are extremely complex, but probably
deserve some further research. Lefevre(102) indi-
cates that the wat.er phase thermal resistance could be
significantly affected by changes in water t.emperat.ure
and, in examining the formation of the water surfaces,
this aspect should also be investigated.
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Conclusions

ValUes of the ratio NUcold/hot are expected to have
a value of close to unity~ For the SO sets of data
the mean was 1,07 with a range from 0,88 to 1,49.

The wide range of values of NUcold/hot encountered
is probably an indication of trle limitations of the
simple heat and mass transfer analogy employed and of
the basic logarithmic correction term used to account
for the effect of mass transfer on the transfer
r:oefficient.

Two further areas of research outside the scope of
the present study are suggested. The first is an
examination of the heat and mass transfer analogy and
the correction factor on the basic premise that
NUcold/hot should equal unity. The second is a
study of the effect of water viscosity and surface
tension on the formation of wet surface areas in
packed t.owars,
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of the film to bulk stream air density



0,90

332

2
(/)
c

1,10 ~

1,05

I...o..........
I... C
00,)

'0.2
a:!~
-0,)

010
cU
~
:§-
"5
Z

0,95

Factor for laminar boundary
layer on flat plate for Prandtl Nos
and Schmidt Nos of 0,6 to 0,8
(Reference 56)

-0,10 0,05 0,10

EvaporationCondensation

-0,05 o

Mass transfer driving force B

Figure J.2 Effect of the mass transfer driving
force, a, on the mass transfer co-
efficient (multiplying factor)



333

TEST FILM FILM FILM BULK FILM F1LH
No, COND, VlSC, DENS. DENS. SP. ~EAT DIFF. Pr St

Kav! J.Lav! sav! sa Cay! Davf
H6-1 us-s flS-5
(W/sK) (N,/I') kg/m' kg/m" J/kgK (12/5)

1 2.591 1.829 0.964 e.945 I. ' 3.199 0.722 9.611
2 2.573 1.818 9.966 e.~H 1021 U8? 0.722 0.699
;) 2.559 i.au 0.960 0.937 1020 3.les 0.721 use
4 2.553 I.m 0.937 0.916 1919 3.173 ~. 721 0.608
5 2.581 I.B23 c.m U.951 1022 3.091 9.722 0.619
6 2.563 1.912 c.m B.946 1029 3.672 0.721 U08
7 2.j53 1.8Sb o.m S.943 1019 3.08B e.nl c.m
B 2.54B I.B03 0.945 8.927 1019 3.142 0.721 USB
9 2.587 1.827 e.962 0.936 1822 3.113 0.722 Ul0

19 2.552 I.B85 8.9H 0.954 1018 3.952 0.729 B.MB
11 2.541 1.799 8.966 e.951 urs 3.066 0.ne c.m
12 2.570 I.BI6 8.92B 0.917 1021 3.214 0.722 0.609
13 2.567 1.815 0.966 0.945 1028 3.eB6 0.721 0.699
14 2.557 1.806 c.m 0.95@ 1~19 3.875 0.721 B.bOB
15 2.551 I.B05 9.962 8.m 1819 3.087 0.721 0.608
16 2.543 1.800 0.952 0.939 1918 3.114 0.720 U07

17 2.617 1.845 0.950 8.995 1027 3.168 0.724 0.613
18 2.653 1. B67 0.923 0.967 1935 3.278 0.728 B.bl7
19 2.b59 l.8n 0.902 0.944 1037 3.359 0.729 S.61e
20 2.666 1.875 0.865 e.m 1m 3.515 0.732 ~.m
21 2.611 1.841 9.951 9.997 , l26 3.161 0.724 0.612
22 2.641 1.859 9.928 0.973 \~32 3.255 0.727 0.616
23 2.650 1.965 Me9 B.948 1035 3.333 e.728 0.617
24 2.656 I.B69 9.876 9.916 1m 3.463 5.73il 0.619
25 2.629 1.852 0.939 3.m 1029 3.214 e.725 0.614
26 2.627 I.B51 0.933 0.975 1029 3.231 0.725 0.614
27 2.642 1.866 0.912 0.959 1033 3,314 0.727 8.b16
28 2.646 1.8p3 0.8B8 0.925 1035 3.411 0.729 0.617
29 2.615 1.944 3.m 0. q96 1027 3.201 0.724 0.b13
39 2.622 I.B48 9.931 0.973 :m 3.235 0.ns 0.b14
31 Z.63! 1.856 9.91S 0.953 1031 3.351 0.726 B.bIS
32 2.637 1.857 0.896 0.933 1033 3.373 B.727 B.6lb

Table J.1 ~epresentative values of the thermody-
namic transport properties (mean values
weighted by total heat transfer for each
of 100 segments of heat exchanger)

Continued/ •••
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TEST FILM FILM FILM BUL~ FILM FILM
No. CONDo VlSC. DENS. DENS. SP. HEAT DI~F. Pr Sc

Kavf f,lavf ray! ra Cay! Davf
110-2 He-5 110-5
(W/~K) UlslQzI kg/Q3 kg/a" J/kgK (mZ lsI

33 2.584 1.825 0.965 9.954 1m 3.;91 9.722 0.610
34 2.564 1.813 0.916 0.963 1929 3.952 0.721 0.m
35 2.557 1.809 0.979 6.965 1m 3.038 0.721 8.698
36 2.558 1.809 0.977 0.962 1019 3.045 0.721 9.6e8
37 2.587 1.827 Ii.951 0.943 IS23 3.145 0.722 0.610
38 2.562 1.811 0.967 M57 1m 3.079 0.721 0.609
39 2.545 1.901 O,976 0.963 10:8 3.m 0.m S.607
49 2.562 1.811 9.964 1i.95~ 1m 3.9Bb 0.721 0.b98
41 2.592 1.823 0.934 0,928 1023 3.199 0.722 B.m
42 2.558 1.809 M~l 0.943 192e 3.128 9.721 0.608
43 2.544 1.801 0.960 g.949 1018 3.089 0.721 US7
44 2.563 1.812 e.946 0.941 1m 3.148 9,721 O,609
45 2.575 1.819 9.903 0.899 1322 ',304 0.722 S.ble
46 2.554 1.8S7 0.922 0.917 1~20 3.222 0.721 0.608
47 2.560 L81e 0.922 0.919 1m 3.231 0,721 B.b69
48 2,559 I.BI0 e.921 0.917 1m 3.234 0.721 9.609

49 2,649 1.859 0.933 0.968 1032 3.238 ~.727 B.616
50 2.640 1.859 0.934 0.967 1032 3.235 0.727 0.616
51 2.657 1.869 9.924 e.961 IB36 sa» 0.729 0.bIa
52 2.665 1.874 MIS 0.959 1037 3.m ~.m 0.619
53 2.627 1.851 0.926 0.969 1m 3.•256 0.726 0.615
54 2.628 1.852 0.928 9.959 m0 3.251 0.726 0.615
55 2.648 1.864 0.916 0.951 1034 3.304 0,72B 0.617
56 2.m 1.869 0.969 0.949 1936 3.332 0.729 0.618
57 2.619 1.846 0.906 0.939 1035 3.326 0.726 0.b14
58 2.615 1.844 0.912 9.941 1029 3.303 ~.725 0.014
59 2,627 1.851 9.906 6.935 1031 3.331 0.726 •• 615
60 2.64B 1.864 0.890 0.925 1m 3.405 0.729 0.617
61 2.613 1.842 0,B77 0.909 1830 3.m 0.726 8.614
62 2.m 1.839 0. eBI M09 1028 3.422 .0.725 0.b13
63 2.626 1.B51 0.B70 0.897 1032 3.480 0.727 9.615
64 2.643 ' .861 0.85B 0.890 1036 3.539 0.729 8.618

Table J.1 (Cont. )

Continued/ •••
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TEST FILM FlLH FILM BULK FILM FILH
No. CONDo me. DENS. DENS. SP. HEAT DIFF. Pr Se

Kavl !lavl lavl ta Cav! Dav!
*10-2 410-5 us-s
(W/~K) (Ns/;') kg1m' kg/a' J!kgK (m~Is)

65 2.587 1.826 0.960 0.958 1m 3.117 0.742 0.610
66 2.560 1.810 0.978 iJ.9b9 1019 3.044 9.721 U0B
67 2.571 1.817 M73 9.961 1921 3.06b 0.722 0.009
68 2.562 I.BI2 <i.m 0.962 1020 3.054 0.721 0.609
69 2.583 1.824 ~. 942 3.m 1m 3.172 0.722 0.610
70 2.564 1.813 @.962 9.957 1020 3.095 0.721 0.609
71 2.563 1.812 0.964 0.956 1020 3.089 0.721 0.609
72 2.552 l.sae 0.969 0.956 1019 3.069 0.721 0.608
n 2.~77 1.82f. 0.991 0.908 1m 3.292 9.722 0.610
74 2.558 1.909 0.937 0.935 1020 3.114 0.721 UC8
75 2.549 1.803 0.949 9.944 1019 3.127 0.721 0.6~a
76 2.545 1.801 11.949 0.949 1018 ~.127 0.721 0.60B
77 2.554 I.Q07 0.B58 0.858 1m 3.462 0.722 e.b09
7S 2.549 I.S04 0.S8a 9.SSB 1019 3.341 0.721 0.60B
79 2.558 1.884 8.899 0.896 1019 3.m 0.721 8.605
80 2.547 1.802 0.905 e.B99 1019 3.290 9.721 0.60B

81 2.630 I.m 0.935 e.964 1036 3.229 0.726 0.615
82 2.655 1.86b 0.923 ~.954 1036 3.2BI 0.729 6.618
83 2.654 1.869 0.925 0.959 1035 3.273 0.72B 0.617
84 2.668 1.976 0.915 9.952 1039 3.315 0.739 0.619
85 2.618 1.846 0.918 0.946 1029 3,282 0.726 O.614
86 2.643 I.B61 0.908 0.93] 1034 3.336 0.728 0.617
87 2.646 1.863 0.m 0.939 1035 3.328 0.72il 0.617
88 2.660 1.871 0.900 0.933 1038 3.372 0.730 0.619
89 2.611 1.841 0.883 6.911 1029 3.411 0.726 0.614
90 2.633 1.855 0.87h 0.903 1034 3.m 0,728 0.616
91 2.640 1.859 0.874 0.902 1035 3.467 0.729 0.617
92 2.654 1.Bb8 e.B64 0.894 1038 3.521 9.731 0.619
93 2.606 I.B3B 0.830 0.858 1030 3.635 0.727 9.614
94 2.625 • I.B50 0.821 e.m 1035 3.699 0.729 e.m
95 2.63~ 1.855 9. B17 0.845 1036 3.729 0.730 0.b17
96 2.650 1.065 0.B12 @.843 1040 3.763 0.732 0.620

Tab1e J.1 (Cont. )

Continued! •••
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lEST FILK FILM FILM BULf FILM FILM
No. CONDo VISCo DENS. DENS. SP. HEAT DIFF. Pr 5c

Kav! J.!avf tavf ta Cay! Davf
f10-2 *16-5 .10-5
(~/mK) {N5/~·1 kg/rn' kg/~3 J/kgK (Q2/s1

91 2.584 1.825 0.966 0.954 1022 3.097 9.722 0.610
98 2.561 1.811 c.m 0.965 1020 3.044 0.721 0.608
99 2.569 1.811 c.97B 6.965 1826 3.843 e.721 0.698

109 2.566 1.814 0.973 8.959 1820 3.063 ~. 721 0.689
101 2.5eB 1.828 0.955 e.945 1923 3.133 0.722 0.611
lC2 2058e 1.827 0.957 0.951 1023 3.128 0.722 0.610
163 2.575 1.820 0.m 0.955 1021 3.099 0.722 0.609
184 2.568 1.815 0.964 0.952 1020 3.092 li.721 0.609
105 2.584 1.825 8.942 0.933 1023 3.175 0.722 e.6!0
186 2. S6b I.BI4 9.953 8.944 1920 3.126 0.721 U09
187 2.565 1.813 0.953 ~. 948 1m 3.125 0.721 0.609
le8 2.561 1.811 0.952 0.945 1m 3.I:i 0.721 0.608
109 2.580 1.823 0.908 0.903 1023 0.289 0.723 0.618
110 2.574 1.819 0.922 c.m IC22 3.235 g.722 0.616
111 2.564 1.813 0.927 0.921 1021 3.213 0.722 0.b99
112 2.558 i.ll~9 0.925 0.916 102e 3.218 0.721 0.608

113 2.637 1.857 0.938 0.973 1631 3.220 0.726 0.615
114 2.651 1.866 0.930 0.%6 1034 3.254 0.728 0.617
115 2.659 1.871 S.925 B.9b2 103" 3.274 0.729 0.618
116 2.665 1.a74 M20 0.959 1037 3.295 0.729 0.619
117 2.625 1.850 0.935 9.971 1029 3.225 0.725 0.014
118 2.638 L858 0.928 ~.962 1032 3.256 0.727 o 016
119 2.645 1.862 0.923 ij.957 103:' 3.276 9.727 0.616
m 2.655 1.868 0.915 6.953 1035 3,'309 0.729 0.618
121 2.614 1.843 s.m e.957 1028 3.262 0.725 0.613
122 2.629 1.852 0.916 0.948 1031 3.296 0.726 0.615
123 2.635 1.856 0.912 e.944 1032 3.312 ~.727 0.615
124 2.648 1.864 0.901 0.936 1035 3.361 0.728 0.617
m 2.606 1.838 0.898 0.930 1028 3.350 a.725 0.613
126 2.621 1.847 0.391 B.922 1030 3.387 O,726 0.615
127 2.625 1.850 6.aBa 0.917 .~31 3.400 0.726 0.61S
128 2.M2 1.860 0.873 0.906 1035 3.m B.m 3.617

Table J.1 (Cont. )
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TEST FlLK FILM FILM BULK FILM FILM
No. CONDo VlSC. DENS. DENS, SP. HEAT DIP'. Pr 5c

Kav! p.av! ta·1f ta Cavf Davf
ue-z 410-5 410-5
(W/B[() INs/a") kglm' kg';' J/kgK (~'/5)

129 2.573 I.BI8 0.916 0.%5 1021 3.076 e.721 0.609
l~e 2.561 1.811 0.977 0.968 1020 3.047 ~,721 0.608
r3I 2.551 1.805 9.982 c.m 1018 3.m B.721 9.b@8
132 2.5b~ 1.916 3.972 0.961 1321 3.069 0.721 U09
133 2.59d 1.825 0.949 0.947 1023 3.150 0.722 B.bIB
134 2. 56~ 1.810 9.967 0.962 w,~ 3.917 9.721 0.608
ns 2.555 1.808 0.970 0.961 iG19 3.B63 0.721 6.698
136 2.558 1.809 M6b 0.959 1~19 3.e78 ~..721 0.638
137 2.577 1.821 0.925 B.924 1m 3.226 0.722 0.610
138 2.5~6 1.808 0.948 fi.94b 1m 3.134 ~.72! 0.698
m 2.561 1.811 M48 0.939 1020 3.140 0.721 9.609
140 2.556 1.00S 0.948 0.942 1019 3.136 e,721 ~.698
141 2.5~~ I.814 0.885 0.884 1021 3.36b 0.722 0.b09
142 2.553 1.B06 0.915 0.915 1019 3.247 0.721 ~.69a
In 2.m 1.903 0.923 ~.920 1019 3,219 0.721 ~ab08
144 2.553 l.B0h 0.916 0.912 1~19 3.249 9.121 0.b0B

145 :t.bP 1.843 0,946 0.972 le27 3.181 e.724 0.1:13
146 2.63" 1.853 0.939 0.968 1030 3.212 0.726 ~.61S
I4i 2.638 1.858 0.935 B.m 1032 3.m 0.727 e.m
148 2.026 1.851 9.940 0.971 1m 3.20~ 0.725 0.614
149 2.602 1.836 0,937 0.961 1026 3.206 0.724 e.b!2

...~..~ 1.9~~ {, :;:1 o el"~ 1029 3.245 ? 72S ii, 61 I.. ,; ..
lJI 2,632 1.854 ~.924 0.953 1031 3.269 0,i2~ ~.615
152 2.622 1.848 B.929 @.956 1029 3.247 0.725 0.614
153 2.594 1.931 0.914 0.938 1m 3.286 0.124 Ji.bl2
154 2.614 I.B43 e.907 0.931 1029 3.325 0.725 0.614
155 2.626 I.S51 0.9BI e.927 1031 3,354 0.726 0.bIJ
156 2.614 1.843 Me7 0.932 1629 3.324 a.725 11.613
157 2.590 1.829 0.874 0.898 1026 3.437 0.724 M12
158 2.b9B 1.839 B.868 ~.B92 1.029 3.416 B.726 0.m
159 2.621 1.847 0.860 B.8B5 1031 3.522 0.727 B.,W
160 2.6eB 1.839 f. 866 0.B69 1029 3.493 0.725 ~.m

Table J.t (Cont.)

Continued! •••



TEST FLUTE DEPTH HOT/COLD R rs 1(7
X1~~4

1(9 K10 en K127 1(13
8NUMBERS nm II11TEi; xl0-4 >:10-2 xl0-7 10-5 10- lO-

t - 16 SDRJ\Y ONLY COLD 0,989 0,027 -8,71 3,63 0,07 4,47 -1,79 -1,71 1,15
17 - 32 SPRAY ONLY HOT 0,997 0,084 -8,20 1,99 -0,73 5,21 0,33 -1,22 0,17

33 - 48 12 600 COLD 0,977 0,411 1,19 0,63 -2,61 -0,40 -0,08 0,55 -0,14
49 - 64 12 600 HOT 0,999 0,296 -6,27 5,16 -1,78 1,91 -3,53 -0,67 0,63

65 - 80 12 1 200 COLD 1,000 0,209 -4,73 9,83 -2,15 2,10 -4,53 -1,62 O,Bl
81 - 96 12 1 200 HOT I,GOO 0,332 -4,59 8,74 -3,52 3,57 -3,05 -1,76 0,59

97 - 112 19 600 COLD 1,000 0,432 -4,15 3,64 -2,64 1,32 -1,95 "0,37 0,23
113 - 1211 19 600 HOT 1,000 0,419 -6,25 3,93 -2,51 1,61 -2,26 -0,39 0,27

129 - 144 19 , 200 COLD 1,000 0,462 -2,81 5,30 -2,41 1,25 -2,95 -0,33 0,24
145 - 160 19 1 200 HOT 1,000 0,473 3,37 3,87 -4,14 1,05 -0,96 -0,41 0,11

w
co
co

Table J.2 Coefficients of curve fitting for Nu.A f(Re, ni;.)
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NOMINAL NOHINAL NOMINAL NOMINAL Nu.A
WATER AIR AIR REYNOLD Cold/Hot
FLOW FLOW VELOCITY NUMBER
(kg/s) (kg/s) (m/s)

3,0 2,0 1,5 390 1,022
6,0 2,0 1,5 390 1,054
9,0 2,0 1,5 390 1,070

12,0 2,0 1,5 390 1,202
3 0 3,7 2,5 680 1,089
6,0 3,7 2,5 680 1,099
9,0 3,7 2,5 680 1,091

12,0 3,7 2,5 680 1,164
3,0 5,3 4,0 950 1,048
6,0 5,3 4,0 950 1,187
9,0 5,3 4,0 950 1,120

12,0 5,3 4,0 950 0,989
3,0 7,0 5,0 1 310 1,126
6,0 7,0 5,0 1 310 1,189
9,0 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 the flute size of the
packing, that is 12mm or 19mm. For the spray situation a
CharacterIstic dimension of 5mm (approximating drop diameter) was
used. HOHever, the exact choice of these values is not important
since the analysis involves direct comparison for similar
geometries.

Table J.3 Ratio of Nu.A cold/hot for corresponding flow situations

continued/ ...
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~ I NOMINAL NOMINAL NOMINAL NOMINAL Nu.Ag. WATER AIR AIR REYNOLD Cold/Hot
(]) FLOW FLOW VELOCITY NUMBER't1

I'l (kg/s) (kg/s) (In/s)
\0~ 3,0 2,0 1,5 900 0,9950

(]) 6,0 2,0 1,5 900 0,984
+l 9,0 2,0 1,5 900 1,002
;:1 12,0 2,0 1,5 900 1,405r-f~ 3,0 3,7 2,5 1 603 0,979
~ 6,0 3,7 2,5 1 630 0,980
N 9,0 3,7 2,5 1 630 1,069
,..; 12,0 3,7 2,5 1 630 1,343.....

3,0 5,3 4,0 2 470 0,973.....

I 6,0 5,3 4,0 .2 470 0,997\0
I 9,0 5,3 4,0 2 470 1,086
M
M 12,0 5,3 4,0 2 470 1,485

3,0 7,0 5,0 3 520 1,011
CI) 6,0 7,0 5,0 3 520 1,127
E-i 9,0 7,0 5,0 3 520 1,239CI)
1'<1 12,0 7,0 5,0 3 520 1,464E-i

1,134 mean

~ NOMINAL NOMINAL NOl<IINAL NOMINAL Nu.AP..
(]) WA'iER AIR AIR REYNOLD Cold/Hot
(]) FLOW FLOW VELOCITY NUMBER't1

f'l (kg/s) (kg/s) (m/s)
N -~
,..; 3,0 2,0 1,5 900 0,039
(]) 6,0 2,0 1,5 900 0,880
+l 9,0 2,0 1r5 900 1,004
::l 12,0 2,0 1,5 900 0,98~r-f
'l-I 3,0 3,7 2,5 1 603 0,940
~ 6,0 3,7 2,5 1 630 1,047
N 9,0 3,7 2,5 1 630 0,975
..-I 12,0 3,7 2,5 1 630 1.042...... 3,0 5,3 4,0 2 470 0,877
\0 6,0 5,3 4,0 2 470 1,04701
I 9,0 5,3 l!,O 2 470 1,035
to
\0 12,0 5,3 4,0 2 470 1,053

3,0 7,0 5,0 3 520 0,901
CI) 6,0 7,0 5,0 3 520 1,034
8 9,0 7,0 5,0 3 520 1,137CI)
1'<1 12,0 7,0 5,0 3 520 1,2368

1,015 mean

Table J.3 Ratio of Nu.A cold/hot for corresponding
flow situations.

Continued/ •••
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~
0. NOMINAL NOMINAL NOMINAT" NOMINAL Nu.AQj
Q) WATER AIR AIR REYNOLD Cold/Hot
'0 FLOW :now VELOCITY N"UMBER
a (kg/s) (kg/s) (m/s)10,
0 3,0 2,0 1,5 1 450 1,OSl
Q) 6,0 2,0 1,5 1 450 1,0274J::s 9,0 2,0 1,5 1 450 1,107.-; 12,0 2,0 1,5 1 450 1,0794-1

E 3,0 '3,7 2,5 2 550 1,142
G,O 3,7 2,5 2 550 1,033m 9,0 3,7 2,5 2 550 1,090rl....... 12,0 3,7 2,5 2 550 1,092

co 3,0 5,3 4,0 3 800 1,092
N 6,0 5,3 4,0 3 800 1,003rl
I 9,0 5,3 4,0 3 800 1,045
"m 12,0 5,3 4,0 3 800 1,049

3,0 7,0 5,0 5 310 1,024
til 6,0 7,0 5.,0 5 310 0,974E-i
til 9,0 7,0 5,0 5 310 1,015
r4 12,0 7,0 5,0 5 310 0,9998

'--

1,053 mean
~
0. NOMINAL NOMINAL NOMINAL NOMINAL Nu.A
OJ WATER AIR AIR REYNOr.o Cold/HotOJ
'0 FLOW FLOW VELOCITY NUMBER
a (kg/s) (kg/s) (m/s)
N,
rl 3,0 2,0 1,5 1 450 0,890
OJ 6,0 2,0 1,5 1 450 1,061.j.J
::s 9,0 2,0 1,5 1 450 0,995
r-l 12,0 2,0 1,0 1. 4£30 1,098'H

~
3,0 3,7 2,:5 2 550 0,907 i
6,0 3,7 2,5 2 550 1,051 ,

m 9,0 3,7 2,5 2 550 1,035 Irl....... 12,0 3,7 2,5 2 550 0,998
0 3,0 5,3 4,0 3 800 0,903
10 6,0 5,3 4,0 3 800 1,036M
I 9,0 5,3 4,0 3 800 1,029m 12,0 5,3 4,0 3 800 0,974N
M 3,0 7,0 5,0 5 310 0,985.
til 6,0 7,0 5,0 5 3J.O 1,081
E-i 9,0 7,0 5,0 5 310 1,174til
r4 12,0 7,0 5,0 5 310 1,0968

1,020 mean-

Tablp J.3 Ratio of Nu.A cold/hot for corresponding
flow situations.



Density
viscosity
Surface tension (x10·3Nm)
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Temperature
1--.

O°C 10'C 40'C 50'C

998 997 992 998

1752 l300 651 544

7,6 7,4 7,0 6,9
I

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 'Iolaterrelated to the formation
of wet surface aX·.:-1



343 APPENDIX K

APPEND1X K ACCURACY OF MERKEL'S EQUATION WHEN USING
SIGMA HEAT IN PLACE OF ENTHALPY

The exact equivalent -,fM~'rkel's equation when using
sigma energy in place of enthalpy is given as:

(K.l)

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

The results are presented in the form of a correlation
curve between the value of che sigma heat difference
driving force and that of the true value as calculaced
frOm heat and mass transfer parameters. This plot is
shown in Figure K.l which Jives an indication of the
extent of the errors involved and their distribution
(as a percentage of the true value). ~lis figure
should be compared to Figure 6.9 whi.ch is the equiva-
lent figure used in the exemd nat.Lor, of the original
Merkel equation. A close study will show that the
sigma heat driving force equation is a slight improve-
ment over the Merkel equation in terms of accuracy.
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;!:20% 95,7%

15 20

Figure K.l Accuracy or Merkel's equation when using sigma
energy in place of enthalpy (correlation and
distrib~tion of error)
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APPENDIX L

APPENDIX L PROCEDURE FOR CALCOLATING P AND ITS VALUE
FOR NON-SATURATED AIR CONDITIONS

The term, P, is defined for a specific set of
conditions, through Equation 7.11, as:

Cava'" ( tw - t,1b + ). B/)
(~-r...,)

(L.l)

The value of p is dependant on the air condition, the
water surface temperature and the barometric pressure.
Because of the complexity of the form of the equations
involved it is not possible to express the term as a
simple analytical function. It is howt::versimple to
numerically calculate its value for a particular set of
conditions and a short program listing specifying the
procedure is given below.

Values of P for saturated air conditions are presented
in the main text. figures L.1 and L.2 below give
7alues for non-saturated conditiors.
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1,2

1,1

0,9

Air temperature (Oe dry-bulb)

Figure L.l Value of P for 50 per cent relative
humidity air at 100 k~a
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1,1
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-

(1o-c wet-bulb)

Figure L.2 Value of {3 for dry air at 100 kPa
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18 ! PROGRAM - BETA20 I PROGRAM TO CALC VALUE OF 8
ETfI

38 Tl=38 ! Twater40 1'2=8 I Tdb
50 T3=B ! TI,Jb
60 P=100 ! Pressure
713 T4=(Tt+T2)/2 ! Tf i 1m
80 T5=(T1+T3)/2 ! Tfilmt
913 El=.61B5*EXP(17.2?tTl/(237,3

+Tl» ! SAT VAP PRESS Tws
108 E9= 6105tEXP(17.27tT3/(237 J

+T3»
118 E2=(E9*(1555,6-2,465tT3+1,80

5*T2)-P*1.005*<T2-T3»/(1555
.6+, 139*T2-1,599*T3-E9* 14*<T2-T3)/P)

120 ! VA? PRESS AIR
1::;0Hl= 622:tEl·'(.P-378:t'ED I TSH

I.oJS
140 M2=,622tE2/(P- 378¥E2) f TSH

a i t"
1513L=25131-2.378tT 1 J LFlT HEAT
160 E4=,6105*EXPl17 27*T4/(237.3

+T4» f SAT VAP PRESS FILM
170 E5=.6105tEXP{17.27tT5/(237.3

+T5) ! SAT VAP PRESS FILM*
180 A4=, 622*E4/ (P-E4) f FILM ASH
190 K=(2405+7 788*T4)*10~-5 ! FI

LM CONDUCfIVITY
280D=1.676*10A-7t(T4+273.15)Ai

694'P ! FILM OIFFUSIUITY
210 (:=(1 005+1.84tA4)*<P-E4)/(P-

.378*E4) : FILM Cp
220 R=(P-.378*E4)/(.287t(273.15+

T4» I FILM DENSITY
230 X=(C*10ee*R*O/K)A(2/3) I Lew

is No
240 B=LOG«1-M2)/(1-Ml» ! MASS

TRANS DRIVE FORCE
250 Q=X*L*B/C+Tl-T2
260 Al= 622*El/(P-El> ! ASH Tws
270 R2=.622*E2/(P-E2) ! ASH AIR
280 Sl=1.005*Tl+(2501+1.84*Tl)*A

1-4.187IAl*Tl ! SIGMA Tws
309 S2=1"005*T2+~2501+1.84*T2)*A

2-4 187*A2*T3 f SIGMA air
329 A5= 622*E5/ ~P~E5.) f ASH f i 101*:
330 C5=1 e~5+1 84*A5 I Cp film«340 G=G5tGI/(Sl-S2) I BETR
350 PRINT "HEAT TRANSFER FROM WE

T SURFACE, VALUE OF BETA"
360 PlUtH "II
370 PRINT "T dr/ butb=";T2
380 PRINT "T wet bulb=";T3
390 PRINT "T water surface=";Tl
400 PRINT "Ambient pressure=";P
410 PRINT "BETA =";G
430 PRINT ""4413 END
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APPENDIX M Procedure for calculating the term ct, and
its value for nOll-saturated con.ditions

The term, a, for a differential element. of direct.-
contact heat exchanger js Qclfined by:

(M.I)

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 equations
involved, it is not possible -l:,oexpress the term as a
simple analytical. fUtlction. It is however, a relat-
ively simple matter to numerically cal.culat~ i~s value
for a particular :~etof conditions. The short program
listing given l:\elowspecifies t1:e exact procedure used.

Values of a for saturated air conditions are presented
in the main text. Figures ri.l and 111.2below give the
values for non-saturated conditions at 100 kPa.



Air temp, (dry-

1.1

0.9

350

I
)

Figure M,1 Value of Il for 50 per cent rf'~lat:iv~"
humidity air at 100 ~Pa



351

1,2

10 20 30 40 50
Air temp. (dry-bulb OC)

0,9

Figure M.2 Value of a for dry air at 100 kPa



352

10 PROGRAM - RLPHA28 PROGRAM TO CALC ALPHA (WHE
N FOG Or.CURS AIR IS FORCED T
[I REMAIN SATURATED

38 Tl=40 ! Twater
40 T2=50 ! Tdb
50 T3=17.982 ! Twb
60 p~le0 ! Pressure
70 Y=10~-8 ! hcA/Ma
88 ! CALC OF HEAT @ MASS TRANS
98 T4=(Tl+T2)/2 ! Tfilm

180 El= 6105*EXP(17.27*Tl/(237.3
+Tl» ! SAT VAP PRESS AT Tws

110 E9=.6105*EXP(17.27*T3/(237.3+T3)
120 E2=(E9*(1555.6-2.465tT3+1.00

5*T2)-P*1.805*(T2-T3»/(1555
.6+.139*T2-1.599*T3-E9*.14*<T2-T3)/P)

130 ! E2~VAP PRESS AIR
140 Ml=.622*El/(P-.378*EI) TSH

l~ATER SURFACE
158 M2=.622*E2/(P-.378*E2) I TSHAIR
160 L=25el-2.378*Tl ! LATENT HEA

T
178 E4=.6105*EXP(17.27*T4/(237.3

+T4» ! VAP PRESS FILM
188 A4= 622*E4/(P-E4) ! ASH FILM
1913K=(2405+7.788*T4)*i0 .....-5 ! CO

NOUCTIVITY FIUl
2013 0=1.676*10 .....-7*<T4+273.15) .....I.

694/P ! OIFFUSIVITY FILM
210 C=(1.0e5+1.84*A4)*(P-E4)/(P-

.378*E4) I Cp FILM
220 R=(P-.378*E4)/(.287*(273.15+

T4» ! DENSITY FILM
230 X=(C*leee*R*D/K) .....C2/3) ! Lew

is No
240 B=LOG«1-H2)/(1-Ml» ! MASS

TRANS DRIVE FORCE
258 Q=X*L*B/C+TI-T2 ! TOTAL HEAT

TRANS DRIVE FORCE
260 Z=Q*Y ! TOTAL ENERGY TRANS
278 ! CALC OF NEW CONDITIONS- NO

SUPER SATURATION
280 A2=.622*E2/CP-E2> ! ASH 8EFO

RE
290 H2=1.005*T2+(2501+1.84*T2)*A

2 ! ENTHALPY BEFORE
3ae S2=H2-4.187*A2*T3 ! SIGMA BE

FORE
310 IF T3=T2 THEN GOTD 470 ! FOG

CREATED BY SAT CONDITIONS)
THE AIR IS NOT ALLOWED TO FO
G
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328 H9=H2+Z ! ENTHALPY AFTER
338 R9=A2+V*XtB/C j ASH AFTER
3413 T9=(H9-2581*A9)/( 1. 885+1.84*

A9) ! Tdb AFTEF:
359 E8=A9tP/(.622+A9) ! UAP PRES

S RFTER
368 Z9=T3 ! 1ST Twb GUESS
379 Z8= 6185tEXP(17.27*Z9/(237.3

+29» ! SAT VAP PRESS AT Twb
3813 Z7=(Z8*(1555.6-2.465*Z9+1.80

5*T9)-P*I.885*(T9-Z~»/(1555
6+.139*T9-1.599*Z9-Z8* 14*<

T9-Z9)/P)
3913 I Z7=UAP PRESS AS FUNC OF Tw

b -
4813 Ie ASS(Z7-EB)(10A-10 THEN GO

TO 43(1
4113 Xl=Z8*4098/(237.3+Z9)A2+ 064

: VAP PRES8;Twb OERIUITIUE
4213 Z9=Z9-(Z7-E8)/Xl @ GOTO 378
4313 S9=H9-4.187*A9*Z9 ! SIGMA AF

TET
'141~ " .:::' (89-82) ! ALPHA

...OTO 538
460 I CALC TO CATER FOP FOGGING
470 T=T2+ 8881 I SMRLL INCREASE

HI SAT TEl1P
488 E= 6105*EXP(17.27*T?(237.3+T
49B A= 622*E/(P-E)
~B0 H=l 805*T+(2581+1 84tT)tA
~!B S=H-4.187tA*T
528 U=(H2-H)/(S2-S) ! ALPHA
530 PR ItH II HEAT TRANSFER FROM lIE

T SURFACE II

548 PRINT "VALUE OF ALPHA"
5513 PRINT ""
568 PRINT "T dry bulb=";T2
5713 PRINT liT 1,1o?t bulb="; T3
588 PRlt·n "T ~!ato?r sl.Irfaco?="j T1
598 PRINT "Ambient pressure=";P
6813 PRINT "ALPHA =";U
618 PRlt4T""
6213 E~iO
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APPENDIX N Procedure f(Ok"calculating the term, 1 ,

and its value for non-saturated
conditions

!:leeallfrom the maln text th.'3.t1 is defined t.hrcuqn the
following equations:

(N.l)

(N .2)

Combining these two equations gives:

(N.3)

Note this equation applies irrespective of any fogging
that may occur.

Alternatively, the formulations for the heat and mass
transfpr (from Chapter 2) may be substituted 1nto
Equation N.3 resulting in:

r
B' c.,y 'tw

1 + ------------~~~----------( 'tw - tdb + A B' - Cw tw B' )
(N.4)



355

The value of this equation can be determined numeri-
cally from a knowledge of the air condition, barometric
pressure and the water temperature
for this is listed below.

The routine used

Values of this ~erm for saturated conditions are given
in th-= main text and values for non-saturated con-
ditions at 100 kPa are given in Figures N.l and N.2
below.
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1,2

'1

20~C

bulb OC)

0.9

Figure N.1 Value of y for 50 per cent relative
humidity air at 100 kPa



357

1.2:

1,1

i

1,01----L...----'---·-..I.-.----L..-----1-
10 20 30 40 50

Air temp. (dry-bulb OC)

0,9

Figure N. 2 Value of Y for dry air at 100 kPa
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10 I PROGRRM GRMMR
20 I PROGRAM TO CRLC GAMMR. NOT

EFFECTED 8Y FOGGING
30 Tl=10 I TWater
48 T2=38 ! Tdb
50 T3=313 I TI....b
61218=1 ! Ma k9/S
?0 W'-"11 MI .... l/s
80 J= 881 I hcR/Ma
98 P=108 I Pressure

11)8H=J*A ! heR110 T4=(Tl+T2)/2 ! Tfilm
120 El=.6105*EXP(17.27*Tl/(237 3

+Tl» ! SAT VAP PRESS AT Tws
130 E9= 6105*EXPC17.27*T3/(237.3

+T3) ! SAT VAP PRESS AT Twb
148 E2=(E9*(1555.6-2.465*T3+1.00

5*T2)-P*I.085*(T2-T3»/(1555
6+. 139¥T2-1.599*T3-E9*. 14*'T2-T3)/P)

158 I E2=VAP PRESS AIR IN
160 Hl= S22*El/(P-.378*El) TSH

\,15
178 M2=.622*E2/(P-.378*E2) TSH

.:Ii r
180 L=2501-2. 378*1 1 I LATEtHHEAT
198 E4=.6105*EXP(17.27*T4/(237.3

+T4» I FILM VRP PRESS
200 A4=.622*E4/(P-E4> ! FILM ASH
210 K=(2405+7 788*T4)*10A-5 ! Fi

1m conduct i'h t~·
220 D=l 676*10A-?*(T4+273.15)Al.

694/P I FILM DIFFUSIVITY
230 C=(l 005+1.84*A4)*<P-E4)/(P-

378*E4) ! FILM Cp
240 R=(P- 378*E4)/(.287*(273.15+

T4») I FILM DENSITY
258 X=(C*leB0*R*D/K)~(2/3) ! Le
268 B=LOG(1-M2)/(1-Ml») ! Mass

trans drive force
27B Q=H*CX*L*8'C+Tl-T2) ! TOTAL

ENERGY TRRN'S
289 M=H*X*8/C ! MASS TRANS k9/S
29~ B9=X*8/C ! 8'=M~/hcH
3130 TB~(W*Tl-Q'4.187)/CW-MI ! Tw

out
3113 G=I+M*Tl/(W*(Tl-T8»
3213 ! ALTERNATE METHOD
338 Gl=1+89t4.187*Tl/(Tl-T2+L*B9

-89*4 18nT!)
:;413PR INT "HEAT TRANSFER FROM ~'lE

T SURFACE VALUE OF GAMMA"
~60 PRINT "T dry bulb="iT2
370 PRINT "T Wet bulb=";T3
3813 PRINT "T water surface=";Tl
398 PRINT "Ambient pressure=";P
4SB PRINT "GAMMA"jG;Gl
4313 END
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APPENDIX 0 Mathematical manipulation lo produce per-
formance equation for direct-contact case

In the main text the following equation is developed.

he dA

01. (0<1.8) 0,,0'*

(0.1 )

where

This appendix details the mathematical manipulation re-
quired to solve this integral and to express the solution
in a suitable form.

Integratillg both sides of Equation 0.1 and using represen-
tative mean values of [(Cl/,B)cavaf*]' caw and (Cl/1)i
produces:

(0.2)

which becomes:

(n, 3)
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An ov~rall heat balance across th0. heat exchanger produces
(see Equation 7.49 Chapter 7):

(0.4)

substituting J3' J4 and ~o into Equation 0.3 produces the
following for the numerator on the lefthand side:

Similarly, the denominator on the lefthand side becomes:

a + c· + _ QI rn'ac:w.... +
aw ~o - -- "'I

71 niwew
a + c~w two - 11

(0.6)
71

Equation 0.3 may then be written as:

(0.7)

Solving for t~o gives:
J, h,.A
In~Clv.I·IQ/J3) ] (0.8)

1 _ ~ ~ + 'to
11 00 00

The water efficiency is given as:

(0.9)
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substituting for two gives:

(twJ - ( Eo - a )/c;w ] I 1 - e
(0.10)

] ]

substituting for J4 gives:

IleA
[!:.i - ( Ii - a )/0;' J [ 1 - e - ( m;c...,.i<>IM (0.11 )

t,.,-t"J[l-~~ +
11 Co

Rearranging 2110ws this to be written as:

t,.-t,., 1 - e

_ ( -,-_IlcA.:;__
ni.C",.f·("/P)

(l-~ ~)
71 m;.c,..

(0.12 )

[l-~~+2!.
"'(I DO ao

- (~'-w _ e
rrfaC:w

It must be noted that the lefthand side term can also be
expressed 'l.S:

twJ - t,.." twJ - t...o
i:wl l1 - a c·

tal- t... - al

c:w c:w
(0.13 )

The t~r~, eli' is the pseudo-specific heat term for satu-
rated air at the air inlet condition.

Finally, the equation can be written in a simpler format
by introducing various groupings of terms which, as dis-
cussed in the main text, are analogous to the so co'led
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heat exchanger terms used for conventional heat exc~angers
(with the exception of the term, J).

E •w
1 _ e - N' (1 - l/R")

(0.14 )
(1 - OJ + JR") _ e - N' (1 - l/R")

where
R" [ n\. Cw ]1 [ m". c~w (ali') I ]

N' "" h"A I [ rna ("IP) Cavaf" ]

Ew" =; (~- two lI (~ _ (c~ ~)
c;w

J (aii'll / (ali')o
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APPENDIX P

APPENDIX P Generation of simulated database.

In order to supplement the experimental database a
large number of test simulations were carried out. The
computer 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 conditions.

The heat and mass transfer conditions were simulated
for water-air flow ratios of 0,75; 2,0 and 4,0; for a
range of heat exchangers 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.l.
Unrealistic operating duties for water efficiencies
less than 0,075 or greater than 0,925 were subsequently
deleted from this set of data. This amounted to a
total of more than 4!)0sets of conditions. This
database is recorded in the following tables.
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Inlet water temperature (Oc)

......
CJo.......

0 5 10 15 20 25 30 35 40 45 50

0

5 * * 1< 1<
10

15 * * * 1<
20

25 "* 1< * .~
30

35 * 1< 1< *40

45 * -1< * l'

50

Table P.1 Inlet temperature conditions used
in generating simulated data base
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a. .... ..
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OMI .75 I I." I I," I Mt 9.63 I ISr1I 1M2 I -14.79 I -),93 I
SMI .75 I 1.88 I 1.8S I 5.89 16.37 I 25.11 16.49 I -36.37 1-11.79 I
aUI .75 l.f8 I 1.1i I 5,je 26.11 1 35." 24.39 I -68.39 1-22.31 I
SUI .75 1.'8 I 1.'5 I 5.88 38.96 I 45.'" 34.4' -112.97 1-39.25 I
SMI .75 I.'S I I.se I 15.18 I8.6G I 5." li.59 13.SI I 3.23 I
SUI .75 I.ti I I... I 15.S§ 21.23 I 25." 28.64 -21.16 I -6.22 I
86.11 .75 1.58 I I." I 15,8, 3..,5 I 35.1§ 27.94 -49.25 1-16.41 I
SUI .75 1.18 I I.ff I 15." 41.53 I 45." 37.21 -8S.Bn 1-31.52 I
811.11 .75 1.88 I I." I 25.'8 15,15 I 5.811 16.24 31.27 I 7.B4 I
88.81 .75 1.18 I I.Sf I 25." 19.23 I 15.Sg 29.83 IS.39 I 5.21 I
SUI .75 l.U I I.U I 25.88 33.18 I 35." 31.53 -26.34 I -MD 1
88.11 .75 I.Bi I I.S8 I 25.8B 43.26 I 45." 39.97 -61.45 1-22.3' I
BMI .75 1.'B I I.ff I 35.88 I IB.56 I 5.i1 21.7D 52.55 I 13.99 I
SUi .75 1.18 I 1.1101 3~.~6I 22.36 1 15.16 24.92 U.68 I 11.96 1
SUI ,75 1.'8 1 I.U I 35.88 I 27.67 I 25." 29.21 23.75 I 7.56 I
8UI .75 1.1S 11.81 I 4~,.6S12M3 I 5.8i 26.73 77.36 I 21.66 I
SMI .75 1.8~ I.U I 45.88 I 24.49 I 15.11 29.47 66.49 I 2'.19 I
\lUI .75 1,li i.U I 45.'8 I 29.45 I 25,91 33.16 5B.8§ I 16.48 I
SMI .75 I 1.'9 I." I 45.08 I 36.26 I 35.8& 3B.21 28.B1 I 9.84 I
IBUI .75 1.11 l.n 5.18 9.13 15.81 I 9.86 I -13.15 I ~3.13 I
IIIMI .75 1.8f 1.88 5.86 15.1J2 25." I 15.92 I -31.94 I -s.ss I
aMI .75 1.88 I.n 5.S!! 23.44 35.iiI I 23.43 I -5MB 1-19.58 I
I.MI .75 1.18 I." 5.'S 35.22 45.,. I 32.69 I -99.82 1-33.56 I
IiMI .75 I." 1.88 15.86 11.84 5." I 18.7' I 12.42 I 2.63 I
I.MI .75 1.18 1.~5 15.8f 28.51 25.11 I 2'.37 I w17.78 I -5.16 I
U9.l1 .75 1.18 1.81 15.88 28.36 35." I 27.21 I -43.45 1-13.19 I
IIUI .75 I." 1.18 15.'8 3M3 45.11 I 35.86 I -79.86 1-27.24 I
18M' .75 1.18 I.U 25.88 16.14 5.'0 I 16.56 I 28.12 I 6.47 1
IBM I .75 1.'" I.se 25.'8 19.85 15.81 I 28.26 I 16.43 I 4.35 I

ItMI .75 I.IS 1.1i 25.'6 32.19 35.88 I 31.12 I -23.59 I -7.BI I
118.81 .75 I." I." 25.'8 41.82 45." I 39.97 I -56.38 1-19.78 I
!lUI .75 l.iS 1.18 35.118 28.15 5.SS I 22.32 I 47.46 I 11.15 I
Ifif.il .75 I.ff I.~' 35." 23.61 15.n I 25.48 1 36.61 I U.16 I
18UI .75' I." I.ft 35.88 28.38 25."! 29.58 I 21.42 I 6.52 I
111.11 .75 I 1.,e I." I 35." 43.76 4M. 42089 I -29.32 1-11.55 I
181.81 .75 I t.j~ I 1.98 '45.f8 23.18 5." 27.74 I 79.45 I 18.56 I
!SUI .7S I l.e8 I I.U I 45.88 26.33 I IS.Sf 38.41 I 68.42 I 17.45 I
ISUI .75 I 1.18 , 1.88 I 45.89 38.78 I 25.8' 33.94 I 46.39 I 14.46 I
188.81 .75 I 1.88 I I.OS I 45.80 36.98 I 35.'8 38.09 I 26.64 I 8.83 I
128.81 .75 I 1.'8 I 1.18 I 5.0'8 S.78 I 15.S6 9.75 I -12.12 , -2.64 I
121.01 .75 I I.U I I.U I 5.8S I IM6 '25.8. 15.59 I -28.83 I -7.54 I
128,11 .75' 1.88 1 I... I 5.S' I 21.56 I 35." 22.76 I -53.36 1-15.86 I
128.11 .75 I I.'. I I.U I 5.89 I 32.15 '~5.88 31.5' I -89.25 1-29.85 I
m.ili .75 I 1.18 I 1.8&I 15.89 I 11.35 I 5.88 18.77 I 11.45 I 2.22 I
'lMI .75 I 1.18 , 1.18 I 15.98 I 19.98 I 25.18 2'.18 I ~16.'6 I -4.45 I
12s.91 .75 I 1.18 1 1.'8 I 15.88 I 27.94 1 35.88 I 26.69 1 -39.18 1-11.88 I
12MI .75 I 1..8 I I.U I 15.n I 36.81 I 45." , 34.79 1 -72.23 1-23.76 I
12MI .75 1 1.88 I 1.11 I 25.8' , 16.05 I 5.8' I 16.76 1 25.82 1 5.49 I
12U' .75' 1.le I I.it I 25.f8 I 2~.31 I 15.86 I 2M4 I 15.'4 I 3.74 I
12MI .75 1 1.1' I 1.19 , 25.88 I 31.54 1 35." I 38.82 I -21.42 I -&.B8 I

Table P.2 Simulated database
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129.81 .75 I 1.18 I I." I 25.16 I 4e.48 I 450ft I 38.24 I -51.57 1-17.51 I
12MI .75 I 1.11 I !." I 35.11 I 21.36 I 5.n I 22.75 I 43,73 I 11,12 I
12UI .75 I l.es I 1.81 I 35.88 I 24.59 11MB 1 25.88 I 33.61 I 8.B2 1
121.11 .75 I I,te I I." I 35.8D I 28.96 I 25." I 29.85 I 19.66 I 5,73 I
121.81 .75 I 1.1t I I." 1 35." I 43.16 I 45." I H.69 I -27.35 1 -9.57 I
126.11 .i5 I 1.18 I 1.18 I 45.88 I 24.79 I 5of. I 28.45 65,17 I 16.22 1
12MI .75 I I.llf I 1.'9 I 45." I 27.89 I 15.11 31.11 55.79 I 15.38 I
128.81 •7~ I I.e. I 1.18 I 45.11 I 31.68 I 25.'fi 34.53 42.91 I 12.0B I
121.51 .75 I I." I 1.1. I 45.88 I 37.48 I 35.1. 3M4 24.85 I 7.99 I
BUI .15 I 1.18 I 2.5~ I 5.18 I 11.68 I 15," 7.51 -21,23 I -5.41 I
88081 .75 I I.B9 I 2.58 I 5.18 I 21.11 I 25,11 !l.5S -51.~B 1-14.85 I
8UI .75 I I.IS I 2.51i I 15.9' I 9.72 I 5.11 12.71 19.88 I 4.17 I
SUI .15 I 1.18 I 2.5f I 15." I 23.56 I 2M. 18.77 -27.7' I -8.44 I
SUI .75 I 1.'8 I 2.5' I 25." I 11.2' I 5." 19.63 43.88 I 11.43 I
aUI .75 I I." I 2,5, I 25." I 17.89 I IS." 21,68 25.36 I 7.28 I
8UI .75 I 1.'8 2,53 I 35.18 I 12.66 I 5.18 25.59 71.21 I 19.73 I
aUI .75 I 1,18 2,5' I 35.11 I 18.26 I 15." 27.35 I 53.79 I 16.'9 I
OMI .75 I I.ft 2.51 I 45." I 18.97 I 15." 32.1' I 84.12 I 25.98 1
lfUI .75 I 1.f8 2.51 I 5." I le.~9 I 15." 7.22 I -19.13 f -4.43 ,
18MI .75 I I." 2.5' I 5." I IQ.33 12M. IMP I ~45.99 1-12.29 I
ISUI .75 I I." 2.55 I 5.n I 38.71 I 35." 16.34 I -83.98 1-25.27 1
ISMI ,75 I 1.18 2.5' I 15.n I 9.38 I 5." 12.95 I 18.15 I 3.95 I
118.11 .75 I I." 2.58 I 15.81122.79 I 25.1. 18.11 f -25011 I -7.19 I
188.11 .75 I 1.11 2.5B I 15.18 I 33.14 I 35.11' 23.55 I -59.23 1-16.57 I
IS8.81 .75 I I... 2.5' I 25." I 12.39 I 5." 2i.29 I 49.11 I 9.69 1
I.UI .75 I I.U 2.5'! 25." I 17.77 I 15.8. 22.14 I 23.18 I 6.2~ I
18a.'1 .75 I 1.81 2.58 I 35.SS I 14.36 f 5.f8 f 26.75 I 65.86 f 17.17 f
19UI .rs I l.fS I 2.5B I 35.11 I 19.46 I 15." I 28.37 I 49.95 I 14.28 I
leUI .75 1 1.'6 I 2.5' I 35.18 I 26.27 I 25." I 31.09 I 28.37 I 8.69 I
I8UI .75 I I.U I 2.5& I 45.ft I 15.48 I s ••e I 32.26 I 94.38 I 26.15 I
158.11 .75 I 101&I 2.5' 1 45." I 26.41 1 15." f 33.66 f 79.24 f 23.45 1
UMI .75 I I.IS I 2.51 I 45.te I 26.95 I 25." I 35.82 I 58.78 I 18.51 I
128.81 .75 I I.U I 2.56 I 5.'S I lMl I 15." I 7.fi5 I -17.46 I -3.74 I
128.11 ,75 I I.Bt I 2.58 I s.n I 18.86 12M. I IMI I -41.S' 1-11.43 I
128081 .75 I I.ti I 2.5' I 5." f 2B.52 1 35.f~ r 14.75 f -76.46 1-21.74 I
128.11 .75 I 1.18 J 2.5. I 5.n I 41.91 1 45.S. i 23.26 1-122.71 1-39.88 I
!2MI .75 I 1.16 I 2.58 115.8' I 9.72 I 5." I 13.11 I 16.71 I 3.36 I
12MI .75 I I.n I 2.5' I 15.le I 22.14 I 25." I 17.79 I -22.99 I -6.19 I
128.11 .75 I I.es I 2.5' I 15," 1 31,78 I 35." , 22.3' I -54.8B 1-16.37 1
!2MI .75 I I••e I 2.56 I 25.81 I 13.3' I 5.'5 I 2'.73 I 37.21 I 8.38 I
12UI .75 I I." 1 2.55 I 25.oe I 18.31 I IS.1e I 22.45 I 21.43 I 5.44 I
126.11 .75 I 1.'S I 2.5e I 25... I 33.84 I 35.1. I 29.13 I -2M5 I -9.18 I
12MI .75 1 I.ff 1 2.5' I 35.ee I 15.72 I 5.8' I 27.57 I 61.~3 1 15.15 I
12UI .75 I 1.1&I 2.51 I 35.iI I 20.~B I 15." I 2~.1' I 46.68 I 12.63 I
12MI .75 I l.t8 I 2.5' I 35.ea I 26.78 I 25.~' I 31.37 I 26.78 I 7.86 i
12MI .75 I 1.85 I 2.5' I 45." I 17.2f I 5.8~ I 33.58 I 8B.9BI 23.45 I
12UI .75 I !off I 2.5, I ~5." I 21.77 I 15.6~ I 34.B3 I 74.89 I 21.38 I
128.11 •7~ I 1.18 I 2.58 I 45••e I 27.7'1 I 25••8 I 36.U. I 56.'3 I 17.'5 I
8MI .75 I I." I 4.89 I S.U I 12.47 11M' I 6.45 I -23.76 I -5.99 I
aMI ,7~ I I.U I MI I 5.18 I 22.7b I 25.f0 I MB I -57.33 Hb.31 I
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81.11 .75 I I.U I 4.11 I 15.81 I 7.96' 5.~e, 13.49 I 22.29 I 5.48 I
8UI .75 I L,e I 4.11 I 25.'5 I 9.61 I 5.1i 28.84 I 48.85 I 12.89 I
SUI .75 I I." I 4.1' I 25.'8 I 16.29 I 15.n 22.25 I 27.91 I 8.14 I
SMI .75 I 1.18 I 4.8, I 35.ee 11M! I 5.1. 26.Ba I 78.21 I 21.94 I
S",I .75 I 1.18 I MB I 35.811 16.36 I 15.1' 28.12 I 58.2' I 17.51 I
BMI .75 I 1.1S I 4.'8 I 45.15 I 1B.72 I 5.11 31.81 I 1.9.17 ! 31.96 I
1eUI .75 I 1.18 I 4.1, I Mi I 11.69 I 15.11 6.16 I -21.26'1 -4,BS I
168.11 .75 I Lf8 I 4.'9 I 50ft, 2~.9~ I 25.'9 8.24 I -51.39 1-13.51 I
lIUI .75 I l.ft I UI ! 15•• ' I 8.6' I 5." 13.78 I 21.25 I 4.49 I
llUI .75 I 1.18 I .." I 15.M8I 23.65 I 25." 17.26 I -27.95 I ~7.92 I
11UI .75 I LIS I 4.1, I 25.'0 I ".85 I Me 21.64 I 44.94 I 11.14 ,
18e.11 .75 I 1.18 I US I 25." I 16.9~ I 15.'8 22.83 I 25.82 I 7.tt I
11M I .75 I LIS I 4.f' I 35." I 12.14 I 5.16 28.28 I 73.~B I 19.37 I
UUI .75! 1.18 I 4.1. I 35.S' I 17.91 I 15.81 29.36 I 5M8 I 15.12 I
I'UI .75 I LIS I U' I 45••• I 12.59 I Me 33.74 I 183,31 I 28.93 I
18... 1 .75 I I.S' I 4." I 45•., I lB.33 I 15.0, 34.68 I 85.7' I 25.55 I
12MI .75 I I.U , 4.f8 I 5.11 I 11.14 i IS." b.iI' -19.4. I -4.18 ,
12MI .75 1 1.11 1 M. 1 5." 1 19.57'1 25." 7.62 I -46.65 1-11.41 I
121.1' .75 I 1.'8 I ~.,., 5.1D' 31.14 I 35." 19094 I -85.31 1-23.11 I
12... 1 .75 I I.,e I Ut I 15.8' I 9.87 I 5.'1 13.93 I 18.66 I 3.8S I
128.11 .75 11..6 I 4of' I 15." I 22.99 I 25.16 I 16.79 I -25.71 I -6.85 I
12e.11 .75 I I.ts I U8 I 15.80 I 33.40 I 35.'8 12M2 I -68.55 1-17.89 I
12MI .75 I i••e I 4." I 25.ti I 1l.83 I 5.8, I 22.14 I 41.73 I 9.58 I
12MI ,75 I 1.1i I 4." I 25.eD I 17,49 I 15.'6 I 23.18 I 23.89 I 6.11 I
121.11 .7~ I 1.18 I 401. I 35.1i I 13.42 I 5.ft I 29.21 I 68.7' I 11.27 I
12",1 .75 I I." I U' 1 35.81 I 18.86 I 15." I 38.22 I 51.67 I 14.13 I
12MI .75 I 1.18 I 4.1. I 35." I 26." I 25." I 3t.80 I 29.18 I B.61 I
121.11 .75 I l.i8 I 4.81 I 4S.18 I 14.21 I 5.118 I 35.17 I 98.89 I 26.32 1
17~.81 .75 I I.U , 4." I 45.11 I 19.53 I 15." I 36.84 I 81.79 I 23.4'1 I
dUI 2.18 I US I I.U I 5." I 6.95 I 15." I 9.35 I -16.58 I -4.27 I
aUI 2.18 1 1.18 I U' I 5•• e I 9.93 I 25." I 14.91 I -41.42 1-12.18 I
88.11 2.11 I l.iS I 1.15 I 5.18 I 14.44 I 35." I 21.81 I -S1.48 1-26.n I
81.112." I I.te I I." I 5." I 21.51 I 45." I 3'.25 I-14M2 1-49.25 I
8UI 2.ti I 1.1f I I." I 15.f' I 13.17 I 5.11 I 11.36 I 15,9B I 3.77 I
eM' 2." I 1.U I 1.81 I 15." I 17.79 I 25.88 I 19.66 I -24.19 I -7.38 I
86.11 2.89 I 1.18 I 1.11 I 15.88 I 22.11 I 35.81 I 25.69 I ~61.74 1-20.24 I
OUI U8 I 1.18 I I.BS I !5.B8 I 29.87 1 45." I 33.35 1-121.11 HM. I
SUI 2.18 I I.te I 1.SS I 25.88 I 2e.49 I 5.19 I IS.18 I 38.25 I 9.88 I
81.11 2.88 I 1.16 I I." I 25.18 I 22.3' I 15.1. I 21.Jt I 22.88 I 6.53 I
eMI 2.88 I I.U I I." I 25.18 I 29.15 I 35.'8 I 38.15 I -35.67 1-12.15 I
BMI 2." 1 I.I~ I 1.58 I 25.81 I 35.31 I 45.ee I 36.92 I -91.55 1-32.66 I
81.11 2.86 I 1.18 I 1.,e I 35.16 I 26.97 I 5.ft I 25.17 I 69.f3 I 19.f4 I
BMI 2.'8 I 1.18 I I." I 35.SI I 2B.67 I 15." I 27.49 I 54.57' 16.34 I
BUI 2.B8 I 1.0e I I.SS I 35." I 31.19 I 25.89 , 38.66 I 33.16 I 18.68 I
BMI 2.11 I 1.18 I I." I 35.8' I 48.78 I 45.ft I ".89 I -51.42 I-IB.82 I
88.81 2.&8 I ioU I l.iI I 45.a. I 32.38 I 5•• '" 31.98 I 11'.35 I 32.38 I
OMI 2.61 I 1.11 I I." I 45." I 33.99 I 15." I 33.82 I 96.97 I 3'.27 I
BMI MB I I.U I 1." I 45.'~ I 36.22 I 25." 1 36.37 1 77.53 I 25.34 I
BUI 2.88 I I.U I 1.1t I 45.15 I 39.72 I 35.11 I 39.96 I 46.56 I 15.98 I
1811.112.19 I I." I 1.11 I s.n I 6.71 I 15." I 9.27 I -14.51 I -3.43 I...._--_ -_ _--_ __ --- ----_ - -- _-_ _--- -_ ..__ --
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118.81 M~ I " 'I.~~I 5.69 I 9.2:1 I 2M. I 14.63 I -35.62 I -9.81 1
UUI 2.ld I • ~. "I 5.18 I 13.11 I 35.18 I 21.26 I -67.89 1-21.92 I
iSMI 2.88 1 •• .,. I 5." I 18.76 1 45." 1 29.3' 1-118.51 1-39.48 1
I'e.ol MS I I.e~. ,ff I 15.'6 I 13.33 1 M" 11.41' 14.15 I 3.13 I
188.81 2.S~ I I.U 1 1.18 I 15." I 17.38 I 25." I 19,52 I -21.68 I -5.93 I
18UI 2.88 I 1." I I.n 1 15.eI I 21.'5 1 35." I 25.33 I -51.85 1-16.28 I
U6.SI 2.18 I I.IS 1 l.eB I 15.'11 1 26.55 1 45." I 32.55 1-181.65 1-33.83 I
l'UI 2.&9 1 1.11 1 1.11 I 25.ft I 21.'7 I MB I 18.28 I 33.43 I 7.87 1
ISMI 2.61 I I." I I." 12MB I 22.69 I 15." I 21.22 I 19.8' I 5.29 I
I'UI 2.88 11." 1 I.eg 1 25.'~ I 28.46 1 35.11129.951 -29.91 1 -9,78 I
ISMI 2.18 I I." I 1.11 I 25.88 I 33.68 14MB 1 36.33 I -76.21 1-26.28 1
IgUI 20ff I 1." I 1•• f I 35." , 28.'4' 5." I 25.42 I 59.9B I 15.U I
le9.81 2.'S I I." I 1." 1 35.8e I 29.57 I 15.11 I 21.77 I 47.11 I 13.29 I
18UI 2." I 1." I 1.81 I 35." I 31.73 I 25.'8 I 30.93 I 28.11 1 8.61 I
ISUI 2.80 I 1.11 I 1.88 I 35.S' I 39.89 I 45.ft 1 4'.54 I -43.31 1-15.«8 1
16UI 2.'8 I I." I 1.18 I 45.88 I 33.9B I 5.8' I 32.49 I 95.74 1 26.49 I
leUI 2.88 I I.IS I 1.89 I 45.89 I 35.42 I 15.'9 I 34.35 I 83.62 I 24.8R I
169.81 2.88 I 1." I 1.18 I 45.88 I 37.46 , 25." I 36.84' 66.'4 12MB I
188.81 2.88 I I.U I I.ft I 45.18 I 48.48 I 35." I 48.27' 39.78 I 13.25 I
126.11 Me I 1.11 1 1.18 I 5.B' I 6.56 I 15.'" I 9.22 I -13.12 I -2.97 I
128.81 MD I I.G8 1 1.18 I 5.S1 1 a.72 I 25.es , 14.39 , -31.83 I -9.24 I
128.81 2.8~ I 1.11 I l.ft I 5.88 I 1M2 1 35.19 I 29,03 I -59.59 1-17.55 I
128.91 Me , I." I 1.18 I 5.86 1 16.96 I 45." I 28.61 1-182.33 1-32.98 1
121.11 2.ee I 1.1f I I." I 15." i 13.48 I 5." I 11.42 I 12.85 I 2.52 I
12MI 2." 1 I." I I." I 15.S8 I 17.11 I 25.81 11M3 I -18.36 I -4.96 I
12UI 2.18 I I." I 1." 1 15.88 1 2f.29 I 35.18 I 25.'5 , -45.33 1-13.65 I
12U' 2.U I 1." I 1.18 I 15.'~ I 25.11 I 45." I 32.15 I -86.S:! 1-28.31 I
12UI 2.B8 I I." I I." I 25.11 I 21.48 I 5." I 18.33, 3'.13 I b.5h I
12M' 2.18 I l.ft I 1.1f , 25." I 22.94 I 15.1f I 21.28 17.65 I 4.42 I
128.81 2.'8 I 1.11 I I." I 25.08 , 28." I 35.85 '29.78 -26.17 I -B.22 I
128.11 2.881 I.ft I I." I 25." I 32.55 1 45.'~ I 35.93 -65.78 1-21.96 I
12MI 2." I 1," I 1.le ' 35.'6 I 2B.76 I 5.,. 25.52 53.55 1 12.85 ,
12MI 2.n I I." I 1.1f I 35.18 , 38.17 1 15." 27.91 41.65 I 11,15 I
128.11 2." I 1.6 1 I.IS I 35.88 I 32.12 I 2s.t5 3t.96 24.75 I 7.26 I
12UI 2.18 I 1." I 1.11 I 35.88 I 39.26 1 45." 41.31 -37.54 1-12.99 I
128.11 2.68 I 1.11 I I." I 45.1B I 35.17 I 508. 32.79 85.32 I 22.32 I
128.81 2081 I 1.18 , 1.88 , 45.8B , 36.5' I 15.eG 34.68 74.15 I 21.m3 I
128.11 2.89 I 1." I 1.18 I 45.'9 I 38.35 I 25.88 37.15 59.19 I 17.75 I
12MI 2.16 I I." I I.Ii 1 45." I 41.82 I 35." 41.48 34.88 I 11.28 I
aMI 2.BI I l.tI I 2.58 I 5... I 7.05 I 15.ft 6.34 -24.83 1 -6.14 1
SUI 2,88 I 1.18 I 2.5' I 5.86 I 12.17 I 25.91 8.26 -6'.46 1-17,14 I
oe.el 2.U I 1." 1 2.5. I M8 I 18.67 I 35." 11.33 1-117.6. 1~36.39 I
B8.11 2.19 I 1.18 I 2.58 I 5,8e I 29.83 I 45." 16.34 1-289,98 1-69.82 1
Be,1I 2.le I I," I 2.58 I 15.BI I 12.28 I 5." I 13.9S I 23.34' 5.68 I
89.81 2.88 I 1,18 I 2.5' 1 15.18 I 19.18 I 25.8' 1 16.68 ! -35,~? 1-11.61 I
BMI 2.88 I I.U I 2.58 I 15.85 I 25.45 I 35,,. I 19.41 I ~9Mf 1-29;'9 I
BMI 2.'" I I,n I 2.56 I 15,B, 1 35.25 I 45." I 24.95 1-178.17 1-6MS I
88.91 2.89 I 1.18 I 2.5. I 25.'8 I IB.39 1 5.ft I 22.52 I 56,23 I 15.10 I
BUI MB I l.tS I 2.5' I 25." , 21.14 I 15.11 I 23.48 I 33.61 I 9.78 I
SUI 2.16 I I.U I 2.5' I 25.88 I 38.96 I 35." , 27.41 I -52.37 1-17.52 I
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SMI 2.88 I I.ee I 2.59 I 25.88 I 39.98 I 45.18 I 31.66 1-133.57 1-46.79 I
BUI 2.88 I I.ee I 2.5' I 35.n I 23.19 I 5.88 I 38.67 I 181.33 I 29.41 I
SUI 2.69 I 1.88 I 2.56 I 35.53 I 25.72 I 15.n I 31.52 I SUf I 24.62 I
SMI 2.88 I I.IB I 2.58 I 35.88 I 29.43 I 25.8f I 32.S2 I 4S.24 I 15.62 I
8UI 2.f8 I US I 2.51 I 35.n , 43.18 I 45." , 38.85 I -73.&5 1-26.29 I
SUI 2.8e , I.n I 2.58 I 45." ! 26.52 I 5.8e I 37.96 I 159.84 I 49.13 I
SMI 2.18 I 1,80 I 2.5' I ~5.S8 I 2a.91 I 15.88 I 38.69 I 139.89 I 44.98 I
81.51 2,fe I I"e I 2,56 I 45.88 I 32.39 I 25.81 I 39.91 I lU,33 I 36,91 I
aMI 2.'8 I 1,18 I 2.5' I 45.81 I 37,54 I 35,81 I 41.68 I 65.71 I 22.67 I
UUI 2.16 I 1.18 I 2.5~ I 5.89 I 7.51 I 15.e8 I 6.26 I -21.13 I -4.83 I
IfMI 2.56 I 1.'8 f 2.5~ f 5.611 f 1I.1f I 25." f 8.62 f -51.87 H3.59 I
IIUI 2.18 I 1.'0 I 2.5' I 5.16 I 16.56 I 35.86 I 18.78 I -99.1fi 1-28.93
IIUI M8 I 1.58 I 2.3. 1 5088 I 25.11 1 45.G8 I 14.86 1-173.49 1-55.19
188.11 2.18 I I.te I 2.58 i 15." I 12.53 I 5•., I 13.'11 f 2'.57 I 4.56
1.... 1 US I 1.1. I 2.58 I .\M' I 18.51 I 25.18 I 16.52 I -38.19 I -8.49
JIMI 2.16 I 1.e8 f 2.5S , 1MB' 23.84 , 35." 1 1(1.89 , -76.83 1-23.23
118.11 2.88 I 1.18 I 2.5' I IMI I 31.93 I 45.,. I 22.61 1-I~8.16 1-48.38
188.11 2.18 I Lee I 2.5' I 2'J.se I 19.22 I 5.18 I 22.73 I 49.11 I 12.2'
l'UI 2." 1 I." 1 2.51 I 2UI 1 21,58 1 I5.BI I 23.114I 2Ml 1 7.92
1f8.81 Me I 1.88 t 2.5' I 25.18 I 3... 5 I 35.81 I 27.t4 I -44.27 1-14.18
lSMI 2.G8 I 1.18 I 2.51 I 25•• e I 37.69 I 45.11 I 38.43 1-112.66 1-3a.t6
185.t1 Me I 1.1S I 2.5' I 35." I 24.71 I 5." 1 31.18 1 B8.22 1 24.'9
15M' 2.16 I 1." I 2.58 I 35." I 26.98 I 15.IS I 31.99 I 69.13 I 21.21
IBUI 2.18 I l.BS I 2.5' I 35.88 I 38.2' I 25.8B I 33.13 I 41.48 I 12.85
leUI 2.1. I 1.18 I 2.58 I 35... I ~2.11 I 45.16 I 30.11 I -63.15 1-22of1
180,11 2." I 1.§8 I 2.58 I 45.6& I 28.S1! 5.88 I 38.95 I 148.26 I 41.12 I
ISMI 2.11 I 1.18 I 2.5, J 45.81 1 38.95 I 15." I 39.63 J 122.24 I 37.6B 1
18So112." I 1.1S I 2.5' I 45.se I 3UI I 25.89 I 4f.b7 I 96.42 I 31.89 I
leUI Me I 1.88 I 2.59 I 45.'~ I 38.46 I 35." I 42.25 I 57.56 I 19.3' I
12U' 2.18 , !oj, I 2.56 I 5.8" 7.28 1 15.BI I 6.23 I -19.'1 , -4.'2 I
12UI 2.88 I I.IS I 2.511I 5.08 I 18.45 I 25.ee I 7.S8 I -46.15 l-li,3~ I
128.11 2.U I 1.'9 I 2.58 I 5.88 I 15.16 I 35.18 I 11.38 I -86.78 1-2~.VlI I
12o.tl Me I I.U I 2.51 I 5.89 I 22.32 I 45.f8 I 13.96 1-I~9.43 1-45.58 1
12UI M9 I 1.18 I 2.5§ I 15.88 I 12.7S I 5.n 1 13.93 I 18.67 I 3.B8 I
12MI 2.19 I I.B. 1 2.5' 1 15.S8 I 18.11 I 25.85 I 16.42 I -26.69 I -7.M I
1211.112.18 I I.te I 2.58 I lUI I 22.74 I 35." I 18.57 I -66.31 1-19.31 I
12UI 2.f8 I 1.18 I 2.58 I 15.88 I 29.66 I 45.'8 I 21.79 1-127.61 1-41.13 I
12"" 2.11 1 1.1' 1 2.5' f ?S.BI I 19.19 1 5." I 22.86 J H.U 1 1~.22 I
128.11 2.n I L8e I 2.5' I ~1,8e I 21.94 I 15.t8 I 23.13 I 25.79 I 6.63 I
128.11 2.88 I 1.18 I 2.58 I 25.'9 I 29.41 I 35.ee I 26.82 I -38,62 HI.8B I
12... 1 20ff 1 1.1f I 2 " I 25.81 t 36.f7 I 45." I 29.78 I -97.24 1-31.7b I
128.81 2.11 I 1.18 I 2.~_ I 35.~8 I 25.n I 5.18 I 31.~f I 78.96 I 21.36 I
128.11 2.18 I 1.18 I 2.5' I 35.'8 I 27.87 I 15.89 I 32.27 I 61.42 1 11.1~ I
121.81 2.88 i 1.'8 I 2.58 I 35.81 I 38.77 I 25.88 , 33.35 I 36.59 I IMi 1
12UI 2.18 I I.U I 2.5. I 35.18 I 41.25 I 45.ft I 37.65 I -55.321-18.73 I
12MI 2." 1 1.IB I 2.5j 1 45.'B I 38.48 I 5." I 39.59 I 125.72 I 35.22 I
128.11 2." I 1.18 I 2.511I 45.18 I 32.~6 I 15." I 48.25 I 1.9.13 I 32.33 I
12MI 2.18 I 1.88 I 2.56 I 45 ~e I 35.21 I 25." I 41.19 I 85.56 I 26.71 I
12U' 2of' , I." I 2,58 I 45.'~ I 39.19 I 35.'8 I 42.06 1 51.35 1 16,76 I
8UI 2.tlf I I.Sf I 4.1. I 5.18 I 8.11 I 15." I 5.43 I -26.11 I -6.49 I

Table P.2 (~ont) Simulated database



370

e '"....
=- OJ E .B .;:

~ .... .;! ~ i.;:: ... :1:..'" ... ..
ea,

~
... :1:.. j; !!

'" :1:.. .,
c, '" • '" .&0..., ... !! ... .0 -;
OJ '" '" .... -;... ~ .&0 .~... .... OJ "" J..'" ~ :: ... ,
'" ... _.

'"::J UI ... ,. '" ~
~, UI ,. ,.

,:;:;;. .• ... _. ....... . '" ..... ~.!!! '" <.> ., .... ~ ... 1ft...- ""- ~~ .... .... ....__ TIl ..... ._ co U._ """ ~~ "... "". ..-""'... "" ... "",>< ..,'" c_ c- CI ... "" ........._-_ _ - __ - ----_ -----_ _-_ -_ ..
18UI 4.18 1 l.eB I US I 5.1i I 8.48 1 25.8' 1 5.68 1 -56.8' H4.62 I
IU.DI 4.18 I 1.'8 1 4.11 I 5.81 1 11.42 1 35.6B 1 6.23 1-188.91 1-31.89 I
186.f1 US 1 1.16 1 4.B' 1 5.BB 1 16.21 I 4'5.11 I 7.17 '-192.22 1-59.53 1
IIMI US I I.IS I 4.11 I 15.8' I 13.61 5.1. I 14.74 I 22.96 1 S.13 I
IBMI 4.18 I I.IB I 4.~1 I 15.et I 16.96 25." I 15.31 1 -33.69 I -9.36 I
!eMI 4.11 I 1,09 I 4.1. I lUI I 19.99 35.ft 1 15.84 I -85.43 1-25.69 1
168.11 M. I 1.88 I 4.1, I 15.,e 1 24.72 45." I 16.68 1-168.23 1-5M! I
IBMI 4.'0 I 1.11 1 M' 1 25.'~ '21.7' 5.1. 1 2M. 1 5U6 1 14.25 I
18UI 4.8S I 1.18 I 4081 I 25.86 1 23.13 15.1' I 24.67 I 33.21 I 9.15 I
I8MI 4.11 I l.te I 4.88 I 25.83 I 27.94 35." I 25.45 1 -51.35 1-16.21 I
ISS.II 4.88 I I... I 4.111I 25.8& I 32.6. ~j,8' I 26.27 1-133.15 HU9 1
ISMI 4.18 1 1.88 1 US 1 35.n 1 28.88 M. 1 34.'5 I IG5.3~ I 29.57 1
1'1.11 4.18 1 1.18 1 4,8. 1 3S.,e 1 31.19 1M. 1 34.24 I 82.9' 1 24.64 I
liMI 4.11 I 1.13 I 4.8fi 1 35.'" I 32.69 25.1f! 34.51 1 5Ma I 15.66 1
IIMI 4.8§ I l.te I 4.le I 35.st 1 39.52 45." I 35.S8 I -79.89 1-27.38 I
IIlUI 4.18 I 1.IS I ~,., 1 ~5." 1 3~.76 1 5.f. I 43.24 1 17S.53 1 54.14 I
UfoOl 4.88 I 1." 1 4." I 45.91 I 36.84 I 15.1. I 43.43 I 156.79 1 49.46 I
I'UI ue I 1." 1 4.S. I 45.'B 1 37.SB 1 25." I 43.71 1 125.14 1 41l.8B 1
ISUI 4.88 I l.ilf 1 4.1. I 45.81 I 4~.66 I 35." 1 44.16 1 76.33 i 25.76 I
128.81 4.16 I ioU I M. I 5,O~ I 6.26 IS." 1 5.28 1 -21.77 I -4.33 1
12MI M. f 1.~~ I 4." I 5.Ii 1 8.'3 25.81 1 5.65 1 -5'.41 H2,lI 1
12MI 4.8e 1 I.Bi 1 4.'0 I 5.S' I 19.62 3MG I 6.lb I -94096 1-25.64 I
12MI 4.lf I I.fB I 4.es 1 5." t 14.62 45... 1 6.97 1-164.4i1 1-49.74 I
12e.11 4." I 1.18 I Me I rs •• e I 13.74 5.11 I 14.i5 1 2t.67 1 4.27 I
126,f1 4.18 1 1.18 I 4.8. I 15.ae I 16.73 25.18 I 15.38 I -29.57 1 -7.74 I
128081 4." 1 1.16 I 4.8' 1 15.'~ 1 J9.27 3M. 1 15.71 I -74.13 1-21.21 1
128.61 4.89 I 1.8S I 4.88 I 15.88 I 23.38 45.98 I 16.58 1-143.11 1-44.11 I
12MI 4.19 I l.te I 4.11 I 25.18 1 22.'4 5.8. 1 24.51 I 49.92 I 1I.8D I
12&.114.f6 1 l.iO I 4.18 I 25.S8 I 23.26 15.1i I 24.71 1 29.23 f 7.59 I
12MI US I 1.'8 I 4.9D I 25.'9 I 27.5' 35.8. I 25.36 I -44.2. 1-13.39 I
12MI 4.'6 r 1.8B 1 4." 1 25.88 I 31.4b 45.81 I :16.19 1-112.49 1-3b.'6 1
!2MI 4.n I 1.11 1 MI I 35.81 I 29.62 5.81 I 34.17 I 92.55 I 24.57 I
121.51 4.91 I I." I 4.86 I 35.88 1 3US I 15.1& I 34.33 1 72.13 I 2l.43 I
12t.11 4.88 I 1.IS I 4,i. I 35.'8 I 32.49 I 25." I 31.59 I 43.~' I 12.97 I
128.81 4.te 1 l.n I 4.81 I 35.'6 1 3S.79 1 45.18 I 35.68 I -67.15 1-22.47 I
12MI 4.98 1 1.Sf I 4.18 1 4f." 1 36.89 1 5." I 43.55 I 155.71 I 45.19 I
129.81 4.88 I 1.ge I 4.t8 I 45.S~ I 3i'.25 I 15." I 43.71 I 135.79 I 41.24 I
121.11 4.89 I I.fe I 4.18 I 45.8& I 38.88 I 25.'~ I 43.95 I U7.47 I 34.82 1
12UI 4.19 1 I.U I 4.8, f 45.'6 I 41.29 I 3S.11 I 44.32 1 65.11 1 21.38 1
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IBMI 40fj 11.'8 I 2.~8 I 25.88 I 31.91 I 45.ft I 28.73 1-121.45 1-43.7111
158.11 4.18 I I." I 2.58 I 35.1B I 29.45 I 5.88 I ~2.44 I 95.42 I 26.39 I
!eMI 4.1. I 1.18 I 2.58 ; 35.88 I 38.65 I 15." I 32.99 I 75.1§ I 22.12 I
18UI 4.lB I 1.18 I 2.58 ; 35." I ~2.37 I 25.'8 I 33.76 I 45.2B I 14.18 !
liM I 4.18 I I.U 1 2,5. I 35.Jf I 39.13 I 45.Se I 36.91 I ·7M7 1-24.92 I
1.... 1 4.lB t I." I 2.5' I 45.11 t 35.88 I 5.'ft I ~1.18 I 1~7.14 I 47.51 1
I.UI 4.18 I I.U I 2.5t I 45.U I 37•• 2 I lUI I 41.63 1 139.64 t 4~.59 !
18MI US 1 1.18 1 2.51 , 45.13 , 38.67 I 25." 1 42.3' , 111.23 1 36.14 1
1'8.114.8' 1 I." 1 2.56 I 45.fe t 41.16 1 35.'~ I 43.13' 6B.!8 I 22.83 tm.t, US I 1.f8 I 2.55' 5." I 6.17 1 15." 1 6.83 I -19.38 1 -4.'9 I
12MI 4.1. 1 I.es I 2.5' I 5." I 7.SI' 25." I 7.43 I -47.12 1-11.47 I
12M' ue I 1.'8 I 2.511I 5.81 I IMI I 3'5,18 1 M3 I -8D.52 1-24.38 I
128.11 40ft t I.ti t 2.51 t 5.f. t 1309& I 45.88 I 12.44 1-153.t1 Hb.38 I
12MI MS I 1.81 I 2.5' I 15.Sf I 13.84 I 5.8. I 14.15 I 19.2" 3.93 I
121.81 4.11 I I." I 2.59 I 15.1' I 16.61 I 25.8' , 16.14 I -27.42 I -7.25 I
12MI 4088 I I." 1 ~.5B I 15." I 18.91 , 35... • '.76 I -6B.~7 1-19.88 I
12UI 4." I I." , 1.51, 15." I 22.67 I 45.11 I .. 28 1-132.~3 l-41.3B I
12MI 4.88 I 1.18 I 2.5t I 25.ft I 22.29 I 5.18 I ~•• 4t I 45.94 I 1'.73 I
12UI MS I 1.18 ! 2.5t I 25.11 I 23.39 , 15.'~ I 24.14 I 26.8a, 6.9:l I
1280814,88 I I.U I 2.53 I 25.88 I 27.32 I 35.'~ , 26.34 I -48.49 1-12.48 ,
128.11 4.1. I I.ft I 2.5. I 25." 13M' I 45." I 28.41 I-U3.17 1-33.45 I
121.81 4.98 I I.U I 2.S8 I 35." I 3'.16 I 5.,g I 32.5B I 84.25 I 21.98 ,
121.11 4." I I.U I 2.5. I 35.8' I 31.19 I 15.n , 33.12 I 65.73 I 18.43 I
121.11 4.lIe I I.U i 2.5' I 3S.n , 32.71 12M3 I 33.8&I 39.26' 11.74 I
12MI 4.18 I ue , 2.5, I 35." I 38.47 I 45." I 36.76 I -6f.8' 1-21.44 I
121.61 4,8, , 1.11 I 2.58 I 45.8U I 37.'" M. I 41.5' I 139.51 I 39.19 I
12U' 4.fj I I." I 2.59 I 45.ft I 39,15 1 15,U I 41.93 I 121.51 , 36.46 I
12",1 4." I I.ff , 2.51 I 45... I 39.52 I 25." I 42.56 I 96.'8 13M! I
12... 1 4.1. I I." I 2.3. I 45.'1 I 41.68 I 35." I 43.~9 I 58.19 I 1M2 I
eM I 4.18 I I." I 4.11 I 5.~§ I 6.59 I 15.11' I 5.3" -26.41 I -6.55 I
el.ll 4.81 I I." I 4,§' I 5." i 8.97 I 25.ff I 5.72 I -66.53 I-IB.H I
81.11 4.S~ I 1.18 I 4.ft I 5,8. I 12.6b I 35.U I 6.36 1-131.37 1-39.48 I
SUI 4.U , I." I 4... I 5." I 18.68 I 45." I 7.58 1-235.72 1-76.45 I
aUI 4.f6 I I.U I UD I 15.18 , 13.~1 I 5... I IU2 I 26.18 I 6.44 1
SUI 4.ft8 I I." I 4.18 I 15,., I 17.32 I 25.11 I 1r..34 I ·39.~6 1-11.82 I
aUI Ull I I." I ut: I 15." I 21.11 I 35.8' I 15.96 1-1.3.2. 1-32.64 I
SUI 4.18 I 1.11 I 4.18 I 15.n I 26.91 ! 45.51 I 16.9B 1-217.72 1-69.2B I
8M' 4.18 I I.n I US I 25." I 21.16 I 5." I 24.42 I 65.27 1 17.97 I
BMI Me I I.n I 4.1. I 25." I 22.69 I 15." I 24.65 I 39.31 I 11.54 I
BMI US I I.U I 4.18 I 25.'11 I 28.57 I 3S.n ! 25.54 I -62.53 1-28.68 1
8UI 4." I 1.81 I 4." I 25.85 I 34.38 I 45.15 I 26.68 1-164.93 1-56.57 I
aMI Uf I 1.18 I 4,88 I. 35.1§ 1 27.911I 5.8S I 33.9' I 124.69 I 37.17 I
eUI 4." I I." I 4.18 I ~5." I 29.27 I 15." I 34.1a I 98,99 I 38,95 I
SUI 4.18 I I." I US I 35.18 I 31.58 I 25.'~ I 34.U I 61.46 I 19,72 I
89.81 Me I 1.18 1 Me I 35." I 41.58 I 45.QBI :6.19 , -98.&6 1-34.81 I
8UI 4.1& I I... 1 4." 1 45." I 32.85 I 5.18 I 42.76 I 212.16 I 67.35 I
88.11 4.18 I I.ft I 4.11 1.45.'8 I 34.29 I 15.88 I ~2.9b I 187.56 I 61.54 I
BUI 4.81 I 1.1S I 4.18 r 45.88 I 36.43 I 25.81 I 43.31 I 15'.73 I 58.95 I
Bi.fI 4.11 I I.U I U. I 45.n I 39.74 I 35." I 43.86 I 92.73 I 32.17 1
leUI 4.8, I 1.1t I 4." I 5.811I 6.49' 15." I 5.29 I -23.'2 I -5.22 I
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J2B.f1 4." 1 I.'S 1 1.18 1 5.BS 1 6.92 1 25." 1 14.86 I -32.62 I -8.43 I
128.81 Me I I,Sf I I.e! I 5.S8 I a.57 I 35.1. 1 28.26 I -61.33 He"S •
128.11 ~.8f I 1,88 I I.Se I 5.88 I 11.22 I 45.68 I 27.A4 HS5.53 1-33.93 I
12MI Me I loSS I l.st I 15.'9 I 14.2' I 5.88 I 11.6S I 13,26 I 2.61 I
128.81 4.80 I 1.11' I l,i8 I 15.88 I 16.11 I 25,8' I 19.23 I -18,90 I -5.11 I
126.11 4.18 I I... I I.SI I 15.88 I 17.73 I 35.~f I 24.56 I -47.12 H4.15 I
12MI 4.88 I 1.8B I I.U I 15.01 I 2M6 I 45,88 I 31.23 I -99.52 1-29.44 I
12e.11 4.18 I I.Sf I I.Ge I 25.8' I 23.12 1 5.11 1 19.781 31.431 6.89 I
129.81 4.11 I 1,18 1 I.S' I 25.18 I 23.89 I IM§ I 21.52 I 18.43 1 4,63 I
12UI ~.88 1 I." 1 1.18 1 25.81 I 26.68 , 35." I 29.48 1 -27.51 I -8.61 I
.2MI 4.111 1.8' I I.U 1 25." ! 29,14 I 45.111 I 35.23 I -6?75 1-2~.14 I
12B,UI 4.'8 l"S I 1.8D 1 35.~9 I 31.65 5.t8 I 26.46 I 57. II I 13.B7 I
128.11 4.18 1.18 I 1.88 I 35.8' 1 32.41 15." I 28.59 I 44.~8 I 11.98 1
12MI 4.0. 1,It I 1.88 1 35.'. 1 33.45 25.Bt I 31.34 I 26.5B 1 7.02 I
129.81 4.U ' ... I I." I 35." 37.34 45.11 1 39.04 I -48.77 HM5 I
121.11 Me I." I I.U I 45... 39.61 M. I 34.36 I 93.61 I 24.91 I
12MI ".S8 I.U I 1.1f I 45." 49.34 15.8' I 36.IS I 81.57 I 23.42 I
126.111M6 1.11 I I." 1 45.1' 41.33 25.S~ I 38.13 I 64.36 I 19.74 I
12' , 1.6' I 1.~8 I 45.S' 42.7B 35.11 I 41.83 I 30.05 I 12.68 I
F • I.'" I 2.51 I 5.81 6.~6 15.18 I 6.19 I -24.68 I -6.16 I
b '1.19 I 2.511I 5,18 8.67 25.88 I 7.66 I -61.94 1-17.39 I
8r ,,~ 1.18 I 2.51 I 5.18 12.18 35.1l. 11M3 1-121.2' 1-37.29 I
~e.tl M. 1.1t I ?59 I 5.81 17.68 45." I 13.70 1-210.39 1-72.18 I
91,11 Me I 1.18 i 2,5' I 15.18 13.53 5.f. I 14.11 I 24.21 I 5.91 I
81.11 4.U I 1.88 I M. I 15.81 I 17.15 25,1, I 16.26 I -36.96 1-11..8 I
aUI MI I J.'~I Me I 15.B. I 29,49 35.11 I 18.18 I -95.26 I·~§.H 1
80,11 4.81 I 1,18 I 2.5e I I5,8W I 2~.94 45.f. I 21.33 1-191.64 1-64.26 I
aMI 40ft I I,IC I ?5' I 25.~8 I 21.~8 ~ M. I 2~.26 I 59.66 I 16.15 I
88.81 4.U I 1.18 I 2.5' I 25.98 I 22.SI1 ! 15.'" I 23.95' 35.B7 I 11.47 I
BMI 4.11 I ',89 : 2.5f t 2M' I 2,' d I 35.S' I 26.62 I -56.15 H8.Ba I
se.1I 4.1' I l.eI I 2.58 I 25." I 33.5' I 45." I 29.29 H49.21 1-51.77 I
OMI 4.18 1 l.iS I 2.58 13M. I 28.51 I 5." I 32.23 I 112.11 I 32.97 I
89081 4.88 I 1.18 I Me I 35.81 I 29.05 i 15.ge I 32.78 I 89.14 I 27.61 I
SUI 4.1' I l.tI I 2.58 I 3~." I 31.06 I 25." I 33.63 I 54.39 I 11.6B I
B8.61 4.88 I I.ft I 2.58 I 35.S8 13MB I 45.11 I 37.32 I -07,95 1-31.3' I
OMI ue I I.U I 2.58 I 45." I 34.24 I 5.'D I 4t.67 1 187.02 I 58.92 I
OMI M. I I,IS I 2.58 I 45.88 I 35,52 I 15." I 41.14 I 165.91 I 53.95 I
eUI 4.88 I 1.16 I 2.51 I 45.88 I 31.43 I 25." I 41.85 I 133.'6 I 44.75 I
OMI 4.1. I I.es I 2,5. I 45.8' I 41.36 13M. I 43.81 I 01.65 1 28.26 I
188.81 4.68 I 1.88 I 2.58 I 5.18 I 6.29 1 15.f8 I 6.86 I -21.46 I -4.91 I
191.11 4.88 I 1.18 I 2,5' I 5.'G I 0.15 I 25... I 7.53 I -52.95 1-13.82 I
leUI 4.'S I 1." I 2.5' I 5.1~ I 111.95I 35.S' I 9.67 1-181.43 I-2MB I
I8UI 4.86 I I." I 70S' 1 5." 1 15.42 f 45,(' 1 12 99 1-178.57 '·56.44 I
18e.1l 4.86 I I.n I 2,5. I 15.6, I 13.71 I 5." I H.14 I 21.2' I 4.72 I
IIMI 4.18 I 1,58 I 2,5' I 15.88 I lo.B2 I 25." I 16.18 I -31,18 I -0.74 I
Ist,eI Me I I.~e I 2.51 I Is •• e I 19.51 I 35." I 17.92 I -79.11 1-24.85 I
188.81 4.f~ I 1.19 I 2.58 I 15.18 I 23.95 I 45.18 I 21.68 1-155,22 1-5'.35 I
1880814,18 I 1.18 I 2,5' I 25.88 I 21.96 I M6 I 23.35 I 51.43 1 12.9. I
188.81 4.S. I I.ee I 2.5' I 25.18 I 23.19 I 15." I 24.'2 I 38.52 I 0.36 I
189.tI 4.U I 1.18 I 2.58 1 25." I 27.69 I 35.~' I 26.44 I -46.99 HMO I......... _ "' _ ..-_ ..--_ -_ __ _ -_ -- _ _-_ _ __ _
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129031 2.18 I I,IS I 4.BI11 25.8t I 37.31 I 450ft I 27.12 I-IID.46 1-34.97 I
126.81 2.6e I 1.18 I 4.1, I 35.81 I 24.72 I 5,8. I 33.4' I BB.4a I 23.3' I
128081 2.1. I 1,18 I 4,11 I 35." I 27.11 I 15,8' I 33.69 I 68.72 I 19.36 I
128.81 2.88 I I." I 4.88 I 35.16 I 38.25 I 25.81 I 34.17 I 4f.94 I 12,26 I
128.11 2.18 I 1.18 I 4,., I 35." I 4M2 I 45." I 36.45 I -62.67 1-21.96 I
126.11 2.U I I.t. I 4.1. I 45.f' I 28.57 I 5.81 I 41.04 I 142.15 I 41.62 I
12MI 2.lB I 1.'S 1 4." I 45.J. 1 3'.81 I 15." 1 42.16 I 123.28 I 37.'5 I
12MI MB I 1.18 I 4.i@ I 45... I 33.92 I 25.81 I 42.65 I 96.82 I 38,44 I
128.81 2088 I I.e, 1 1.81 I 45." I 30.42 I 35.81 I 43.46 I 57.85 I 18.94 I
aMI us I I." 1 I." I 5." I 6.11 I 15.11 I 9.16 I -17018I -4.39 J
aMI 4.60 I I." I I.U I 5." I 7.51 I 25." I 14.44 I -42.93 H2.59 I
8UI 4.81 I 1.19 I I.U I 5.18 I 9.95 I 35.~' I 21.12 I -63.4B 1-26.96 I
eMI 4.88 I 1.18 I I.U I 5.81 I 13.74 I 45." I 29.24 1-149.47 1-51.35 I
B8,81 Mi I I.IS i I.&~ I 15,., I 13.99 I 5." I !l,bl I 16.71 I 3.96 I
8MI M8 I 1," I I.Sf I 15." I 16.49 J 2M. I 19.39 I -25.29 I -7.69 I
aMI 4.89 I 1.18 I l.iI I 15.1. I 18.7B I 35.1i I 25.86 I -65.~!. 1-21.26 I
BMI 4.1. I 1.18 I 1.1i I 15.11 I 22.5B I 45." I 12.29 1-129.11 1-44.63 I
BUI 4.ff I I. '11 I 1." I 2S." I 22.6B I 5.1, I IB.84 I ~,. 77 I 11.53 I
aMI 4,., I 1,18 I I." I 2~." I 23.54 I 15.1' I 21.46 I 24.44 I M' I
OMI 4.fe I 1.18 I I,U I 25.0' I 27.21 I 35." I 29.72 I -3B.38 1-13.i3 I
BMI 4.88 I I." I 1." I 25.tS I 31.69 I 45,MI I 35,93 1-18Ma 1-35.53 I
OB.lI MD I 1.10 I I." I 35.n ; 31.64 I 5." I 26.46 I 75.88 I 21.21 I
BMI MB I 1.11 I I,,. I 35.11 I 31.55 I l5.lf I 28.45 I 6I.2e I 18.15 I
a~.BI 4.88 I I." I I.U I 35." I 32.98 I 25.~' I 31.19 I 36.64 I 11.78 I
BMI 4,11 I 1." I I." I 35.18 I 38.33 I 45.81 I 4t.25 I -58,51 1-21.31 I
e8,81 4.19 I I.U I I,,. I 45." I 37.79 I 5.1§ I 34.8B I 126.'7 I 37.63 I
aUI 4.1. I I ... I I.U I 4MI I 38.65 I 15.1. I 35.58 I 111,261 35.'9 I
aMI M' I 1.81 I I." I 45.1. I 39.93 I 25." I 37.69 18MB 29.47 I
BMI 4." I I ... I 1." I 45.U I 41.9' I 35." I 41.69 I 54.55 I 18.76 I
198.81 4.11 I 1.18 I I.ft I 5." I 5.B8 I 15.88 I 9.le I M14.9' ! -3.52 I
186061M' I I." I I." I 5." I 7.16 i 25.1' I 14.22 I -36,73 1-11.19 I
180.11 4.18 I 1.19 I I." I 5." I 9,12 I 35." 12M3 I -7'.11 1-21.54 I
IIMI 4.18 I I." I 1." I 5.18 I 12.25 I 45.&. I 2B.46 1-122,75 1-48.7B I
188.81 4.18 I ioU I I.U I 15,88 I 14.11 I 5." I 11.61 I 14.64 I 3,14 I
IIMI 4.18 I 1.'8 I 1.11 11M! I 16.25 I 25." I 19.29 I -21.45 I -6.14 I
J'MI 4.1. I I.g, I I." 11MB I lB.14 I 35." I 24.77 I -54,23 1-16.99 I
18MI Me I I." I 1.11 I 15.18 I 21.16 I 45." I 31.66 HIS.8t 1-35.47 I
ISUI 4.1, I l,tS I I.U I 25.18 I 22.98 I 5.11 I 18.B2 I 35.16 I 8.34 I
116081M. , 1.11 I I." I 25." I 23.76 I 15," I 21.S. I 2B.B4 I 5.58 J
18MI 4.et I 1.~i1 I 1.10 I 25.86 I 26.B6 I 35.'8 I 29.59 1 -31.81 H'.36 I
IIMI Me I l,e8 I I.U 12M. I 29.69 I 45." I 35.52 I -ei.ss 1-28.'4 I
188.11 4.1. I I.U I I." I 35." I 3!.23 I 5.81 I 26.47 I 64.6' I 16.79 I
IBM I 4.1. I 1.15 I I.se I 350ft I ~l.'5 I 15." I 2a.~4 I 58.76 I 14.45 I
18MI MS I I.IS I I." I 35.91 I 33.2:5 I 25." I 31.29 I 3f.63 I MI I
198.11 4.19 I I.IB I 1,18 I 35.88 I 37.72 I 45.ft I 4.... I -47.91 1-16.97 I
ISMI 40fS I 1.11 I 1.88 I 45.19 I 3B.87 I 5,., I 34.29 I 186.7e I 38.14 I
m,OI "'8 I I.If I I." I 45.ft I 39.65 r 15.'1 I 35.85 I 93.57 I 28.13 I
ISM' 4.81 I 1.1lI , I." I 45.18 I 41.76 I 25,,. I 37.96 I 74.3~. ~3.66 I
UMI 4.86 , I,IS I 1.18 I 45.88 I 42.42 I 35." I 4t.9. I 45.19 I '5.'B I
128.81 Me I 1.18 I 1.88 I 5." I 5.B' I 15." i 9.86 I -13,45 I ,2.93 I

Table P.2 (Cent) Simulated database
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8MI M. I 1.'8 I 4.88 I 5.B6 I 12.12 I 25.'! I 6.84 I -65.B8 1-18.2B I
aUI 2." I I.ft I 4.U I 5.se I 19.93 I 35.11 I 7.14 1-128.54 1-39.15,
OMI 2.18 , 1.18 I U" 5.88 I 31.39 I 45.81 I 9.36 l-m.13 1-75.32 ,
BUI 2.18 I I.Sf I 4.18 I 15.it I 11.94 I 5.'" 14.57' 25.7' I 6.31'
aMI 2.IB I 1.81 I 4.fe I 15.811, 19.5\ I 25." , 15.61 I -3M7 1-11.59 ,
BUI 2.18 j 1.18 I 4.lB I 15." I 26.57 , 3M' , 16.83 H81.2' 1-31.84 ,
BUI 2.U I 1.19 I 4.ff I 15.81 137.5' I 45•., I 19.29 1-199.t7 1-66.98 I
aMI 2.1. I I." I 4.8S I 25.t. I 17.63' M. I 23.86' 62.59 I 17.85 ,
SUI ~•., , 1.'6 I 4.88 , 2M. I 29.59 I 15of' I 24.29 I 37.53 11MB I
BUI 2.18 I Lit I Ui , 25." I 31.69 I 35." I 26.25 I -58.78 1-19.47 I
BMI 2." I l.es , 4.1. , 25.S' I 41.82 I 45.8. , 29.261-14V.76 1-51.91 I
BU' 2.1, I 1.'9 I 4.f8 I 35.ft 1 21.6B I 5.'" 32.51 I 114.19 I 33.66 I
88081 2." I 1.11 I US I 35.SI I 24.52 liMe I 32.94 19M3 I 2E H I
aMI 2." , 1••e , 4.'B I 35.ft I 2B.71 I 25.'8 I 33.63 I 54.42 I 17.69 I
98.81 2.18 I I.S8 I 4.80 I 35.8i I 44.87 1 45." I 38.84 I -88.99 1-2B.91 1
BMI Mil I 1.~8 1MI I 45." 12MB 1 5,1, I 4..,' I 189.58 1 56.28 I
89.~1 2.88 1 1.18 I 4.le 1 45.88 1 26.B8 I 15.18 I 41.48 I 157.78 I 51.8e I
aMI 2.f' I 1.16 I 4.8' I 45.88 1 31.79 1 25.fI I 41.'7 112Mb 1 41.59 1
BMI Mf 1 t.~t I 4.8. I 45.68 1 36.6B 1 35.8! I 42.31 I 73.22 1 25.38 I
161.81 2." 1 I." I 4.1, 1 ~.s,I 7.73 11M' 5.4' I ~22.79 ! -5.17 I
188.11Mi I I.U I 4.80 I 5.89 I 11.64 I 25.8B 5.94 I -56.27 H4.52 I
I!MI 2." I 1.18 I 4.BB I 5.'8! 17.57 1 35." b.e. 1-187.74 1-3J.65 I
leUI 2.811 I 1.88 I 4.18 I 5.88 I 26.83 I 45.11 B.39 1-189.58 1-58.96 1
118.11 2." I I.BI 1 MB 1 15.8. 1 12.3' 1 5." 14.61 1 22.51 I 5.14 I
toMI 2... I t.U I MB I '.5.88 I 18.84 1 25.88 15.51 I -33.14 I ·9.23 I
ISUI 2.1. I I." ! 4.1. 1 15." I 24.71 1 35.~' 16.44 1 ·83.6B 1-25.26 I
118.81 2." I 1.18 I 4.18 1 15.88 I 33.67 I 45.S. 1B.84 1-164.54 1-52.B4 I
188.11 2... 1 1.§8 ) 4.8, 1 2S.U I lUI I S.IS 24.89 I 5~.39 I 13.76 )
188.11 MI 1 1.18 1 Me I 25.88 1 21.21 ) 1M. 24.42 1 32.14 I B.83)
111M) 2." 1 I." ) 4.11 ) 25.8B I 38.63 I 35." 25.91 I -49.33 1-15.64 I
118.11 2... I 1.13 1 4.e5 1 25.11 1 39.23 1 45." 27.74 1-126.26 H2.13 I
UMI 2.1. I 1.18 I 4.81 I 35." I 23.45 I 5." l3.'6 I 99.12 I 27.57 1
188.11 2... 1 l.ft I M8 1 35.11 1 25.98 I 15.f' 33.41 I 77.69 I 22.95 I
IBM I 2.fS 1 1.18 I 4.u 1 35.'9 1 29.61 I 2~._' I 33.QB I 46.67 1 14.55 )
198.11 2." I 1.'0 I 4.86 I 35.18 I 43.11 I 45.f. I 31.'4 I -71.'9 1-24.52 I
I~MI M. I I.P' I 4.89 I 45.88 I 26.65 I 5." I 41.14 I 158.74 I 47.37 I
18e.w; 2... I l.D8 I 4.U 1 45.86 I 29.,a I 15.S~ I 41.48 I 138.27 I 43.12 I
ISM 1 Mi I 1.18 I 4.88 1 45.tB I 32.54 I 25.~e 1 42.84 I IOB.94 I 35.32 I
199.81 Me 1 I.U I 4.Sf I 45.86 I 37.62 ) 35.Bf I 43.12 1 64.89 I 21.82 I
12MI 2.1. I 1.1S I 4.88 I 5.8& I 7.48 I 15.1D I 5.39 1 -21.58 I -4.3' I
128.61 Me 1 1.18 I 4.1, 1 5.IS 11M3 I 25.'6 1 5.B8 I -49.9B 1-12.83 I
12MI 2.t. I I.U I ue I 5.U I 15099 1 35.18 I 6.5D I -94.17 1-25.58 I
12MI 2.f8 I I.e. I 4,88 I 5.f8 I 23.84 I 45.11 1 7.96 J-lh2.hh 1-49.39 I
12MI 2,t1 1 1.18 I 4.18 I 15.88 I 12.56 I 5.1. 1 14.65 I 28.41 I 4.2' I
12MI 2.16 I I." I MI I 15." I 18.39 I 25." I 15.4~I -29.19 I -7.66 )
12MI 2.&. I 1.19 I US I 15.Sf I 23,43 1 35.'6 I 16.28 I -72.79 1-28.92 I
12MI 2,61 1 1.'8 I U6 I 15.~' I 3!.le ) 45." 1 17.51 1-148.34 1-43.47 I
128.81 2." 1 I.U I 4.11 I 25.g9 I 1~.27 I 5." I 24.21 I 48.75 I 11.53 I
128.11 2." I I.U I 4.18 I 25." 1 21.64 1 15.1t I 24.58 1 28.51 I 7.39 1
121.81 2.18 I 1.18 I 4.80 I 25.U 1 29.9. I 35.SI I 25.74 1 -42.17 1-13.11 I..- - _ -_ .._ _ - , ---_ - _ ..

Table P_2 (Cant) simulated database
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APPENDIX Q

APPENDIX Q Determination of the relationship
L = f(Z, N*)

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

C~w L c:wl + (1 - L) C~al (Q.l)

where
L 0 to 1

The term L will have a value between 0 and 1 depending
o~ the ratio of thermal capacities and the value of the
u~qign characteristic, thus:

L (Q.2)

Based on the selected universal values of:

[ (a.IP) cavaf* J 1,00 for all applications
(a.11)i = 1,00 for water cooling

= 1,05 for air. cooling;

a set of values of caw was calculated for each test and
values of L for each test was then determined. Note,
this included the large database of simulated tests
which were calculated in order to supplement the
experimental database.
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Based on this information a curve fitting exercise was
undertaken, with the following result:

L ( niw/rn~ ) 1,3/ [ 0, SN'Q,5 + ( niw/nia ) 1,3 ] (Q.3)
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