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~ I Mixtures of inert gases con be used to mprove performcnce ;n closed

I ~~ ~~~~~ cycles
, in the present work , heat transfer and wciI friction para-

meters hove been obtained numericall y to demonstrate th~ eFfects oF mixture

I composition and gas property vor iati o ., For heating or cooling in regenerative
heat exchangers of such cycles; the Situation iS modelled by laminar Fl ow

I through short ducli wth constant wcIl heat flux . For design predktions oc-

~ I counting for the effect of property voriation, t is Found that the property
ratio method is better than the Film temperature method for heat transfer

- I while I’he latter method is preferable for apparent wall friction — with the
proviso that the present definitions of the .ioi—d~mensionaI parameters be

I . 

employed .
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I I I

I;
NOMENCLATURE

f o,b,c exponents For remperature-de~endence of propert ies ,
equat ion (6)

I spec fk heat at con~tcnt pressure

hydraulic diameter (tw ice plate spacing)

I 0 average moss flux

dimensional constant

I I, heat transfer coeffl cie nt

I k thermal conductivity

I length

f p pressure

p,q exponen ts For property ratio method, equations (1 1)~/and (15)

I T o~~oiute temperature

u ‘ axial velocity

Vb bulk velocity

I~ 
X axial coordinote

4 Greek symbols

E/ 1~1 o’ force constants in Lenriarcl-Jones (6—12) petenticl

p absolute viscosity

p density

I O menslonl.ss quanflties

~s 
F0p apparent Friction factor based on one-dimens ional apparent

I wall shear stres s , •.g .~ equation (13); F0,leregihw se mean
apparent friction Fccto r

H enthalpy, (H -

I 
I” length for velocity boundary layer , 4L/(DhRe)

i~ length For thermal boundary layer, 4L/(DhRIPr)
- 

Nu Nuuelt number, hOWIU .
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iv

pressur e, 2g
~ 

p0p/G~
Pr Prcndtl number,

0~ wcll heat flux, q ’ D ~/ ( l <T )

Re Reynolds number, GD~/ ,s~; Re x, based on axia l coordinate

transverse velocity, (l/4)vRe/V bo
axial coordinate For velocity boundary layer, 4 x/(DhRe)

x~ axial coordinate For thermal boundary layer, 4x/(DhRePr)

transverse coordinate, 
~~

0h

Subscr~1

I C overall average or mean value (lengthwise)

b properties evaluated at bulk temperature

I cp based on constant property idealizations

e in entry region,

I F based on Film temperature, (T +

fd Fully established or asymptotic value

I m lengthwise mean value

ref reference

properties evaluated at wall tem perature

: I x - 

properties evaluated at local temperature

t

O inlet conditions

I The circ~xnfIex ( a )  represents -non—dimensionoli~atian wit h respect to the
value of the quantity at the inlet, e.g., p = p/p0.

‘ 
(

-

~ 

.

.

U . .* 

-

— .- — ____________ -
- -~~ ______________



1 . INTRODUCTION

-- 
The closed 3ray ton cyc le , or gas turbine cyc le, has been su ggested as

an efficien t, com~ocr, versatile system for power plcnt cnd propulsion oop i-
caPions (i , 2i . WTth Phernodyncmk cycle studies , 3cmmert and Klein ~31

I showed that considerable savings in the total cas ts of a ~ Ci turbine cycle con
be achieved by mixing helium with a heavier gas; the increas e in density re—

I duces the size ~F the turbornachines wh ile the reduction in thermal conductivity
increases the size of he heo’ exchangars so ~hct on opt imum occurs at an inter-

mediate molecular weight . Approximate calculation s indicate that when theI heavier gas is another noble gas Further impro-iements in heat tran fer perfor-
mance are passible, compared to pure gases at the same pressure ,Pemperctur e

I and molecular we ight [ 4J . However, the gaseous data and correlations For
heat exchangers have been obtained with pure gases, primari ly air , with neg~-

I g ble variation of the transport properties . Whether such results can be applied
for m xtures ~f inert gases with temperature-dependent propert ies is a basic
question which the present paper ottocks.

In gas turbine cyc les the regenerarrve heot exchanger is typ icall y con -

I structed ~f paral lel plotes ,w t h  short Fins attached forming additional paralle l
- surfaces . Consideration of the heat transfer performance versus pumping power

requirements of these heat exchangers usually results in design For operation
in the laminar or transitional Flow regime . For laminar Flow heat exchangers,

r the strearnwise length oF the Fins is shortened in order to tci<e advantage of
th. increased heat t ransfer coefficient of develop ing boundary layers by c~nti-
nuolly reinirioti ng the boundary l ayer . The thermal boundary condition is onI approximately constant wail heat flux . As a guide to the effects ~f mixture
composition and property variation in such geometries, the present paper - For

T a FTrsP objective — investi gates the si multa neous develo pment of laminar thermal
and velocily boundary iayers in the entry region of parallel plate ducts .

- The ‘ollo* ng secti on briefly discusses related work which con be ex~
tended to provid. improv.d gu idance to the des igner oF regenerative heat ex-
changers For m xturss of noble gases . Section 3 surrvncrizes pertinent knowledge
of their transport propert ies and demonstrates he generalizations possible to re-
duce the anal yt ica l task .  Since tH’e consequent governing equotions ore non-
linear aid coup led , they are solved numericall y as out lined in sec ti on 4. The

U resul ts of interest in design—Iengrhwis. mean parameters - are presented in

— 1~ 
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section 5 First, the effect ~F composition at low heating ra t es and, then,
the effects that the temperature—de pendence ~f the transport properties cause
on the heat transfer poramerers orid the wa l l  FrfcP~~n parameters, seQarotely.

- 

Final ly, the major conclusions are reiterated in the I— st section .
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2. PREVIOUS WORK

In pre l rnincr1 desi gn stu dies For closed gas turbine systems , V r:o :4J
estimated relative hear transfer coefficien ts ~nd pressure drop ~~r binary mixtures

of the hiert gases with geometry held constant . For heat transfer he employed

o constont property vers ion of the Sieder—T ate relationshi p suggested oy Kern
[ 5]

Nu rn 1.86 Rz l~~Pr 3 ( O l L ) 113
~ 2 .9 5  ( L 113

This relation is essentiall y a thermal entry correlation 3f the Leveque Form 6
which strictl y applies only For a linear velorify proFile as in the woIl region
of a fully estab lished flow . Wit h long tubes the Nusselt number should become
constont rather than tending to zero as in the above relationshi p. For pressure
drop colcu la ti ons , Vonco used the Frict ion Factor for full y developed Flow .
Ill s approach is still prevolont in industrial design oF laminar Flow hect Cx—

cha ngers .

As shown later , one of the main effects of varying mixture compos i-

t ion is to vary the Prand?l number. If the velocit y profile is FuHy establis hed
before heat ing commences , the function Num(I?) should depend -~ri geometry
and thermal boundary condition and be independent oF Pr since the non-
dhnensionol variables can be defined so that Pr does riot appear in the gayer-
nng energy equation or its boundary condition s [7] . Since thermal ond shear

boundary layers grow at differen t rates when the Prondtl number is not unity,

E the solutions to the Simultaneous entry problem wil l  vary w ith Prondtl number.
in a numer ical analys is Hwang and F~n [8 1 hov e shown th is variation to be

significant at low values of .‘ for constant wcIl heot Fl ux and constant Fluid
propert ies . For the comparable constant wall temperature problem, SchiUnder
[9] suggests apply ing he Pobihausen solution in the immediate entry os

Nume = O .56 4 ( L i~~~P~~~
116 - 

(2)

in continuous Functions of the form

n i — n
Nu m Z lNU fd • (3)

1 1 •
U

- - - - - --—- 
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for design computat ion .

Schode and McE!igot T C~ developed a ~u~rer ca I scI - ~t~c-~ ~a exc m~ne

the effect of air prcper~y vcr iation For the simultaneous entry prcblerrt ~~th

strong hearing or coaling app lied to two parallel plates . They concluded that
the local Nusselt ~‘umber increoses s lightl y ~nd local Er~ction Factors ir1crec~e
severe ly w i t h heating . To eng ineers accustomed a :onsrcnr propert y ancl yses ,
the occuronce of a lcrg e change Tn Friction Factor and pressur e drop wh ile the NLsse lf

number is changing only sli ghtl y mi ght be surprising . Sckcde and McE~igot s howed ~ c!

such comparisons ore sensitive to the choice of the temperature at which ti-e proceHes

in the non—dimensional parameters are evaluated and that use of the ccnsIcn~ ara-

perry idealization con lead to either dorigerous or conserva tive desi gn, deoe n—
ding on the a~plication .

For the heat exchanger cpp l cct ions , desi gners emp loy mean parameters

and resort to empirica l methods to correct far f luid prope rty var iation 11

The two most c~rnmon schemes are the reference temperature method and the
property rct~o method [12~ . Based on experiment and approximate crial ys i;,
Koys recommends exponents For the latter method For various geometries and
fluids . However, desp ite the ready availability of appropriate numerical

• met hods for laminar Flows For ever a decade ~.13] , these emp irical correlctic-s
hove nor been refined arid the question as to which is the more accurate
method ho~ not been answered . Accordingly, a secon d~~~.j !c?ive oF the pre-
sent paper s to examine thIs question ond, if possibl e, to improve the expo-
nents used in the property ratio method - For the parallel plate geometry
and co~ st on t wall heot Flux .

fl
I . . .

— 
— - 

~~~TT - 

~~~~~~ 

- - - -
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3. TRANSPORT PROPERTIES OF NOBLE GAS MIXTUR S

While real ~cs propert ies can be emal oyed in +e nur er~cai cnc-

lysis in tabular or eauc~ion ~orrn ~irect f y, it is advc ntcgec us ~c ex aI c~t ~ke
s imilarit ies between different mixtures to reduce the number cf :cn~pu~c ric ns
necessory to cover the range of condit ion s of interes t . Thus , if their behaviour
can be genera lized , fewer variations of pcrcme~ers are requ ired and ~~e ~esu ts
ore more caric ise and have greater usefulness . Accordin g ly, this sect ion s~ni—
mor izes our ~naw legde of rhe pertinent transport proper rTes . In con~~nc~~cn
w it h the Following sect ion it demonstrates that, as a Firs t ccc rax rrr~c~ion , +e
var iation in mixture carripos itfon can be reflected in the anci y~T s in terms cF a

single variable parameter , the inlet Proridtl number.

The Lennard—Jones (6— 12) potent iol can be erp loyed in the Chcpmcr~—
Enskog kinet ic rheory to predict therrnol conductivity , v iscos ity and Prandri
number of binory mixtures of the inert gcse~ ~141. There h0~ beert consider able
ex perimental study of the pure gases , particu larl y helium cnd argon , but Few
data on their mixtures exist to check the predict ions .

W Uh Force constan ts, E/~ and ~ , as suggeste d by HirschFelder, Curtiss

* 
and Bird [14] the prediction of the helium viscosit y fa ils about eigh~ ~erceri t
below the data of Dow e and Smith [15] and Kale ikar cnd Ke;tirr r1o~ at
temperatures around 900°C. Likewise , the predicted hermcl conduct v ity is
obout nine percent lower than the measurements of Soxeno and Scxenc :~7i
up to 1100°C. Similar discrepancies occur for xenon , but cgreemen t wit h

• 
argon data is close . In general , cgreern erir is good near room temperature ar
t hese gases .

Thornton ~181 measured Viscosity of the helium/xenon system ot 20°C.
His data a.gree with the predictions to within a Few percent. On the other
hand, the thermal conductivities obtained by Mason and von Ubish C~

9J at
520 C show an increasing divergcrice Fr~m ~he nred cred curv e as the C rcc~~On

~F helium is increased . Using Force cOnstants suggested by ~ ? PTcpo and <est in
:20i For the helium componen t , instead ~f those ~F :- lirschfelder, C.~r~iss and
Bird, leads p~~ essential agreemen t Nit h the recommended value From ~he Thermo—
phys ical Procert ies Researc h Cenrer 2U

~~~~~~~ ~~

- 

~~~~~ ~ i_ i _
~ 
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Thermol conductivity ~nd -/ scosit y ore presente d cgcinsr logcrH’mic
coordinates in Figure I For helium, xenon , crgon and sam e of their binary
nixtures . These values are based an t ’-e Le-mr crd-Jcr’es ‘6- 12) potenti al w ith
the force constants 0 2 .138 , 3.292 and 4 .055 A , E ~~~ 36 .20, 152 .73
and 229 °K for helium, argon and xenon, respect ive ly.  T he xenon -iclu es are
from Hirschfelder , Curt iss and 3ird and the others ~om DiPipo0 cnd Kesrin .

V iscosities of the noble gases and their mixtu res d ffer on~y slightl y
WIt h molecular wei ght (composition) . The vcr io t ion  with ?emperoture s appr o-
ximat el y the some For oil . Using an idealized temperature dependence ,

a
~~~re~~

1 :(I/ I re f (4o)

one finds the exponent ‘o~’ ranging From 0.7 to 0.8. On the other hcnd, t he
values of the thermol conductivity vary over on order of magnitude from xenon

to helium . Again the temperature dependence is about the sc-n e For each and
con be deaiized as

- ( k l k ref  = 

~
T 1 T ref 1 b (4b)

For the mixtures the exponent “b’ is typ ical l y sli ghtl y less than “a ’ and ranges
from about 0.7 to 0.75 . As a firs t approximation, • a” and ‘b’ cou ld be tak en
as equal arid the same value could be used For each of the mixtures . The spe-

* - ciFic heat is independent of temperature but varies with composition .

Perhaps the main surprise is the Prcndtl number vcriatiori ~f the mixtures .
Argon,’l,elium and xenon/hel ium are shown in Figure 2; the ot her mixtures y ield

-: - curves of the some sh ape . The temperature dependence is almost negli gible
s ince the power low exponen ts for k and ,u differ so l i t t le.  The Praridtl num—
ber of the pure gases is 2/3. Howeve r , eac h binary system shows o minimum atr intermediate concentration s (rnoleculcr weighr~; For xenon/helium ft is Pr ~ 0 2 2
at room temcera rure ~nd ~s particularl y broad . Ot her Prcndti number minimc
are : k rypton/helium, 0.32; argon/he lium, 0. 42; krypton/neon, 3.53;
argon, 0. 57 . Thus, Pr~ndtl numbers in the range 0.5 to 2/3 con be obtained

~ th several c~oices of binicry mixture and concenrrc?icn .

_ _ _ _ _  -~~~~~~~~~~
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1 4. ANALYSIS

- The det a i ls of the numericol anolyss ore stra ight forward and eFfecti—
ve l y the scme as ot her methods for solution of coupled parc bolic partiol dtf—
Ferential equation s (e .g. , reference ~22] ) so onl y the essentials wi l l be out-
lined here . The number of parameters wh ich must be varied to descri be the
range of condDions possible s determined by exam ination of the non—dimen-
s ional equations governing the problem .

Under the steady, internal boundary layer opprox mctions - plus the
assumptions thot (a) mixture concentration remoins constant , (b) Mach number
‘< 1 , Cc) RePr ~ 100, and (d) natural convection is negligible — the gover-
ning equations can be written : -

Continuity : 
+ (Sc)

e p u  ~~~~~~~~~~~~~~~ - 0-

I -

x-mome!, turn : (5b)

-~ I - 

p U . .p V .~~~~:... _L • .J~~ k~ (i~ ~
)I -

Energy : (Sc)

I 
~ ~~~~~~~

. ~~V
•-~~. = 

~ 
( ~ ~.L)

I Integra l pY”112 
— (Sd)Continuity J p u d y = -

~~~I A circumflex (A )  represe~ Ps non -dime ns ionalizati on with respect to the value
r of h. quantity at he entrance .

The gas propert ies may be idea lized as

~~ (6)

- 
t nit f cl conditio ns are : I (0,~) — 1, 

~~ 
specified and u (0,~ ) 1, i.e.,

.
-

- 

~~~~~~~~~~~
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uniform entry . Boundary conditions ore (1) the nonsl p condition f~r vel~cities ,
(2) constant wall heat flux , -

- 
_ _  (7)
a y

I and (3) symmetry of the Flow and boundary conditions with respect to the centre
plan.. -

Examination of equations (5), (6) ond (7) shows the Free parameters of

I the mathematical statement ore Pr0, Q+, ~~ and ~he property exponents a,b
and d. For the present paper a end b ore taken as 0.75, d as zero and

I s set sufficiently high that the Mach number s small in the range of interest.
The parameters Pr0 (corresponding to the mixture moleculor wei ght) and
the heaHng rate , remain variabl e .

The problem is solved numericall y with progrom BAND , deve loped by
Gre f and McEiigot [231 for flows between parallel plates with thermal rodi-

- 
ati ve interaction using a band cbsorptance model . For the present colculo tions

I - 
the capability to handle thermal radiation was suppressed , bu t property van e—
Plan was included by choos ing non—zero values of the exponents a and b. The

- numerical program is a finite control volume analysis using implicit algebra ic
-! equations to represen t the governing equations; these equations ore itera-

- ted at each axial ste p to treat their coupling and the nonlinear terms .

It
Mesh spacing increases T n both the transverse and axial directions. For[ the results reported here , 81 t ra nsv erse nodes were employed with he Firs t

usually at (y/Dh) = 0.00 1, and longitudinal ly there were 2fl ste ps per

t decade normal ly starring at x0 — 1O ’
~ . As noted by Worsee-Schm dt and

I Leppert [13] the boundary layer approximat ions are not appropriate For
< 10~~ so no results are reported for he initial two axial decodes . Prior

I tests hcve shown convergence within 2 percent fo r Nu and with rs about I
percent For f0~ with this grid .

ii
E l .
fl
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- 5. RESULTS

I Predictions hove been obP&ned For the ranges 0.2 ~ Pr ~ 2/3,correspor -
ding to the Prandtl number variation from rn xtures to pure gases , and
—2 ~ ~ 100 . For ~~~~ 10, ~ was token as I0~ giving en inlet Mach

I num ber ~f 0 .035 wh l ~ at higher C~ , ~~ for M0 0.01 1 . Pertinent wal l
parameters one listed in A ppendix A For all conditions studied in this inivesti-

i
With heating at a constan t wa ll heat flux, the loca l bulk temperature1 increases continuous ly; w ith constant specific heat this increase is lineor. The

v iscosit y increases with temperature, so the local bulk Reynolds number

I (GDW’,~ b) decreases in the oxiol direction and the Flow would be expected to
remain laminar. Density is inversel y proportional to temperature so the flow

I - accelerates as it h heated , also normally a stabilizing influence. This conti-
nuous acceleration prohibits the occuronice of invariant velocity and Pemperot-ure

I profiles . The we ll temperature is larger than the bulk temperature Tn order to

~~ transfe r energy to the gas so , at a g iven cross sect ion , t he v iscosi ty ond thermal
conductivity will be higher neon the wal l and the dens ity will be (ower . Con-

I - sequently, parameters defined in terrr~ OF woll properties wil l  have diFferent
- values than those using bulk properties in their definition . While the increase

in viscosity is expected to increase the wall shear stress and decrease the
velocity near the wall, thus increasing thermal resistance, the increose in t her—
mcI conductivi ty is a fact or tending to reduce thermal resistor,ce. Likewise, the
expansIon due to reduced densi ty counieracts the decr~ase due to visc osi ty to

-

. 

some extent. Near the entrance, the increcsedviscosiry and decreased density

- j at the wa 1 1 augmen t the non— sli p condition causing transverse Flow away from
the wall; this flow also carries thermal energy. Further downstream the i rons—

-: - verse flaw decreases . (These var ious effects ore reversed with cooling) . W h l e
the individual effects of these phenomena can be Forecast in some cases, their

combined effect- is not obvious and may vary with geometry. Since densi ty,
I I Viscosi ty and thermal conductivity variations are all ~f the some order of mac-

- riltud., none dominates Tn suc h a way that a singte-pcrometer,closed -forrn onc-
I 

lysis would appear Feasi ble .

(J For he present study he presenta tion of results emphasizes mean pore-
I meters which are useful to design eng ineers; however , local Nuss elt numbers

U - 
arid Fricflon Fact ors are include d in the Tables for those interested . Wit-li pro-

“
- - 
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perry var iat ion , parameters con tak e a number of values dependi ng on how
the temperatures which are used to evaluate the pertinen t propert ies crc de-
fined . To avaid later confusion in the use ~f thes e predictions it is necessary
to be explicit in the definitions .

Local bulk temperature, T~~, is the temperature corresponding to the
tat-al enthalpy flow at- a cross section , i.e ., the socolled mixing cup tempera—
ture . Aver age bulk temperature, Tbo, is the orithmetic aver~~e of the local
va lue at length L and the inlet value

While an integral average is norm a lly used for the average wall temperature
Tn analyses t is n~t of use to the designer who lacks the detailed knowledge
of T~,(x); accordingly, we define T~~ as on arithmeti c average

T = (T  + T  \/2wa wo w L

- - 
which becomes, For constant wcll heat Flux,

= + T L~
2

(Thus, T is lower than f T (x) dx/L) . Then, in agreement wit h normal, prac-
tise, an average film temperature is chosen as

L Tfa 
= 

~
‘wa +

- - 
Comparable subscripting is used far indent-ifying the temperature at which pro—
pert ies are evaluated , e .g.,s.

~bo =,~ (T~), and similarly For rson—dimensi~ nal
parameters , Rebo = GD

~/ ,~ bo. Aver age pressure is also taken a? the arithme—
r ti c overage of inlet and exit , L. Other quant it ies will be defined lcte ~ as used .

Predictions for constant Fluid pr~perti es

For small heating rates or low temperature differences t’~e c~nstcn t pro—
perlies idealizat ion ~s often adequate F~r practical cpplications. For examp le ,
one sees Tn Fi gure 1 that a 50°C di ff erence in temperature causes a charge in
thermal conductivity of about 17% at room temperature and 4 %  at 1000°K.

- -f - ii - In Figure 3 are plotted the mean Nusselt numbe rs versus non —dimensi onal length.
1 -- L~-’ 4L/(DhRePr) , as obtained by se tling the propert y variation exponents, a

—,. _ _ s
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I and b, at zero and holding ~ = 1 . The mean Nusselt number s defined in

terms of the integral average heat transfer coefficien t as

I 
Nu~ 

h a D ~ 
~~~ f h ( x ) d x

I a
I From Figure 3 one sees that in the entry Nu0(L~) increas es as the

I Prandtl number is reduced by employ ing differen t inert gas mixtu res . This in-
crease is approximatel y 17% as Pr varies from 2/3 to 0.2 . S ince, For con—
stcnt propert i es, the development 0f the shear boundary layer is a function

I of x 1 
= 4x/(DhRe) ond is independent~af Prondtl number (Le., iP is a solution

of equations (Sa,b and d), the velo:ity profile is more full y developed For

I Pr = 2/3 than for Pr = 0.2 at any spe aified value of L.~ . Consequen tly, the
increase in Ni.,0 coincides with a h g~ier average velocity gradient, (au/ay)0,

I between 0 and L*; w ith increased velocities near the wcl l an increase in heat
transfer parameters is reasonable.

I Als o plot -led on Fi gure 3 is the Sieder—Tal e correlation (1) which has
been employed in_ practise for heat transfer calculations in comparable situc—

I tions . In addition to differin g by as much as a Fact-or of two in the ronge of
interest, this calculation fails to show the proper trend with L except oppro—

I . ximasel y in the limited range 0.01 ~ L~ 0. 1 . At Lv
-” 0.00 1 the mean

Nvuelt number varies as (L* )~~~
47 rather then (U”y1/3 as in the Sieder-

- Tate correlation. Fai lure oF this correlation to account for Prondtl number
dependence has been mentioned earlier .

( Based on an integral/superposition method Kays [12] suggests that- the
local Nusseli number for the simultaneous growth of Icminor external boundary

I layers can be predicted by

Nu = 0.453 Pr1
~
”3 Re ”2 (8)

- for the thermal bounder, ~~ndiPTon of a constant wal l heat f lux . For the im-
mediate entry wher e Tb* ~ I and V b ~ V 0, this relation con be transformed
to a mean Nusselt number

Nu m e  
a 0.906 Pr 1”3 ReDh

Oh /t (9)

In this case , equation (3), he Form suggested by Schlunder ~ ~ 
, would became

I’
— - - ------~—~~----~~~~~~~~~~~~~~~ : - S
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Nu0 = [8.2352 
+ 1.812 2/(Pr1

~
’3L

$)] (10)

This equation is shown on Figure 3 for a pure gas, Pr = 2/3,cnd can ~e seen

to agree ~~~ H L e numerical prediction within about Pen percent . For the mix-

tures agree~~er~ is as good or better ; the comparisons are shown individuall y
later.

It should be reemphasized that wh ile the increase in Nu(L’) is of the

order of 15 percent , when replacing a pure gas by o xenon—he lium mixture,
the gain in heat transfer coefficient is much greater. For examp le , taking
equation (9) as en approximation For short fins in conlunct-icri wit - h Fi gures 1

and 2, one con see that- for a g iven geometry and Reynolds number the effect

of replaci ng pure argon by a helium/xenon mixture is to increase the heat

transfer coefficient about- 2.4 times .

Predkr ons of heat- transfer with property variation

When Fluid properti es ve ry signif icanPl y due to high heating rates ond

related large temperature variations in the Fi~w Field , the numerical va lues of

non—dimensional parameters such as Nu and Re depend on the femperoture at

which th&r prop ert ies are evaluated. Two methods of accounting For ihe pro—
perty variation are common in pracfise : the Film temperature approach and the

property—ratio approach (12] . In the Film temperature approach it is cssumed
that using prop erties evaluate d at I~ wi ll allow direct- use of predictions ob-

tained under the constcnt property idealization . 1n the property rat-ia approach

the bulk temperature is used For the properties cnd he effect oF heating s

represented as

Nu / Nu~~ = 
~~c~~~

T
b~ 

(11)

fo r gases . The effectiveness of these two methods for heat transfer predictions
is e,carrtiried in the present sec t ion; waIl friction predictions ore considered n

the following section .

FIgure 4 demonstrates the apparent effect 0f heating rote on the mean
NuueIP number when the properties are taken at- I , i.e., the property ratio

approach. Thus, L ba is defined as 4L/(O h Rebo f r) 4 1. k bQ/(c PGDh ) The
effect of heating the gas Tn o sli ght increase i Nu~~ compared to the predic-

ti on of Nu for constan t properties (Q4~. 0) ct t ’e same value of L~~ . For a

Fl
-- -—-— - -~ - 5 - - - — —  -- ,.. 
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given va lue of Q~ , NubO is increased more for the pure gases ~‘ori ~or t ke
mixtu res , but- this result is part iall y a consequence ~ the lower # ‘ c i l — tc -~~ lk
ter~oerature reached by 

b~ gas with the lower Prandtl nurrber . However , :cr
+O = 100, w hich cods to (T / 1  ) around 2 .5 to 2 .7, the increase is

wa be max
only ~f the order 0f Five percent . Thus , t he exponent p in equation ( 11) would
be about 0.05, which can probabl y be considered negligible For most prcc ?icol
coses . On the other hand, For Q# 

100 and Pr = 2/3 the local Nusselt - ijrrber
Nub reaches a peak increase over the constan t property prediction ~f ~~c~ t
twenty-five percent at a location where I ,/1 3 so the mean Nusse ltbx
number is oFfe~ ted even less then the local value .

To examine whether the film temperature approach is an improvement ,
the results ore plotted in Fi gure 5 with praaer’~~ ~“aluared ~r the cveroç~
Fil m temperature, Nuf0 h0D1/Kç0 and L 0 = 4Lk fJcP

GDh
2 . W ith this choice

the mean Nusse lt numbers decreas e as the heat ing rate is raised . This effect
is of approximatel y the some magnitude For the pure gcses as for the mixtures
w ith their lower Praridtl numbers . The most si gnif icant- observation is thct the
reduction is about- three times as greot cs the change when using bulk proper-
Pies (Figure 4) so there is no advan tage in occuracy with the film tem perature
approach .

V
When heat-ing the gas T~ arid Tb both increas e, T

~ 
more rap idly in the

entrance reg ion and then both at approximately the same rate at larger distcri —
ces . Consequently, Tv/rb first increases and then opprooches unity axiall y.
Likewise , NubQ(t.k ) is First- greater than Nu

cp
(L’) and then approaches Nu

~~~
1?)

downstream . In this situation correlations of the Form of equation (11) make
sense. In contrast, when cooling the gas - as on the opposite side of a re-
generative heat exc hanger - both temperatures decrease continuousl y suc h that -,
in the limit-, Tv/lb approaches zero or Tb~

1 approaches infinity . The rela-
t ive propert y variation across the F low becomes greater downstream instead of
less as in the hearing situation . This limit is riot likel y Pa be cf co ncer n a

gas turbine cyc le since the lowest temperature is 3st by the ~nIet temperature

~f the side to be heated , but might be a difficulty in cryogenic applicat ions .
In the cooling range covered in th. scope 0f the present ocper,
remained suff icientl y c lose to Nu0~ ( L )  to neglec the difference .

IF one calls equation (10) the Sc~ I~ nder-<c~ ne ation and p lot s it as

- - 

5 -—  ~~~~~~~~~~- -—- -~ ~~ -
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I a dashed Uri c on each ~F the subfigures of Figure 4, it may be seen that cgree—

ment - w ith the constant properi’/ resu lt is gocd f~~r ecch :cse but successive l y

I 

better as Pr is reduced . S r,ce N~ , ~L
0 ) is ~r e d c e J  50 cl o s e l— ’ by Nu ‘L’)

it is worthwhile to improve the equation so nc’i be used by the designer

I over the ronge of interest . By ad justing the Prcndtl number ~e~endence ~
Num e  For better prediction at L~ 

= 0.00 1, one may obta in

r 2 2 0 254 wNu (. 8.235 + 1 .931 /(P r - L ) J  ( 1 2)

This equat ion sti l l  is of the order of f ive percent lower Phcn the numericalI prediction near = 0.01 . For moderate hecting rates it would be w thin
about ten percen t of the numerical results and would be low; in heat exc}icri-

I get design this would lead to units sli ghtl y longer than necessary . A lterrsot ivel y,
the constants in equotion (12) could be optimized far another range at the

I expense of the accuracy of predictions in the immediate ent ry .

I 

Prediction of wall fr iction with property var iation

Wh ile mcs t onol yses present ly available For develop ing flows present irk—

I t ion results in terms of the wall sheor stress evaluated from the veiccity gradi-
ent at the wal l (F5), this opprooch is not of ,jse to the desi gner w hen the ve-
locity profile is changing substantiall y, as in the entry or when a gas is heat-ed.I To predict the required pressu re drop with a one-dimensional des ign procedure ,
one uses the ‘opporent” Frict ion Factor , f ,  based on the wol l shear determined
by treat ing the rnomen turn change as one-dimensional . The same tre atm ent is
often employed Tn experiments where size prohibits velocity proFile measure-
ments . Both met hods of presentotior, con be chosen wi t h numerical results ; can—
sequent-I>’, Bonkston and McEligot 22~ were able to demonstrate ~c ’/ ke nume-
rical values oF f5 and F0~ con differ substant- ioll y and (b) discrepa nc ies earlier
thought to exist between experiments ond analyses were primaril y due to the
differences Tn the definition used for the Friction factors .

As w ith the hect ~rcns~er esu~ts we concentr ate in aresent ’; —ecr
apparent :.; C

t
~~~~, Factor ,

_ _  

A l  2 )-— — z ~~~~~~~~~~~~ rhL G / 2 g
~ o L~ ~

‘b~~ c J

The local a~porent- friction Factor , 
~~ 

appear ing in +e Tab les is defined
- r~ the crialogotis derivative farm w th  d/dx replacing ~~

) 
~~~~~~ 

) .  W hen P~

. 

~~~~~~~~~ - - ‘
_ _ _ _ _ _
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I
is constant , the second tern, Tm, brcck ~ ts does n:t chcr~~ and the d~ FTn i t ’~ r,

reduces to thot oF Shah and Lcndon 7
~ . W ith constcn t Fluid :rcceHe~ ore

so lves eguct~ors (~c ’~, ‘5b~ and ‘5d’ onl y, so ~-e resu lt  s indecerde ~~ oF
Prondtl number ond con be .vritten as a sing le Functicn FJL Nhich cacrao-
ches F0 - Re/24 as L~ becomes large. This F..nct~or may be Found tcb~icted H
A ppendf x ~ or can be derived From earlier ccci results JO , 24 . Far a con-
tinuous approxTrri c t icr, , the appracc b oF Schl,jnder car’ ae sed Cs in eauc rTcn
(13) to give

Re/24 = ~Ji 0.0788/L~ ( 14)

which represents the numerkal resu lts well H the immediate entry btj t is 4 ~c
5 percent high in the range , 0.05 < L~ < 0.2.

f With vary ing transport prope rties , t he energy e~ucticn (5:) is cor .cle d
to equctions (So, b crid d~ vio the temperature-dependen t viscos ity and den-
sity, so the wo ll Frict ion also becomes a function cF the Pr:r~ tf r~~mb er  and
the heating rate . Again t he question arises os t~ t he better method ~F
ting for the Fl uid property variations . Predictions af Friction are -ot - cs well
behaved as heot transfer parameters . In co nt rj st to the bea t tran sfer results ,
direct use of the average bulk properties in F Re and L+ does not collapse
the results nicel y oround the prediction bosed on constont properties; the
main effect is to spread the curves towards larger Lb as 0+ increases .

The effect of heating rate on apparent wa ll Frict ion is presented in
F gure 6 partia lly H terrr~ of average bulk pracert ies . T~ ct is , P bo is -j sed
For the coeffi cient- in equation (13) cnd RebO is de fined as before -but the
non—dimensional length is based on HIer properties , i . e ., L .  ‘1Vt h thisr representation heating increases 

~b0 Re bO consi derabl y more t hcn NubO is
raised at the same level of 0+ . At lengths greoler than L+ = 0.1 the curves
wit-b heating approach the constcnt aracerties cjrve ~nIy slowl y, al±ct~gb
T c/tba 

is close to unity , as ±e heated ent ry co nti rsues t-~ a ffect the m t - C—
grated results ar downstream . C~cse ~nspecticn -oF the trends cr “-e hi;bes t
heat ing rates showi thot as Pr increases a convergence - rarr, hec eo entry
behavior towards :greerrierr t- wi th constant property behavior - 

• s moved fr.~rthe r
downstream . T~iis effect corresponds to the difference in growth of the +ermncl

bo~.indcry layer and shear boundar-, layer as the Pranidt! number :bcr’ges
Nu(.’) shows only a moderate ef Fect ~F Pr , so for the some hearing rate ~ e

— - --5— - - . -  _ _ _ _
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volue ~F T,,~/T b is almost t he sonic at equal value of L’ rather ~kan L’, thus
T
~~

1b opproac hes unity For Pr = 0. 2 at- earlier vc lues of L+ than Fc r Pr = 2/3
and the vcriot ’on ~F ~rcpe rt~es across t he chcnnel is less for P- = 0.2 at
same L~~. Whi le the Frict c~ are d icr ion s For be:rTn; caz rocc h ~be ad :bct ic
prediction as Lb0

4 increases , those Far c~ o lirg diverge; th is result also corres-
ponds to the trend of property vor ict ian since the ratio increases

downstream For cocUr’; as described earl ier in the section on heat tr an sfer .

As with the heot transfer results , t he apparent effect of prcoe~ y vc r c—
t ion on wall fr ict ion iS sensit ive to the choice of reference tem pera tu re . W t h
average film temperature for the reference , t he shape of the resulting :un,es
differs f~~rn the shope w ith bulk temperature os reference . In Figure 7 the pro-
duct F10 R 10/24 is plotted against L0

+; 
~ fo is used in the coefficient in

equation (13) and Re f0 is based Ori JLL fQ . There is no advantage in comparison
on the basis of 1f s ince results ore shifted then Further to the right (w ith
heat ing) so that for L+ 

~ 0.01 the difference from the adiabatic predktion
is increcsed . For heating : the Friction parometers are reduced or sr.crt lengtH
then the predictions c-averge with cnid cross the ccnstcn t properties curie and
remain sli ght- I >’ greater at larger d stances . In comporison to the bulk proPe rty
predictions , the e ffects For short and ’ long ducts are approximatel y t he sc-ne
mogii itude with st rong heat ing, but for intermediate lengths and for Q~ ~ 10
a display in term s of film properties shows si gnificont l y less var iation . In the
range —2 < < 2 there is no si gnificant effect of heat-Hg until L0

+ aoprao—
ches 0. 1 wit h film properties and then the effe ct is onl y of the order of
Five to ten percen t . •A5 is t he case For bulk properties , the convergence Pa-
war ds the adiabatic prediction is at successivel y great-er distonces ~L0

+) as the
Prandtl number increases , but Far the same condit ion it is severa l t imes earlier
with Film ~ rope rties . With cooling : the direction of the trends are reversed
but for 0 > —2 they ore essent iall y again neg ligible For entry problems .

It is not- clear rorn Fi gure 6 and 7 which onpro~ch is better : ~rocert’,
ratio or Fiim temperature . The property ratio :p~ r~cc h would be -eames e~ ted

‘1 as

(F . Re(V~)/ ( f  - Re(L~)) = (1 5)

so this quotient ts plot-ted versus temperature roti~ H Fi gure 8 to examine the
suit-obility of a sing le exponent. A cornpUccred pattern appears . In contrast
to the expectation of Koys and London E2 5~ , the genera l trend s a substcririal

- 
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increase with temperature ratio . There are sli gh t differences with Prcndtl num-
bi.r but, the trends are rnos~t y the some . An exponent q of the order ‘of unity
would overpredict the Friction factor at the higher temperature rctics ‘ond under—
predict it at lower volues . F~ r coo ling, q = 1 is valid within a Few percent.
For moderate heating, the necessary value of q (i .e., the sloce oF a Une
Fran, the origin on this logarithmic plot) vcr ies with length L0

’1 : it- is appro-
x imately constant as the temperature ratio increases ~mt h length then incre ases
gradually as the ratio drops for successivel y longer ducts . The latter effect
is a consequence of the slow covergence of Re~0 to the adiabatic curie
For iong ducts as discussed earlier. It is seen that a funct ion q (1~

+, Q~ Pr)
would be nec essary to describe the detailed behavior . For = 2 and

~~ <0.6 , an exponent q = 1 .5 would reduce the difference rom the constant
propert ies curve from 13 percent to o 7 percent discrepancy . With Q~ = 10 ,
q = 1 .2 is a better approximation , but the discrepancy would still reach

J twen ty - percent . These comments and comporison of Figure 6 and 8 sugges t
that the two methods have approximatel y the some overall accurocy for Q l~ ~ 2
w ith a sUght advantage to the fl lm propert ies opproach For short ducts . For mo-
derate heating — to = 10 — the film property method is clearl y superior ,

• I while at higher heatin g rates both met hods show reg ions where the simple
correlations would mislead the designer substontial ly.

It s perhaps inconven ient For the desi gner to hove one method perfo rm
better For heat transfer while the other is preferoble for wo ll fr iction, but the
difficulty should be negligible provided the present definitions ~F the parc-

• meters are used. Once the heat transfer problem is solved For the wall tempe—• 

• I rature using average bulk properties , the avero ge film temperature can be
calculated from the results and can then be employed to predict the wall
fr icti on behavior .

Analytical correlations such as equations (12) and (14) are useful ForF parameter studies of systems and For initial sizing of components when hundreds
to Phousa,ds of individual configurations may ~e calculated . ‘Nhen greater cc-
curacy iS needed H Final des ign decisions — or f variable wal l heat Flux should
be treated - he num erical analysis can be employed directl y.  W r h  ‘he direct

~~pUcation of the program, the question of definitions ~f the rson—d mensiancl
parameters is avoid.d the eng ineer can choose definiti ons to suit his awn
convenience, including direct presentation in temperatures, pressure and lengths- -1 in uniP~ øF his ch~ic..

LL. - - • • -~~_••. -  
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6. CONCLUSIONS

For heat transfer to mixtures of inert gases in short ducts formed ‘of
parallel plates , the fo llowing conclus ions conce-ning -he behavior of the mean
porcmeters are warranted. In terms 0f appropriate ion—dimensional vcricb !es
and parameters , the effects of vary ing mixture concentration con be represen—
ted by variation of the inlet Prandtl number. These conc lusions are based on
the specific definition of parameters chosen in the present work; with strong

- - 

- 

heati ng rates the use of alternate definit ions in the correlat ions can cause sub—
stontiolly differen t- p redicti ons of the heat transfer coefficien t and frict ion

- 
• 

Factor and, consequentl y, of the wall temperature ~nd pressure drop .

a) Under the constcnt property idealization , heat transfer ond apparent
.- wall friction parameters ccii be approximated by

I Nu0 [8.2352 
+ I .93 12

/(pr02 M Lw)]  
1/2

and 1/2

I (f • Re/24) = + 0.0788/L~~]

Pa w t hin Pen percent For L~ ~nd L~ , respect ivel y, greater tl~~n 0.001 .

I b) For heat transfer in the range —2 < Q~~< .100 the bulk properties/pro—
perry ratio method of accounting for the effects of gas property varia-
tion — with exponent p ~~ 0.005 - provides better predictions than the
film temperature method .

a) For wall Friction H the range —2 c ~ 10 the fi lm temperature method
is more accura te overall than the property ratio approach .

~~ I
I ACKN~~NLEDGEMENTS

- 

~
- W. ore gratefu l to Dr. W .G. Harrach,AiResearch, Phoenix , Arizona,

For suggesting the problem and prov iding the program to calculate he mixture

propert ies . Dr. R .K. Shah, Harrison RcdTct~r, L’ockport , N .Y . provided vc iu—
‘

~~ 

able advk, and Herr M. Sirnons hel ped compute . Th. work was supported by
the Off ice of Naval Resea rch (U.S .A .) and he 3undesministerk,m f~r F’orschung
und Technolog i. (~RD) . The use of p~~~ Rechenzentrumn , Un ve rsitdt Kcrlsruhe

- 
u 

- and the Un versfly Computer Cent -er, Arizon a, s cppre~~at ed .

1’I 

I

I-i
- ‘

UI — ii_.__ 
- - - -

• — — --- - -
~~~ -,.- -

-~~~-



r • - 2 5 -

REFERENCES

:i~ Bammert , K., Rurik , J. and Grie~enrrog, H . H g’nl~~ -rs arid F~r~ire dc-ic-- loprnents of closed-cycle gas turbines . AS.M~ paper 74- G - 7 , 974 .

I [21 Mcck, E .A . Closed Broyron cycle system :ot rn zot icr, for undersea,I terrestrial , orid space app l icat ion s , von K~ r r n  Institute for F~-.j d
Dynamics , Brussels , Bel gium , 1970 .

- :31 Bammert , K . cnd Klein, R. The infl uence 0F He-Ne , He-N 2 and
He—C O2 gas mixtures on closed cycle gcs turbines . ASME pc~er

• 74—GT— 124, 1974 .
I 

(4] Vanco, M.R . : Anal yt ical comparison of relative heat t ransfer c~eFfl —d ents aid pressure drops af inert gases cnd their binary — ixt ures .NASA TN-D-2677, 1965 .

[SJ Kern, D .O. : Process Heat T ransfer. New York McC,rcw-Hll, 1950 .

(6] Worsoa—Schmidt, P.M. Heat transfer in the thermal entrance region
of circular tubes and annular passages with Full y developed laminar
flow . lnt . J. Heat and Mcts Transfer , 10, 541 —55 1 (1967) .

(71 Shah, R.K. and London, A .L. Laminar flow Fo rced convection heat
transfer and flow friction in stra ight arid curved ducts - a summary ‘ofj ~

. anal ytical solutions . Tech , report 75, Mech.Eng., Stcn fa d Univ ., 1971 .

[8] Hwong, C.L. and Fan , L.T. Fi nite differe nce anal ys is of forced con-
vection heat transfer in entrance reg ion of a ft at rectangular duct .

- A pp l . Sci . Researc h, 13A , 401-422 (1964).

[9] Schl~nder, E .U. V Dl-W~rmeotlas . Dussel dorf, VD I-Verlcg, 1974 .
‘ 

. [Ic] Schode, K.W . and McEUgot, D M. : Cartes ian Greatz probelms with
• air property variation . Int. J. Heat Moss Transfer, 14 , 653—666, 1971 .

[ 11] Shch, R .K. Personal communication, Harr ison Radiator Divis ion ,• Laclcport, N.Y., 1975.

•
~ f [123 Kays, W .M., : Convective Heat and Mas s T rans fer . New York : McGrow-

Hill, 1966 .

• (13) Worsce—Schmidt, P .M. cnd leppert, G. Heat transfer cnd Friction
for laminar flaw of a gas in a circular tube at a high heating rate .
tnt. .1. Heat Mass Transfer, 8, 1281— 1301 (1965).

1 ~l4J Hirschf.lder, J.O., Curt iss , C.F. and Bird, R.3. : Molecular Theory
-
‘ of Gases and Uau ds . Wi ley , New York , 1964.

Dow., R .A . and Smith, E .3 . : V iscosities of the inert gases at highI I temp erature, J . Chern . Phyi,, 52, 693—703 (1970) .

(16~ Kalelk o r , A .S . and Kest in , J. : Viscos ity of He—Ar and He—Kr bina ry11 gaseous mixttj res in the temperature range 23-720°C . .1. Chem . Phys .II 52, 4248-61 (1970) .

Ii
—u-_ _ _ _ _ _ _ _ _ _  - -- - ~~~~~~ -



- 26 —
[17) Saxeno, V .K . arid Saxena, S.C. :  Measurement of the thermal conduc-

ti vit y of heUum using a hat—wire typ e of thermal diffusion column .
Brit. .1. Appi. Phys., (J .Phys.D.) I, 1341-1351 (1968) .

118 Thornton, E .: Viscosi ty ond thermal conductivity of binary gas rnixtures
xenon—krypton, xenon—organ , xenon—neon and xenon—helium . Proc . Phy~.Soc., 67, 104—112 (1960).

1191 Mason, E .A . and von Ub sch, H. :Therrnal conductivity of rare gas
mixtures . Phys. Fl ., 3, 355-36 1 (1960).

~20] DiPi ppe, R . and Kestin , J. : The viscos ity of seven gases up to 500°C
and its stat istica l interpretation . 4th Symposium an Thermal Physical
Properties, 304-313, 196 9 . -

[21] Touloukian, Y .S. and Ho, C.Y . : Therniophysic al Properties of Mct~er.
London : Plenum , 1970.

E 22) Bankston, C.A . and McEligot, D.M. : Turbulent and laminor heat trans-
fer to gases w t h  vary ing propert ies in the entry region of circu~~r ducts .
In. J. Heat Mass Transfer, 13, 319-344 (1970) .

1 [23] Greif, R. and McEligot, D.M. : Thermall y develop ing laminar fl ows with
radiative interaction using the total band absorptcnce model . A pp i. Sci .

I Researc h, 25, 234—244 (1971).

• 24] Bodeic, J .R. and Osterle, .J .F. : Finite diFference anolysis of plane
Poiseultie and Couette flow development . A ppI. Sci . Research, IOA ,
265—276 (1961).

[25] Koys, W .M. and London, A .L . Compact Heat Exchangers. 2nd ed.
New York : McGraw-Hilt , 1964.

I.

I
‘

~ 

1•

~~t i
~I I 1

-: ~
__________________ 

~_
_
~~~~~~~~~~~~~~~~~ :

_
~~~~~~ 

-
~~~~~~~~~~



- 27 -

APPEND IX A

TABULATED RESU L TS

This appe ndix presents reprod~c’ions of the summary tables of the com-
puted results that were provided as output from the UNIVAC 1108 computer
at the Rechenzentrum, Universitdt Korlsnj he. All cas es for which predict ions
were calculated are included in these tobles . S pace limitations prohibit
listing all the predicted parameters of in terest; hoNever , the set shown
should provide the basic info-mation from which others can be c& culated
via their definitiois and the idealized property re lationships . For example,

L - 
4L 4L Re 0 - L ~~~~~~ - 

4x ( T - ~~ ~~bo QhRC~~Pr Dh Re0 Pr Re x 
- ° ~ 

T~ ) 

- 
Oh P.0 \ T0

I 

The coses calculated are :

+Pr 0

I 0.7 (air) 50, 01~
0.666 ... 100, 50, 25, 10, 2, 0, -2

1 0.4 100, 10, Ct
. 0.2 100, 50 , 25’, 10 , 2, 0,

-0.2, -2I -

_ _ _ _ _  

-

I ‘The case of Q~ 
• 0 represents heating rates sufficiently s!nali thatthe properties can be coi~sidered constant . In order :o calc~~a:ethese cases ncn-:ero heat flux was chosen and the property ex~cr~entsI were chosen ~or constant properties; these are identified in the

following tables by the head: VIS • .000, CON - .000 , CP .000.

I *tnj.t press~~e relatively low , lead.ing to excessive Mach nt~iber a:last few stations .

~~~~~ —‘ 
- 

-
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Of necessity some ~ the table headings are brief so the FatteN in g

definitions and/or comments a-c appropriate! F 
_________

Program Usual Definition CommentSymbol Nomenclature — ——______

PR, 0 Pr (c ~~~~ Inlet Prandria p number
QPP .DH/K0.TQ Q~ q”D~/k0T 3
GAMMA c/c Specific heo’

v rat io
• —

V IS C viscos ity exponent in
equation (6) 

- -•

CON b 
- 

thermal conductvty
exponent in equotion (6)

CP d specific heat exponent
in equation (6)

4X/DP€0 x 4x/(DhRe P r)
0

TB/r I Tb)/r local buI~ temperature

1W/1B Tw,/rb* 
local temperature ratio

NUBX Nub h01,~,4c 5 local bulk Nusselt number

FR8/24 FbX .Reb,/24 local apparent friction
product, based on bulk
properties, see pg.l4

WA/BA average ‘ernoerature ratio,
see pg. 10

I
NUBA Nu~~ h0

D1./~ ~ average bu lk Nusselt
number, see pg. 11r

FRBA/24 fb~~
RI

~~,/2
4 mean apparent friction

product, based on bulk
properties, eq . (13) and
pg. 15

P0—Pt 
~~~~~~~~ 

2g p0
(p

3-p)/G
2 pressure dr~o, note ~g.9

* c
C A rA 2 .0  

11 
~~ — 

26x x Pbc 
_______K 

~~~~~ 
- 2P~~ [

~ 
j  2.o (T~~) L TbL - 1 j.

~
- a ~~~~Ii

h 
u comparable P~ K(x) of

Shah and London ~~~~~~ —

but error in output in
earlier constant property
results .

- 
—. --

~~~~~~~~~~~~~~~~

_ _

~~~~~~~~~~~~~~~~ 

- -  -
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1 . 3 C — L ~3 )D .~.P 4 .7 A r S7 .2 9~ 9 .2’~7
I . 5C—03 2C .*0 ~~~~~~~~~~~~~ ~ 3 .A 2 1
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P8 ,0. . 647 . Q P P . 0 M / K 0 . T O .  t n O . o .  ~ A M M A — l . - 6 6 7

PRO PER T Y  E X P ~~1!pJ T5 .  V I S .  .75~~.rON. .7 50 ; C P.  .00 0

4 X / D P EO Y R / T I  Y R / T B  p4 u R* FR9 ,~~4~ *~~/ R*  NU~~A F R R A / 2 4  P 0 — P r

1.3 0. 03 j ,13 3.~~t2 32.t~ ~ .1 ti 2 .331 5~~.72 p i7 .Ø~~2 8 . 5 7 2 — 0 1
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5 .60—03 1.55 3.494 17.26 

~~~~~ 
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~ .4O—O 3 j.66 3.~~84 j c . 9 3  
~~~~~ 

2~~~L~ ?6.R 99 7.~~23 2.682 .cc
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L . ’5 03 1.0 ’  2 . c ~~c~ ? 7 .~~O ~~~~~~ 1 . 8 1 0 5 0 . 1 6 5  1 2 . 7 8 1  5 . 5 9 1 — r I
2 . % 0 03 1 . 1 1  ~ .** c ;~~ . a c  6.R7~ t .~~77 44.764 i).3S8 ‘e’~~3 0 I
3 . 0 0 — 0 3  1.15 2 .7~~1 2 ? . 2 9  6 , 1 7 9  1 .9 ~~I 39 .~~30 I 0 . I 0 ’ 4  ~~~~~~~~~3 .A0~ 03 1. I~ ~~~~~~ 20 . 67  5 . A ~~* 1. 9 8 1  3 6 . t I I  9 . 3 2 0  9 . 8~~7 — O 1

~
•SO 03 !~~ 22 ~~~~~~ ~~~~~~ ~ 72 !~ 7~~I 3 2 3  37 . 35 9 . 4 3 6  ~. 17 P - i r,~

5 . 6 0 — 0 3  1 . 2 7  2 .f t 1~ 1’’ ’~3 ~~~~~ 2 . Q 5 3  29 .7 9 7  7 . 7 0 6  1 . 3 9 6 + 0 0
4.~~O— 0 1  1 .33 2 . 9 7 8  l~~ .2O M . S ~~1 2 . 0 7 1  2 7 . 4 3 1  7. 1 0 ’  l . 63 e .~~r~
8.0 0 — 0 3  1’~ 0 7 e~~~~~~ 1~~.Q0 ~~~2n4 p Q A l  25 . 13 6  é . S 1~~ 1 .9 ~~~3 . O~~
1 . 0 0 — a ;  1•~~’ 

2 . 7~~l 11 ,75  3 ,9~~~ 2 ,074  2 2 . 7 0 4  5. 90~ 2 .393.~~l . a o— 0 ’  j . A S  7. 47 5  j2~~~ 3 3 .S~~~ 2. 3 2 0 . 13 8  S.2S2 3•o~~~ oo
i . , S— o ;  1 . 8 7  ~~~~~~ I~~~ ic  ~~~~~ l’~~7~ 1 7 . 5 9 1  ~ .6 O 9  ~ . 1 8~~’O0
2.30— 02 7 . I S  2 .7 16  10.20 ?.~~O 3 t, ’77 lS.SS~ 4.Q79 5.622 ,00
3 . n O — 0 ?  7.50 2 . 0 6 9  9 . 6 1  2. ’+”r ~ i .75* 13 .95 1 3 .605 7.6 0 R.Or ,
3’60 07 7.00 1.fri p . 1 4  ?,l!2 1•’~~’~ 

4 7 . 8~~~ 3 . 2~~! 9.~~2 7 .0 0
4 .50—07 3 .25 l.li l  8 ,9 6 1 ,911 ~~~~~ 11 . ?91 2 .920 i~~237 .0I5 . 6 0.0; 3 .75  $ . ~~~f l 8 .49  !~~~

a7  
~~0 11.007 7.609 1•~~’~~~~ t

6 .6 0 . 0 7  v . 3 0  ~~~~~~ ~ .c 9  j.6~ fl 1 . 3 6 9  1 0 . 9 1 8  7 . 3 4 R  2.02!.oJ
8.00— 02 5.00 1.3~.l 9.62 i~~93 3  1.2 93 9.909 2 .110 2 .651+01

~~~1 . f l 0 01 6 . 0 0  I .~~~~ ~~.8’4 j .3~~! 1 .72 1 ~~~~~~ 1 .885 3 .7l~~.Q1

~~2 .nO—O$ ~t 0 0  I..r~’1 p . 30  1.21! !•0~~ ~~~~~~ ~~~~~~ 
l . 362 .0 2

3.00— 01 ~~ .00 t . r~’~7 •.7$ ~.i 1 i  t.~~44 9 .287 1 .938 3 .275’0?

~ . n o — o t  ?o .~~’ 1.~~79 R ,77  ~~~~~~ 1,~~28 8.j7~ i •3~~5 .00—C l 2;.99 t . f l ? r ’  9 . 7 4  !. 0 9’  !.919 8 . 1 1 2  
~~~~~~~~ 

1.l3 9.~~’
‘.00— 01 3~~.99 t . n i 5  9 .28  1.090  l . o t ~~ R.~~74 1 .3 2 4  1 . 8 8 9 + 0 3

I



— 33 —

I
LA~~

!NA R GAS FL~~N T~- FF ~ . E~~PA L I  EL PL~~T~~S

5~~~ -~E ’ ~~ 1c rC~; 5 r A ’ - T  •4L t.. _
~~~ A T FL~~X

PR .0 .667 . ~~~~~~~~~~~~~~~ 25.0. ~~~~~~~~~~~~~

PROPE RTY EXP C i~.~~.Ts. V~~S= ,7 5 r~~~O~~= .750.CP— .ccc

4 X i DF E C  ~~~~~~ T~./ T ~ ~ -~~~P X  F R p / ’4 /~~ 5 t’~L~~~ FP~~A/2 ’4 PD..PT

1 .r ~C— C 3 !.03 I.~~~6 3 4 . 1~r 7.P~~~3 1 .~~’47 é S . 1~~ 9 1 4 . 1~~~ 2.~~2 -0 1
.3 C — C 1  I ~~ 3 I . 7 C 8  3 1 .  i S  7 . ; ’ i  o . 3 ~~ 5 S 7 . A 7 - ~ j ’ . 6 t . ~~ 3 . 3 S 4 — ~

1.75— 03 1 . 0’. l .M’s C 27.C.F. 4 . a.c ç ~ l. ’29 5 0 . 2 7 ~~ 1 1 . 1 6 ”  w . 1 3 S ~~O I
J 2 . 1 C — 0 3  I . C ~ l . c f l  2 ’~ . 6 l  5.~~ 3 ;’ I •‘.73 ~~~~~~~~ ~~. 9-D 9 ‘.9 ’ 3 € — o i

3.OC—C 3 l .C9 1. o c Y  77.r~~ 5 .lp~ ~.Sl 7 39. 1SQ ~~~~~ 6.0 3’4—Cl
3 . e,

~~

— ç 3  1 .~~9 2 . r S l  2~~. ’. 6  ~~~~~~ 1 . s ’ ~e 36.25! 0 .13~ e.~~oa— o i
4 e 5 c — 0 3  1 . 1 1  2 . I c ~~ i~~ . 7 2  ‘. .~~~~3 1 . 5 8 ’ . 33 .~~ç ’. 7.3~~1 ~ .1O 8—c1
S .cr— Q3 1 . 1 w  2 . 1~~” ~~~~~ 

M • ’ 9U  1 . 4 1 ”  3 C . o c - ~ 8 . 7 7 7  Q . 4 ’4 2 — r I
6 . 6 0 — 0 3  

~~~~~~~~~~ ~~~~~ 16 . 14  3 . P 7 c. 1 . 6 3 8  2 7 . ’ . 8 0  6 . 2 6 4  1 . 0 8 9 . c ’ 0

J 

- 

~ . o c — C 3  . 2’  2 . 7~~ 1~~ .n 2  3 . ~ . 7 0  .460 2 5 . ” 3 7  c’ • 7 7 ~~ . 2 7 2 . C 0
1.0 C — ’02 1.2 5  2 . 7 7 ”  ~~~~~ 3 .3 c~ l .# , aC ?3 . -

~~~~ 5 . 2 ~~ I 1 .~~3 C • C C
1 . 3 0 — 0 2  j . 2 2  ? . 2 i 2  i 0 . � . 1 3•c~7’ 

1 . 6 0 1  2 0 . ’.0 8  ~ . 6 9 4  1 . 9 2 - . C : !
1 . 7 5 — 0 2  1.’~ 2 . 16 0  l 1 .~~2 2 .7PL 1 . 6 8 ’ .  I R . t S ”  ~~~~~~ 2 . 5 1 5 . C 3
2 . 1 c — O 7  ~~~~ 2 . o 7 ’.  I C . S C ’  ~~~~~~ i.657 1 8 . t 9 1  3 . 4 9 6  3 . 2 7 1 , 0 0
3 . 0 0 — 0 2 j . 7 5  t . Q A r  9 . 7 8  2 .2 8 ~~~ 1.~~1 1 ) ‘~.c 3 7  3 . 3 7 “ . 2 7 5 .0 0
3 . 4 0 — 0 2  1. °0 I . P* 7  Q . 1~ 2 . i I g  i . 5~’8 I 3 .~~37 

~~~~~~ 
5 . 1 78 . c ~• I ~ , 5 C — C 2  2 . 1 2  1.7’ . ~ .o3 i.c7 c 1.~~c3 12 .~~61 2 , 7 T h  6.619+00

~~~ S C — ~~ 2 2 . 3 7  1.~ ’7 ”  P . ~~~1 t . 7 5~ 1 .~~ 3 9 1 1 . 6 3 ”  2 . S3~ 8 .3 3c .00
6 .* 0 02  2.65 1 . 5 - 7 3  ~- . . ‘-8 1 . 8 1 k  1 . 3 9 0  1o.~~~3 2.33~ !.03~~~C I
8.00—07 3 . C ~ t . ’o ; - ~ P.69 t . ”e ’- 1 . 3 1 9  1 0 . ” ? ”  7 . 1 3 é  1 .321 .:1
1.00—Ct 3.~~C I . 3 2 ~ P .6C ~~~~~ 1.255 Q . P8~ S 1.~~35 1.782.~ - 1
2.00— 01 61CC 1 . i i c  9 .13 1 . ; ’ 17  1 . 1 1 2  , 3 . 7 9 Q  ~~~~~ 5.566+01
3.OC~~~1 9 .5~ 1. r - 7 1  .2~ 1 .1k” 1.064 8.”43 1.’~~4 1 .2 1 8 .c Z
‘ .~~~~ 0I 1 1 . 0 0  I .~~~5 P . 2 P  1 . 1 0 2  1 .0 ” ?  ~~~~~~ 1 .3~~” 2.251+02

~~~~~~~~ t 3~~~C j.r ~ 17  P . 7 7  ~~~~~~ ~~~~~ 9.217 i~~3~~S 3.7’.li.02
4.00— 01 ~~~~~ I . 7 ’ .  ~~. 7 A  ~~~~~~ . . ‘2 2  ~~~. l e o  1 . 3 1 1  S . 8 0 ” ’ 0 2

_ - ~~~~ - - - - _ - - A



- 3L~ -

t 1~~
M L 4 A R  ~ &S F~.0’ BET~~~E’~ PA R 6LL E, P L A T E H S

S Y T M M ( T R I C  C O~~ST ~~~ T 4 A L L  HE~ .T F L 4 ’ ~

P R ,,~ .6 6 7 .  QPP . O k / ~~t~. T p.  1 , . 0 , G A U M A I .6 6 7

P R O P E R Y T  E X P Q N F N T S . v l ç —  .75 t i , ( 0~~. .75n- . C P u  .ry’0

‘ . X / O p E O  8 / T I  i~~~T 8 .4 ij8 X FP~~/24 1 A /~~~A ~IUEA 
FR 9A /214 ~ü — P i

I ~~~~~~ i .c i  L . 2 a
~~~34. 7; 4 . 7 06  1 . 1 ’ + 2  6 c . 04 2  1 2 . 1 1 ’ 4  2 . 1 6 c — ~~~1

j ’ 3 Q ~~03 1 . 0 1  1 . 3 1 6  3 C • ~~’. ~~~~~~ i.ic 9 S7.5~~8 1~~.75~ 2•~~29— oLi • 7 ~~~ 33 ~~~~~~~ 1.3 56 27 . 2 ,  5 . 2 6 1  1 . 1 8 C 5 — . 1 7 2  q . ’ +~~7 3
~~o 3 I — O l

I 7 . 3 3 — 3 3  1 . 0 2  1 .3 96 2 ’ . .2 .~ ‘4~~7 3 6  j . 2 ~~3 ‘+ 4 4 . 2 1 1 8 . 3 3 ’ . 3 . 5 9 6 — 0 1
1’Q 0 1J3 1’0 3  ~~~~~~~~ 2 1 ’~~~; 

4 .2 6 5  I • 2 2 2  3 Q . 2 ~~ S 7 . ’ + L S  ‘ 4 . 2 6 2 — 0 !

~~. 6 U — ~~~3 1 .24 l .q 67 2C j ’lS 3 . 9 9 4  I . 2 3 ~~ 3’~~1~~’+ * . 8 5 3  4 . 8 0 3 — 0 1

~i. S g— ~~3 1 ’0 4  ~~~~~~ t 8 ’ ” ’ 3 .6’9 0 1.2 57  3~~~’72 9 4 . 2 2 1  ~~~~~~~~~~~~~
c . S 0 — ~~3 t ’ 0S i ’ c 3 ’ .  ~ 7 ’C ;  3 . 3 8 7  1 .2 7 4  2 ° .~~~~’i ~~~~~~~ 6 . 3 9 1 31
*.4~3—Q 3 1.07 t•c~~2 t S•~~; 3.16! 1 . 2 9 0  2 ? . 6 5 9  c . 2 8 2  ~ • 2 ’ + t —~~i

I 

O . r ’ i 3 Q3 L~~08 ~~~~ 1~~’~~
; 2 . 9’+3 1 . 3 r ~6 Zc.,45Z 14.869 8 .295— 01

1 .00— 32 1 . 1 0 I • * 1 - ~ 13 . 6 9 2 . 7 l~~ 1 . 32 4  2~~. 1” 3 11 . 4 3 3  9 . 7 4 8 — 0 !
i . 3 Z — 0 2 1.13  ! . A ’ + 4  1 2 1S 1 2.’.~~S 1 .3 42 2~~.737 ~~. 9 7 S  1 ’ 1 8 6 O~
t . 7 5 — 0 2  i ’l l  1 . 4 6 1  l l . ’ +~ 2 . 26 9  i . 3 5 7  1~~~’3~~~1 3 . 5 2 1  i • ~~~98~~~~ø

I ;.3~j.~~2 I ’23 j. 46~ i’J’5~ ~~~~~~ 1 .3~~’+ 1A 1 ’.90 3 . I S Ô  i .~~7 i o ~
1.~~~0 0 2  1 ’ 3 Q  1 6 ’+ I 9 .8~, 1. 9 2 8 1 . 3 6 2  t q ’ ~~CS 2e 8’+ ’+ 2•~~~i’~~~
3 . 6 3 — Q2 t ’ 3 6  1 . 6 1 6  9. ’~a l • ~~ 7~ 1 . 3 5 5  L ’ ~~~ ” 4 2 . 6 5 0  ~~~~~~~~~~

I ‘. .5~~ —~~~2 I. ”~ ~.ç 73  9 . 1 ,  1. 7 1 8  1 . 3 39  i,.~~O4 2.443 6 3’’+IS’OQ
c • S 0 — 0 2  1 . 5 6  t’ c23 8 .8~ 1. 6 2 4  1 . 3 1 8 I, .0~~L 2 . 2 6 1  ‘+~~ I 6 3 ~~Q 3
h . 6 0 — Q 2  1 . 6 6  i . ’~~~2 8 . 7 , i . S ’. 6  1 .2 9 5  i ’ ~~~’+~~ 2 . 1 1 6  S . Q7 7 + Q3

~ .0 3 — 0 2  I~~
80 L ’ 4 1 5  8 . 6 , t . ’+7~ 1. 26 7  t- ~.866 j.978 6.199.00

I’O u O L  2.00 j.~~’f8 $.S 3 i . ’~ i~~ 1.232 1~~.301 1.836 8.028+00
7.30_Ol 3 Zio i.~~

7S 8.37 1.266 1 .131 9 .121 1’~~~ 3 2 •1 02’31
• 1’Q0 Ø 1 ~ ‘ Oo l’t Qô 8 .3-i 1 .176 i.c~~5 ~~~~~~ ~~~~~~ ‘ 4 ’ l t~~’~~i

I “‘~~0— ~~1 ~~~~~~~~ 1• r ~72 8 . 3  j.~~33 1.060 ~~~~~~ 1.36” ~ ‘ O~~3~~ø 1
5.00—01 ‘‘co i • r ~~2 8 . 2 9  1 . 1 1 1  1 . 0 ~~5 9 . 3 9 9  i . 3 2 7  1~~ l 2 3 ’ o 2
4 ) ~~~Q1 7.3Q 1’~~

’
~0 8 . 2 a  1.1 :1 1 .0 3 5  8 . 3 2 0  t , 3 o 6  1 . 6 9 9 + 0 2

‘a

- 
~

- - -~~- 
- _J_ — -- -- - - -  -

~~~~~~ 
- - -



- 35 -

LA M 1~J4R ~ 8 5 FL 0-~ M E TA FF~. PA R A L ~~E L  PL A T E S

~~ M M E T R ; C  ç O N S ? & t 4 4 T  6A ~~
( 

~. V * T  ~ L U Z

PR .0. .667. OP 0H~~K O . T ~~. 7 . 0 .  ~ A M M A . 1 . 4 6 7

P R O P E R T y  FXPOhI F~.’T c . .750 .rO’+ .  . 7 5 0 . C P z  .000

4X / 0PEf3 TRill 10/18 p4U9! FRR/74 ~ & / R A  p .jU PA F R 8 A / 2 4  p 0— P T

L~~flC 03 1.00 l.r~~7 3 ~~,69 S a P ~~6 t .~~29 6 5- . ! 3 1  U . 0 9R  i . 8 2 3 — c l
1 • 3 O — O ~ j.~~~ ~~~~~~ ~~~~~~ ~ .12(1 1 .032 57.439 ~~~~~~ 2.0~~~— oi
l •~~S — O 3  1.00 i . r 1 3  27 .12 4 . ’I6~~~ 1 . 0 3 1  5 ( 1 . 7 4 0  ~~~~~~~ 2 . ” 5 ~~~~~~1
2.30— 03 .00 1.CR? 7’..il ~~~~~ 1.041 44 .325 7.446 7.~~5O—013.00—01 1.01 1.007 

~~~~~ 3•~~20 p .046 39.287 *.S69 3.7’7 01
3•~~0—O 3 1~~0! ~~~~~ ~9.97 ~~. 7 6 Q  l~~OSG 36.188 6.035 3•~~Sc— O i
“~~~ O O 3  1 • 0 1  1 • i n ~ j9.?4 2s !~~ ” t • ~~~ ’+ 3 7 . 7 5 5  5 . q q ~ “. 1 3 6 — c - i
5 . 6 0 — 0 3  1 • 0 1  1~~j j

6 ~~A . 144 2 ? ~~i ~~~~~~ 29.f7q “•~~~o ~~~~~~~6.60— 03 j.(11 1 .17’~ 
j c . 7 ~ ?~~6 t 7 t • o ~

3 ~~~~~~~~ 
4.565 ç

~ 1~ 1—t’t
9 . 0 0 — 0 3  1 ,02 l . 1 ~~~3 1 4 4 . 4 1  7 • 3 T h  1 , 0 6 7  2 ç . q 7 1  .4 . 1 95  5 .76ç— f~ t
t’00—07 t .C2 t • t ~~3 13 • ’ .~ ? 1 ’ 1  ~~~~~ 2 3 ~~i~~~ 3 . 7 8 4  4~~~7q~~01
1 .10— 07 ~

3 
~~~~~ !2 3” 1. ? 14 1  I•o~~ ?O~~~

7
~ 

3 .3~~2 7 . 7 1 ” — c l
t .~~S-o ;  i•O” t•j~~~ 11 .7” i•7 ’~ j i • ’~~5 t~~•~~33 2.966 ~~~~~~~~~~
2.30—0 2 i . C 5  I . j 7~ 1 0 . 9 1.697 t~~o~~i 16.682 2.~~’+’+ 1 .107.pr .
3 . 0 0— 0 7  1,0 6  t . I p e  9 . 73  1 ,469 1 .094 15.029 2.372 1.3 2 3+00
3 .60— 02 i • 0~ 1 • i ~~~ ~~~~~~~~ J . I Q A  1.0 98 1’4.r~~3 2 .207 

~~~ O 1 0O
~~~o— ø ’ I .C 9 l. J Q t  8.!! p 327 i • i o o i 3 ’ ~~~ i 2 .02? 1. 7 6 2 4 0(1

~~~o— o’ I .!! !~~~~
!°

~~ 
~~~~~~~~~~ i •2 ’O !.!flO 1 ? 1 2 9 0  i . 8 9 ’ .  2 • 0 ~~~~~ O

6.*O—02 j•1 3 ~~~~~~ ~~~60 1.2’~ i .~~99 i i •”~~3 ~~~~~~ 2 .3 6 14 0 0 ’
9.~~C — ( 1 ;  1 , 16  l .1p~ ~~~~~~~~ ! . ?~ 1 1.098 1 1 .0 9 1  I ,66q 7 .766.C0

a I ’ 0 0 01 l~~20 t t 7 ~ ~~~“3 t~~ i0~ I 0 ~~’4 10 .634 1.56 0 3.3~~I•00
2’
~~

C—Ci 1.40 1. 1 : ’ -’ 8 . 1 5  I • i ~~~ i ,~~7Q ~~~~~~~~~~~~~ 
j .353 6.79R~~~~

3•no—o i i.~~60 ~~~~~~ ~ •33  i . i ~~~ i .~~45 8 . V 8 3  i • 2 ~~7 i •~~~~~•~~i
“‘00—0 1 t .80 ~~~~~ 

8 . 3 1  1 . 1 1 3  I . C SS ~~~~~ 1 .235 t~~~O7~~~1
s.0O—Ol 7.00 l .~~7, 8.30 1 .09* t .c ”+~ B . 4 5 ~ 1 . 2 1 0 2.19 9.c%
6.00— 01 2 .2 (1 1 . r ~# 1  8 . 7 9  ~~~~~~ 1 .n 92 8 .665 L . l ~~3 2 .898~~C 1



- 3 6 -

LMfr1~4M~ uss ~LO* bET~ t F i  r-A ~’AL LC.L PL~ ~ES

SY I ’C TPLL.  L’)~iSTuF,1 ~~ LL r’Fj ’ T l-LUA

-E
4—~~

-(
~~~U— .t u7 . ~~~~~~~~~~~~~~~~ 1.~~u. ’ .  ~~~1. — r, 7

~~~~~~~ v LA i~~~4rs , ~~~~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ • + J J

/L~P~ u 1ri/T ~ 1,,/HI 1u1 4 6 F ’r3/ .-~-’ i,’ / r ,~ ~~~~~~~ F- .--’+-’A/24 P0—PT

1.15—ui 3~~.59 5 .j 5~j 01.1)50 1(1.11)7 l.86~ — 01
J . u—.J j ju.o5 ~- .e2 U 57.oor, ‘-~.51h 1.979—i)j

2b. 91 ‘-‘ .~)1~ 5i.U o~~ M.h~,l �.127—01.7 . lu  -...~1O 5U. 2o ’J H.124 .~.i0j 1)j
2 .uu—u i ~~~~~ 3. ’-~~J ‘17.2t, Y 7.7(1(1 ~ .4o’+—012 .30 — 03  �‘+ .ud 3.712  ~4~~.34 1 7 .j Q ~ 2 .h49—O 1

2~~.a4 ~~~~~~ ‘+1.~~i2 h . 1~~’J .~.820—0l3 . u u — u j  21.ij 3 .2~,9 .D9.2 9M ‘, .j ?1 -5 .ti37—Qi
3 . i i i — U i  20,ob 3.157 37.&, 4 2 h.04L& 3.l~~1— Q j
i.oU Ui 19.~~2 3.u35 io.1~~- 5 .7~~3 i .34 u—O1

19.Ut~ 2.’~&b 34.52b 5.5jU 5.529—01
‘4.50—

~

jj ld.19 2.731 52.7’ l ~ .2 12 3 . 7 5 3 —al
17 .’4’-.- 2.o09 31.2 Q0 4 . 45~~ i.9bb O1

5.5u-u3 lo. 1—.  2.502 ~~~~q 7y ‘+ .734 “ . 1 70— 0 1
o.uu—u.~ lu.2.~ 2 . 4 1 5  ~~~~~~~ 4.5Lth “.3b7— 0l
b.t

~

u—Uj 1b.o’.~ 2 . 3 ’. ’. 27.6~12 ‘1.341~ .592—flj
7.20— ui  15.15 2.22~ 2o.657 ‘4.17~ ~- .d09—01o .uu—ui 1-..5’. 2.119 25. ’~74 3 .974 ~ .0H 7— u ] .
9. uu—u

~ 

15.93 2 .u1 4  2~4-.22b 3.7E~1 ~ .‘415 0l
1.U u—u 2 1~,.’.l 1.’-i31 2 3 .11 0  3.b~~2 ~.731—O1
1.1b u~ 12.78 1.o1~ ~~~~~~~~ 3.358 o.179—Q1

12.2b 1.732 2 0 . 7 1 4  3.175 r-’.hOL#—01
1.5u—u2 11.7u 1.h30 19.tiUS 2.4 75 1. 141—0 1
1.75—02 11.ls 1.543 j~~.L437 2.7Th ~.77’.—012.00—02 10.72 1.’-+ 69 17.499 2.o17 ~ .375-0l

lu.$1 1.39o 1o.’-’r ~M 2.462 ~.0o1~~0jta 2 .Du—u2 9.Y ~ 1.54U 15.~~44 2.5~~~ -~.71~ — Ot
i.uu—u~ ‘~.o’~ 1.~~7~) 15.059 2.108 1.ubb+0u
3.i u u ~ 9.’+3 1.242 14.5i8 2.113 1.llb +Ofl
3.bu—U2 ‘~.25 1.209 14.105 2 .0 3~ 1.175+~~

9.07 1.172 l . ’~11 1.95’4 1.251+03

~~~~~ 1.135 1i.(9~ 1.~~ob 1.343+Ufl

a 5 .uu— u.~ ~ .75 1.107 12.~~o8 1.7~ ’) 1.432+00
a 5.5~j~~j2 i.o~ 1.u~~ 12.307 1.727 1.52u+0fl

o.uU—02 +3.~~5 1 . J f - 13 11.~ 97 t .h 75  1.b0b~ 00
b.uU U2 e-~.4~ 1.b51 i1.6h1 1.u17 1.7(J~j+0fl7 . 2 u—u.

~ 
d.’+2 1.u39 11.411 1.5~-’~ 1.8u8+0flII ~j .U%J~~tJ,~ C1.ib 1.02/ 11.109 1.51r- 1,9’40+Ofl

9.uu— u2 ~~.i2 1.u17 1u .~~’;? I .-~r,1 2.105+01)
1 .Ou— ul -1.29 1.t ’12 10.552 1.’+l~ - .2o5+Ofl
1 .Du—U1 ~i.25 1.003 9.7”l 1.27~1 -5.0h9~~0’1
2.00—ui i~~.24 1.’.r1 9. ’.&u4 I.-c 139 i.~~7ij~~0ii

~i.2 -4 1.1(01 9. 111 1 .1r-l•~ 4 .r,71~ 01l

~ .0u—u1 d.�. 1.u+) 1 9.,I1~ 1.i~-~o ~-. .4 7 1# 0o
3.Su—u1 d.24  1.uOL r~.0u4 1.12 1’ r~.272+00
4 .u 0 — u i  b.2 ’+ 1 .uOi d.-.~121) 1.10’~ l .u 72+0 .~
‘4 .50—u i o.2’. i.uui cj.755 1.uqi / .i7 5+0 .i
b ..Ju ui cj.2’.e i. (,uI ej.7u4 1.~~~’-’ ‘~.o73~~i Ifl

~.24 1.,’ i o.hoi 1 .0 7 7  -4~~4 1~~+Øn
b.uU—u 1. 2’~ 1.ii ~i i ~~~~~ 1.070 1..,)27+fl1

U 
o.~~u—uL M.~~+ 1.~,0L b.’.~ ’ 1.uf-.5 1.107+1) 1

____________________ 
___________________ - - _ _ _ _ _ _p



— 37 -

L 4 ’+ 1” ~~9 •~A S  EL0’~ 8 E1.~E(’+ P~~.4 * L L E I  PLA ? ES

SY’4METR~~C. C Qf ~5T ~~~ T ~Y A L L  I4 EAT FL ,~~ 
- -

~~~~~~~~~~~~~ ‘6 6 7 .  OP P . D H / rO. 11.  — 2 .0 , GA~~”A ~~1 .6a7

P90P(R~’Y E X P O P 4~~NT S . / I~~. •750,C0’;— .75.,CP* .000

..X /DPEO 7 9 /T I Ts~~T~ NU B X r9 9,2 9 4/ 8A 408A FR~~A ,29 Po— P I

.O3 — 0 3 1 .-)~ .9 42 3 4.69 5 .262 .97! 6~~.199 ~~~~~~~ 1 ‘647— 0 !
i .i~~—~~3 1 e ( 3~ .939 3 2 . 5 7  4.898 .9~~9 6 i .0 75 9 , 8 1 8  t . 7 6 i — ~~i

~‘30
Q3 l’0~ .o35 3~3.8c~ 4 .634 . 9 6 7  57.690 9 . 2 4 1  1 . 8 7 0 — 0 1

t . 5 0 — 0 3  1 .Oa • 3 1  ~~~~~ 4.2 67 .9~~S 5~~.989 9.598 2 .302— 01

~.7S 33 I’0~ •o26 27.32 3 .955 .9~~3 5 . . 2 8 ~ 7 . 9 5 6  2’lSS— ~~i
2 .Q 3 33 1.03 .o21 25 .~~’. 3.733 .961 47.291 7.’.4Q 2.298—01

~.33~~~3 l ’OO .o 1 6 2”’)~ 3. 4 5 5  .9c8 ‘i~..3 ’ 2 6.937 2.~~S6 3L
.6 3 Q 3  .99  • o 1 2  2~~.8 , 3. 25 2  .9ç 6 ~~~~~~~ 6.52w 2.603 &)L

~‘ o O 33 .99 . o Q ó  2 l~~~ ’ 3. 357 .9 53  3 9 . 3 1 4  h . Q 7 ’ 4  2 . 7 8 7 — s i
• 3.33 Q3 . 9 9  •~~~ 2 2 0 . 6 , 2. 9 0 6 .95 1 3 7 , 6 5 8  ~ . 79 6  2’~~17 31

3’60 03 .99 .a98 t 9 . 8~ 2 .~~66 • 9 4 9  3 6 . 2 1 1  5 .5 4 9  3 ’ 0 3 9~~~ i
“ • o 3 03 .99 • 9 93 ~~~~~~ 2 . 6 3 4  . 9q 7 3 ” • 5 ’ 4 C  5 .2 6 6  3 ’ !9 3 cJ1

• ~~~~~~~~ •9~ .~~aa ~8 . 1 u  2~~’4~~’4 .9’.q 3~~.773 4.946 3’375—oi
c ’30 03 .99 .8 83 ~~~~~ 2 .366 •~~“2 3 ,.277 q .7~~S 3’~~”~~~~ i
6.50— 03 .99 .878 16 .1 ) 2.258 .93 9  29 .989 9•’4~~ 3’~~08 0i
6.00 03 .99 .~~7q 16.1 7 - 2 .145 .937 28.865 ‘~• 3 O ~ 3 .862— 0 !
4.60—03 .99 .~~69 ~~~~~ 2 •0 6 q  .935 27 .689 4 . 1 1 1  ‘ 4 ’ 0 3 6 —~~~t
7 .20—Q 3 .99 .864 I~~~0~ 1. 9 84 - - .932 26.663 - 3 . 9 3 9  4.202— 01

~‘O0 03 .98 . 8 5 8  j 4 . 4 i  1.878 .~~29 26.480 3’7~~0 ‘+‘~~l L O 1
9.00—03 .9~ .~~Sj ~3•~~

ç 
~~~~~~ •~~26 2~~.23 O 3’530 ‘1.653—01

4- , . o 0_ 0 2 ~~~ .~~4 S I 3 ’~~3 i . 6 8 7 .~~23 2 1’L~~4 3 .353 ‘4.882— 01
j.~~5— ~~2 .98 .~~36 12 .61 ~~~~~ •9~~9 2 ,.8S8 3 • 1 3 1  ~ ‘i~~7~~~i
1 .33 02 .9~ .#28 12 17 p . 4 9 4  .9~~5 2...78 0 2~~~~ 1 ~~~~~I Q I

~

.53— 02 09 7 .R~~8 11 ,6 ,, i .39’4 ‘~~ 10 io .605 2 .75’4 5 .84 9—01

~~~~~~~~ ~~~ •9 C 7  1 L ’ O c  i~~3O0 .9 15 ig.~~3ô 2 .551 6 .257—01

~~~~~~~~ ,9~ .7 97 IC .6r. 1 .226 •9-~ j j7 .497 2.400 6.628—01

~

.3o—

~~

2 .95 .~~87 t~~.1o 1.15~ .89 6 t*.S~~5 2.24~ ~ ‘Q36 OL
2 . 6 0 — 0 2  .95 .777 9.8~ 1.09! .891 ~~~~~~ 2 .123 7.’+09~~~i
%.~~Q—0 2 

.9q .765 9 .5 r t  1.027 .8~~6 ic .335 1,987 7’86ø .øi
3.3~J 3 2  .93 .757 9.2* 9 9 9  .883 L~~’~~~3 i .9 03- 8 ’173 øi
i.60—32 .93 .~~49 9.1-, .953 .879 LM .0~~9 1.830 8.~~6S— 31
4.00—02 •~~2 .743 8.9.. •~ 0~ .875 13.633  1 . 7 4 6 8 . 9 2 2 — 0 1
~.5~~~32 •

~~ 
.729 8,7, .8GB .871 1-i .~~87 ~.b57 ~ •230— øi

S.~~.1O2 0 9 3 - ‘71 9 8.56 .835 .8~~7 1 7 . 6 5 6  i . 5 8 3  9.602— 01
c.S3—o2 ~~~~~~~~~~ 8.’4~ .Brjl .8e3 1,,292 1.520 9.942— 01
&

~.
..3 s 3— Q 2  .88 ‘70.3 8.13 .782 .8S9~~1~~.98~ ~.4ó6 L’326~~o o
4.60.02 - .87 •~~89 8 .2a~ .757 .955 1~~.66ø 1 .~~10 1• 060 0 0
7•20 32 .8~ .4 73 8.1.’, .735 .852 1 ,.387 j.3a2 1’0~~L 0 0
8.00 02 .84 .4 6 4  R . 3 o  .74 3 9 .8~~7 i,.~~7’ t •3~~7 1.128400

°‘~~3—0 2 .8~ ‘6’47 8’0- i .681 •8~~( i...1”+ & ‘2S0 l’ 16 9 0~ 

- -- - - • -- ——- - - - - -- -
— - 

p



- 38 -

G~~5 ~~LC ~~ B~~T~~E~~N P I q A L I EL P L A T E S

~~~~~~~~~~ ~3~~ST~~ i T -1 A L L ~EA T cL ux

.“03. r~PP .)1e,J( 0. T C~ t ”0 .~~. ~ A M M A = t , 4 e 7

P~~3PE~R T Y  ~ X p 3 4 ~~p ,T ~~, I t S ~ .lS ’.ro~~i •7~~0 o ” ~r . 0 3 0

4 X ~t 0 P~~f) T~~,TI  T .’o j T ~ .~~ 91 ~~~~/74 ~~~~~~ ~ U84 F R 3 A / 2 4  ~ 3— ~~T

I 1’~~0Q 3  ~. i o  3 . 2 4 6  37 . 6 7  ~ ‘+.~~~~3 2 .~~ 77  4 9 .~~ 8 S 2 5 . 1 6 8  ~~• ‘3 S — C 1
1 . ( Q - ~Q i  1 . 1 3  3 . 3 9 6  3 3 . 4 9  l I . 9 ~~1 2 . 2 7 !  4 1 . r 3 93 2 2 . 2 ~~9 5 . 7 1 S — 0 1
1 . 7 5 — 0 .3 ) . [ 7  3 . 6 6 7  2 9 . s ’, -3 1 3 . 1 1 3  2 . 3 7 8  

~ 3 t ~~5 i~~.~~50 7 . I 8 4 — ~~LI 2 .33 33 1 .23 3.A’4 4 24 .36 S . 3 4 n  2.”S9 46.743 (4.562 8.997—0 !
I 3 .ft(3 (33 1 .33 3 .697 ~~~~~~ 9.I9~1 2.~~7-4 ~ 1 .237 (4.3 5 1 . 12 6 . C 3

3.~~0— Q 3 1 . 3 4  3 .7 i 3  ? ‘ ~~~~~ 
7 . 3 4 9  ~~~~~~~~~~ 3 7 . R t t  t 3 . 3 5 5 t . 3 2 3 . O o

I 4~~~(1 3 3 t• ”5 3.’-~-5 ~~~~~ 4 . 7 7~~ 2.574 33.972 i1 . 5~~? I .612’o”
I 

5. 3—3~ ~.S5 3. OA 1 7 .91 4 . 7 6 6  ). 7 7  3 - 3 . 8 1 5  1 0 • 3 ’ ~~ 1 .~~3 7 . O - 3
4. A3 . 0~~ i .~~6 3 , 6~~~ !~~~~“ ! - ~~~ • ‘?~~ ~~~~~~ 28 .1 7! ~~~~~~ 2 . 3 D ” ’ ~~0

I 8.r1Q~~q3 1 . 90  3 . 3 A 7  t c . i 1  5. b 4 4 6 2 . 52 2 2 5 . S 93  9 . 5 3 3  2 .78l .o3
t.D0 02 2.043 3 .119 13 .67 ‘+.9~~~~Z.452 22 .973 7 .625 3. ’486 ,03
1 . 3 3— 02 2 .30 2.9~~7 12 .23 4 . S ’ , 9  2 .329 73 .306 6.7 14 ~.~~10~~O3
1.7~~—~~2 2.73 7.~~~4 i3 .~~3 4 .3743 2 .I”6 i 7. i~~’4 5.~~39 6•~~’47•o~
2.33— 02 3.30 ~~~~~~ 1-3.10 3 . 4 7~ 1. 95 2 1 5 . o l S  5 . 13 9  8.~~13~~O3
3.~~~— Q7 ~.01 t .~~”t ~~~~~~~~~~~~~ j.753 13.2~~2 ~~~~~ I .232 .üi
3.40— 07 4.60 I.7;9 9 .12 7.4~~4 1.423 1 2 . 2 84  3 . 9 3 1  1 . 5 ’ 4 5 ’ O !

I 4.S~~— Q7 ~~~~ 1. 47-3 9.a9 - 2.~~2~ i .~~42 1I. 2~~3 3.373 2.-3~~9.C15 . 6 3 — 3 7  4 . 53 1 . 4 3 2  8 . 74  t . 7
~~~

4 1 . I 7 ~ i ’ .;lc 7 , 9 ( 9  2.662*3!
6 . 4 0 — 3 2  7.43 1.3’)  8,43 ~~~~~ 1.29 ’ 13 .34? 2 .559 3.’410 .ot

~ . f l 3 . . o 7  9 . 3 3  1 . 7 6 1  8 . 6 3  1 . 4 1 6  1 . 2 2 6  9 . 5 9 9  2 . 2 4 6  ~~~~~~~~~~~~I 1.0 0— Ot i i.00 1 .t7 ~ ~~~~~ i . 3 4 1 ~ i • i ~~3 9.~~85 1 .966 6.369 01
2 . 3 0 — C l  2 1 . 3 0  1.168 9 . 3 (  1 .2 1 ”  1 .1 36 ~ .414 ~~~~~ 2.~~~ ’ 4 ’ 0 2
3•o~~— o t 3t ~~~~ ~~~~~~ 8 .2 9  1. 13 7  1.o 2 9  8.~~ØS 1.460 4.19~~~o2‘4 ’o O o I  4 3 . 9~ t . 1 t 9 ~~~~ 1 . 1 1 1  ( . 0 1 9  9.( 14 i.3 ~~ t .273’33

I S . i o — o i  5~~.99  l .~~ i 7 4 . 7 4  t . 1 t ~ ;.o12 8.~~43 t~~~3~~ D 2~~36 3~ o3
6 ’ 03 3 1  4~~. 98  l . i a , 9  8 • 7 9  .2~~7 i. ,1r) 9 8 . , 3 1  ~~~~~~ ‘~ .2 9 i • r ’ 5

- -



- 39 -

~. . i - ’ 1 +&~ r .’~~~- F L - .- ’ ~4 E - ~~. c”~ F~~~ A L L E t  i L 8 T F 5

~~~~~~~~~~~~~~~~~~ i(  C~~:4S Y ~~:.T C A L L  “ F A r  r l~~~A

P~~i~~~ ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ ~~~~~ ‘~~~~~~~~1.6e 7

P 9 i P E R T Y  ~ x Pi3~~ç r 4 T 5 . V T ç a  ,i5 ,~~0;-~= ~~~~~~~~~ .r~:~~j

~.Xi DpE0 - r 9 / T T  y ,~~~T 3 ~~~~~~ F~~~~/~~ ’+ ~i~~ / P A  - - ~EA F RPA /2 4 p~~~p I

~
.r3

~~~
33 3 . ;

~ l 1.767  36 .3 - .  fl .6~~7 1. l 3~ 6~~.3 C l  1 5 . 6 13  .~~I5 j !
~~. 3 — 3 3 ~~~~~ i . 2 ~~~ ~ 2~~~’ 7 . 6 A U  

~~~
j _  b . . 2 9 ”  1 3 . 8 7 5  Z~~1 1é L j

~.7S -3 3 1 s - .2 j. 337 ~~~~~~ 6.13~~4 (.17 .., Si.377 1 2 .1 3 ~ 2.”25—;1
, . 3 : — 3 3  1.~~2 i’i7

~ ~~~~~~ 
A~~ 4 8  

~~~~~~~~~~ ‘I’..~5~ ~~~~~~ 2.~~97— ,1
a . -3~~~.33 1.~~ 3 l~~~~1~~ ?2’~~~ ~ .‘82 1.2!! ~~~~ ~~~5 L 5

~~~~~~~~ ~~~~~~~~~~~~~~~ 2 1 1’ c . 3 9 ( . 2 2 b  3~~, 3 4 3  ~ •~~~ 3 3 ’~~~ i 3 1
~‘~~S~~~ -~

) i ’:’~ !‘~~~~~~ (#.33 ‘4. ’2!.~ ~.2~+S 3
.667 7.9~~9 4.498 r ~I

c.5.:— 31 1’ -.~t3 ~ ‘~~~1:~ ~~~~~~~ 4 . 2 M ~~ ~~.2 6 2  3 . b 99 7 .3 [ 7 S~~ 1 A 4 ~~~~i
4.4.o—3 3 1’~. 7 i’c ~~ 6 ’~~i 3.942 l .27~ z~~’226 ~,.753 S •8 6 3 - o i

l . C a  1~~~~ 6 ~S . 4 6  3 . 66 3  1 . 2 9 ~~~- 24 .~~~ 7 6 . 2 c , 7 6 . 7 2 1 ;1
,St i) - D Z  1.!’  1.6?’. ~‘+.2u ~ .3 5 4  ! . 3 ! t  2 u . 3 7 9  4 . 6 29  ~~~~3S~~ k l
~.3- , — ,32 ~ . ( 3  1 ’ -’ -21 i 3~~c,— 3 .~~4 - ~ I •3 3tj  2~~’~~i~ S.~~2 1 9

~~~2 I ;1
,.75— ,)Z I ’ 1 7 ( . 4 3°  ~~~~~~~ ~~~~~~ ~~~~~~ 1 9 . 2 6 2  ~~~~~~ I’212 • :3r,
7’3-) .32 1 2 3  i~~— ’.

_ 
~~ ~~~~~~ ~.3S 3 ~7.247 3•~~2~ 1~~~ i~~~ in

3.~~ j— 37 (.3- (‘423 ;~~ ‘1~~ 2 -2~~~ 1 .352 •~~~ * 3 5 f 9 1 897
~~CO

~~~~~~~~ ~ .3e, 1’~~~~ 
9 . 7~~ 2 . 153  1,3~~6 i q .~~ 17  i .2 S~~ 2 2 2 g , 3 3

.S:,..~~2 ~~~45 ;,co t-. 9.3~ ~.,.3 ~~~~~ 1 t ” C 7’~~’~2 2•~~3~~~3o
c . 5 ; — .32 .S5 ~~~~~ ~~

• :.‘. (.~~7~~~1 ’3 L 2  i~~’S2 S 2~~~2~ ~~
3 t 7~~~ü& . 6 - 3 32 i~~~~ó ~. , 6 3 8 ’~~~ t . 7 ~~: i • 2 ~~~ 1 , ’~~~~3 2 • 5 3 2  3 . 9 9 j + ~~~

R ..,.~—)2 1 ’ s ’  1’ M _~~~ ._~~~
7 A ~~~~~~~~ k . 2 ’ - 2 1 , ’2 ,~~3 2 3 ~~~~ ‘‘~~“~~~ u o

~~~~~~~~ ~~~~~ 1 .~~M 3 .9.64 ~~549 1 2 2~ ~
_ .5-3 o 

~~~i”~ 
6~~22°4~~r~

,.‘ 2 _ 2 1  3~~
’ 1 .17 3 8 , ’4 .~ ~~.335.J . !~~~. 2 ( . 7 2 ! I . 5 2 9 4

~~~L
l’~~~— )l 

M .QA (.~~;8 8.34 1.2(5 ~~~~~ ~~~~~ t .S 3S 2’~~S3~~ è~
~~~~~~~~~~~~~~ 5. • .~ ~~~~~~~~~~~~~~ 8 . 3 ~ ~~~~~~ 1•J6~ ~ .6~~7 L . 4 38 ‘.‘~~t~~•~~i6. ,. — ’,1 Ô~~~’ L . — ~~2 8.3, 1 .1 2~ ~~~~~~ 

9 S ’169 1 .3 92 7.2S7’~~i
6.~~ . ) 1  -~~~~~- 1 ’ -~”~ 

8 . 3 ;___ _ 
~ . i - 6~~~ .~- iS  o.375 

~~~~~ 1 • 2 ~~3 -32

1 j ~ 
_ _ _ _  

_ _ _ _ _ _ _—_
-- n_____ _ 

~~~~~~~~
- - —----

~ 
- --

~~
-- - — - - - — -



-—

- - L A M L ’ 1 L !~~~~4S F L 3 k  8E T ~~~ r M  P I R A L ~~ E L P L 6 T c S

SY ~”E1~~1~ r 2t 4SIAMT A a L L  ~~~~AT F L U X _ 
_____

- P R . 0 .~~~” 0 .  ~PP .~~4/ 0.T0. iv t 3 . i. ‘~A’4’4A.1.hh7

~ — — P~~0PF°TV f* P~~~c ’l5. VT S .:. -’-3P .e O”z .~‘0 o . r P .  .0 C3

4 X / Q~~~0 T~~ i t 7 - ~~~1~~ ‘-“J9~ r 9~~;74~~~~A / R A  ~~J P A  F~~9 * / 2 u  P0 _ P T

34 . 89 7 . 122  6q 4q9~:13 p7 a 1 . 3 3 2 — c t
3~~.6 4  ~~~~~~ A~~.~~99 1 2 .9 6 7  1. ” 3 3 — 3 %

1. 1 3 — 3 3  32 , 77 ~é . ! 4 ~ é t . ~~7* ( 2 . 1 - 1 4  ! .~~2 t — 0 1
1 . 5 0 — 0 3  ~-~ .7 9  ~~~~~~ 57. 13 ( 1 . 3 4 5  ( . 4 3 7 — C l
1. 75 . 0 3 7~~~~73 ~~~~4 . 3 8 3 5 3 . 6 q S ~~~~3 .5 39 1 . 7 7 1 — C (
2.33— 01 77 .~)’4 5 .3 4 7 5~~.34~ 9 . 9 7~ - l .~~9 5 — 3 I

‘4 7 . 2 0 2  9.224 7,037— 0!
;4.~~6 4 . 4 4 8  ~~~~~~~~~~~~~~~~~ 2 . l 6 9 ~~~ 1
2 7 . 7 2  r~~ 4 • ( 8 ~~ 4 1 . 7 9 5  _. 8 . 0 9 ?  2 . 3 3 3 — r I

3 . 3 u ~~~~~3 ) t • ~~~I ~~~~~~~ ‘4 3 . r t 2 f l  7. 7 3 7  2 . ”~~ t — ~~~1

a ~~~~~~~~~ 21.fl 2 3 . Q ~~ 9 3 # .~~~~9 . 7. ” 2 U  2 .5 6 4 — C l

~~~~~~ 3 • ~~!~~ 3 6 . 4 7 8 7 . 3 4 9  2 . 7 C 7 — ~~!
— ‘~‘S0—33~ 1 9 . 1 5  3 .4 4 8  34 . 3~~-&.6S9 2 .877—rI

5.r (3 31 31. 179 4 . 3 2 9  a . o 3 ~~—~~,
17 .64 3.I4~3 3 1 . 7 9 9  h . 3~~6 3 . 1 9 1— C L

6 .03—33 J 7 .~~3 .1~~~8 3~~.S93 S.3’)I ‘•~~~1— 3’
j . 6 . 6 4 3 — 1 3 3  ( 6 . . . !) 2 . 8 9 9  2 9 . 3 3 1 - 5 . 5 4 !  3 . 5 1 1 — r I

7. 2 3—3 3 
~~~~ 

2 .7 8r ’  2 8 . 2 3 ! 6._fl 3 ..’-75—~~i
R .~~r~—~~3 1 c . 72  7 . 6 3 ?  7 6 .9 6 !  ~~6 3S4 3 ,8 8 1 — 0 1

. 6 6  7 . S ( ~ 7ç .4pei ’~.77~ 4 . 1 2 9 — r l
l’+ .~~! 2 .19?  7 4 . 4 8 7 _ _ _ 4 .5’+ 5 

~‘~~‘3 C 1
1 . 1 5 — 3 7  ~~~~~~~ 7 . 7 6 ?  2 3 . f ~7 4 . 2 5 4  4

~~6 9 7 — c ’i
!‘~~ — c ’ 1 2 .7 7  2 . I . . 0  2 l . q 1~~~ ~ . 0 l A c . 0 I 2 — 0 I
1 . c 0 — 0 2  ~~~~~~~ - 

2.~~I 2 2 3 . 4 - 5~~ _ 3 . 7 S 7  S . ’ 4 1 3 — 3 l
1,7S..07 (1.58 ~.P99 1~~.4 37 3 . 4 ~~7 S . 8 7 5 — ~~I
2 . t~~ —~~2 !!~~ ! I  i • ~~ °7  18.3!6 3 . 2 9 3 4 • 3 1 4 — c l

~~~~~~ i~~~!~ ~~~~~c 3 .~~G7 4.8t4—~~t
2 .4 0 — 3 7  I 3 .~~3 t . 4 T ~~ 1 6 . 4 1 4  7 . 9 2 !  7 .29 1—c l

‘.93 j.6 3 1  I 5 7 ~~7 2.741 7.993—Cl
3 . 3r ~— - ’7 9.73 1.487 15.708 2.679 8.327—r
~~~~~~~~~ 

~~~~~~~~~~~~~~ ~4.74~ 2 .531 ~~~~~~~~~~
9 . 79 ~~~~~~~ ( 4 . 73 4  2 . 4 I ~~ -?.79c— ~~

8 . 5 3 — 0 7  9 . f l 9  1.3 7 3 13 .499 2 .2°c 9.932— ~~I
a 5 .13—32 ~.91 i .7~~ I 3 .l 9 S 2.1~~~ !.05 6.rO

* . 8~~ i . 2 ” r l  1 2 . 792  ~~2 .I L 3  i.L16 .Ofl
6 . 0 3 — 3 7  ~ •~~0 1. ? 0 ~ 1 7 •~~5S 

- 
2 . 0 3 9  I . 1 7 6 * C 1

12• i~~~ 1•~~~~2 1 2”3 oo
8 .6 3 l . 1 M 7  1 1 . 8 1 4  1 . 8 9 6  1 .3 1 ~~+r~8.00.02 8.4S~~~1 . I I 7  11.582 1 .919 1.397+ 03

— ~~~~~~~ 9.39 1’~~” 
l I . I ’ 4 2  1 . 7 3 9  1 . S 3 3 . r r ~_ _

1.03 31 ~~ ° .3S- 
~~t .Q 6 9  13 . 84 5  ( . 4 7 3  1 . 43 4 e ~~~.

8 .27 1.3’’ I 0 . r . I 3  1. ’ 4 4 —  7 . 13 7 . r ’~
~~~~~~~ 7S l.0r17 9.574 I~~3~ .587.3-l

2 .53.01 8.7 9 1. 013 9 .308 1.2 7 9 3.CS9 .C~
3’oo—31 ~~~~~ ~~1.Q0l 9.:3 _ t. ’’3 3 . 5~~.Q1~
3 . 6 -

~ — 3 I  
~ •?“ L . 2 ~~! 9 .r ~~ 7 I . : 99 M .3 3~~ .Cr ~

~ a .7~4 1.-3~1t 8.~~3’  i . 17 3 ~~~~~~~~~
‘4 .6 3 — 3 !  8 . 7 4  ~~~~~~~~ 8 . 83~~ I . ~~ c c 

~•
99 1•~Y~5.13

~
—
~~

t
~ ~~~~ 1.~~rta~ 8.7~~3 ~~~~~~~~~~

- ~~~~ i.~~~ l Q. 72~ 1 . 1 2 7  ~~~~~~~~~8 . 4 8 4  1 . 1 1 7  A . ” 32~~C~3
é . 6 3 — 1 I  

- 
8 . 7 4  I . 3~~l 8 .4 9 9  l • l - 3 ~ 4 . 9 1 2 . r ’

.
~~~ 

___L __ _ - 

- -- _
~~~~~~~~ 

-

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~



- 1+ 1 -

LAM!I ~A R ~ 4 S Ft 3.~ 8 F T i~Fs~~ P A R A L i  EL P L A I F S

SYM t~E T R i r  COU SIANT .IALL M EA T  FLUX

PR. 0s .212. QPP.DH/KC.T1J~ 1’3.0. C . A M M A — 1 . 6 6 7

PR0PE~~TY EX P 0PJ E~dT s~ v t S ~ • 7 S 0 : t 0 ’  .750.CPa .003

‘4 X / D P E O  1 9 / T I  T.~/ T 0  N u E ~X .Fc ~B / 2 4  - A / 9 A  J U 9 A  F Q A A / 2” K

I ~~~~~~~~~~~~~~~ 
;.~ 3 . 1 7 3  4 3 . 10  (.9.5-. ? 2 . j C ~ 7 4 . ~~57 3 4 . 2 6 1  .2 5 9

t’30 03 t .1 3 3.7~~S 35.8~ ~4.9’ê ’- 2 .200 A5 .47j 30 .236 .310
1.75— 03 1.1 7  3.4 0 3I. ’4S 1.3.819 2 .303 5 6 . 8 7 9  7 5 . 9 ~~2 . 3 8 1

I 2.30—03 1.23 3.5o4 21.91 I1.7~~ 2.390 M 9 .9q~ 77 .394 .4443
3.00—03 1.30 3.542 24.76 9 .6 9 7  ~~~~~~ 43.987 

~~~~~~
3 . 6 3 — Q 3  1.36 3.648 22.80 A. 7t6 2.479 ‘40.713 17.132 .619

I 9.53 03~~~~.4 ~~~~~~~~~~~~~~~~~~~~~ 2.533 3 4 . ( 1 5  J 4 . 9 1 4  . 7 1 6
S.c13—Q3~~~ .s5 3 .4 7 5  1 8 . 7 8  7 .3 7 ’  2 .cflM 32.700 13.222 .9(7

~•~ 0 0 i  1 . 4 6 3 . 3 Q 4  1~~~ 7~ 
6 . A a ~ 2 . 4 ~~3 29 .~~54 t t ~~8 3 i  . 9 7 Q

8.00—33 1.80 3 .24S ~5.79 4.5o3 2.’456 27.049 10 .605 1 .c~~S
- t  1 . 0 0 — 0 7  2 . 0 0  3 .1~~8S 14 .76 h.3.~6 2.390 2 4.1 3 9 9.’.35 1. 7 1 2

¶ 1 .3 0 — 0 2  2 .3 3  2 . R ~~7 17. 72 .7 1 4  2 . 2 7 6  2 1 . 07 !  8 .2 7 9  1. 4 4 5
1 .75—Q7 7.75 2 .c~~9 I.l .3 3  5.L!1 2 .103 ~~~~~~ 7 .27~ 1 .7 7 1

— 2.30— 37 3 . 3 0  2.l~~2 ;n .39 “ .506 1 .915 15.736 
~ •“~~0 2 .12~

3.00—0 2 “.00 t . Q r . 5 9~~77 3 .7 r ~S 1.724 13 .~~94 5 .6 5 5  2 . 5 l~~3 .A0 .07  ~~~ 1 . 77 8 9 . 4 4 3  3 . 1 4 1  1 . 598  1 2 . 9 4 1  5 . 0 6 9  2 .7 7 4
“. 0 — 0 2  6 .53 ( . S ~~7 9 . 7 7  2 . 4 I r ~ I . 442 fl.79’4 ‘I . 3 6~ 3 .~~ 9 7

I 

S.;0 32 &.S~ 1. ’4 t~~ .n8 2 .2 o 3  1 . 3 6 1  t t . ~~38 3. 7~~M 3 . 3 5 j
6 . A Q Q 7 ~ •~~C 1 . 3 2 2  ~~~~ i .9i~ 1.2~

S l0~~~73 3.27~ 3.57~8.n3—37 9.30 L.7’4~ 9.76 1.497 1.720 9.975 2 .836 3•79- i

I I.”0 0J j j . 0 3  l . l 7 ~ 
a .~.1 i~~~ 7~ ~~~~~~ 

9 . 5 0 6  2 . 9 1 8 4 . Q Q 3
2 ,00—0 1 71 .00 1.oc e 8.36 l . 2 ~~4 i.~~cS 8.ç8~ 1 .7 68 ~~~~~3 .o0— ~~i 3 l • 00 1 .r~io ~ .‘- l t . t c #  i .~~29 8 .339 I.5~~5 6 ,175
4 ’ 00 0I ~o•” ~~~~~~ 9.78 1 . 1 1 6  l. Q 19 8 .186 ~~~~~ 7 .367

I 5.~~
3_

~~ 53 .99 1 .n i 2  9.75 J .3 9~ (.o12 ~ . i I e  l. 3~~7 ~ .2R64.nQ OL o~~.9$ l• ~~r’9 ~ .28 I.0”4 1.~~Ø 9 8.372 1 . 3 6 8  l 2 .é ~~7

Ii 

- - - — - - —-._ --



- 42 -

- L A M I N A R  GAS FLO E B ETn E E N P a R A L L E L  P L A T E S

S Y M M E T R I C C ONST A N T  8 A L L H E A T  F L U X

PR .0s ~20o, ~PP.L~$/KO.T 0~ 5~).0, GA MM A — 1 . 6 67

P RO PE R T Y  EXPONENTS , V 1~ •750 ,CON ~ .lSo,CP .000

4X ,0~~EO TS~~TL T#, T 8 NU8.* FRB/2’ 4 W i /BA N U B A  F R B A / 2 4  K

i.~~o—o 3 t.oS 2.152 39,B q 17.196 1.590  7 q .6 2 7  2 9 . 42 9  . 1 8 8
2•00 0 3  l•1 0 2.’437 29.~~5 12 .322 1.75 3 53 .831 21•622 •30&
3 .60—03 1 . 1 8 2 . 63 6  2 2 . 8 7  8 .9 84  1. 8 86  4 0 . 8 8 9  16 . 24 0  .4~4 4
‘ ‘øø— o3 1’3 0  2 ’7 1 5  18 . 4 2 7 .o~~2 1.969 32 .182 12 .438 ‘627
l’o0—02 i’~~~ 2. 6 5 2  tM’s’ 5 . 67 4  ~~~~~~~ 2S’2~~3 9.977 .8e~
2.00—02 2.00 2’30I 1i’~~~ 4.508 1.867 j8.1~~4 6.705 1.407
3 . 6 0— 0 2  2.80 $ .8 9,~ 9.77 3.396 1.622  13.96 0 ~~‘~~ 72  2. 376
6.00—02 ~~~~ 1.482 9.17 2.38~ 1.385 i i .~~~~è 3 . 8 o1  2 .7e 9
1 .00— 01 ~~~~ 1.Z48~~- 8.77 1 .741 1.212 &~~~O5~ 2.734 3•~~5~3’SO—o! 18.50 1.~~36 8.35 ~~~~~ ~~~~~ 8.~~Il i.6~~S ~ •i~~7

- L A M I N A R  ~AS - FL 0~ BE T CEEM PA R A L L E L  PLATES -

S Y M M E T R I C  CONST ANT #ALL HEA T FLUX
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PR o PE R T Y  EX PONENTS. V i s —  ,75 Q .CON— .7S0.CP. .000

41/O PEG TB /T I 10/TB ~UB* ~ R 8/24 0*/BA N U BA P R B A /2 9  K

i’

~~

0—0

~ 

1.03 1.602 39.8~ i’4 .757 1.305 ~5•Qoi 25 .273

2’00 03 i’o~ i •7~~~ 2
9.29 ~~~~~~~ L~~~ 0l  5~~.t4~ 18.7 82 .223

3.60—03 1.09 1.945 22.~~S 8.3c 9 1.493 41 .2 12 19 .456 .326
6.00 03 t .t S 2.~~62 18’~~8 ~ .S7ø *.568 32.~~~I t - 1’~~0~ .456
j.~ O—O 2 1 12 5 2 •i 2 1  15.09 5 . 2 4 0  1.623 25 .843 ~~~~~~ 

.637
2.0 0 02 i•5~ ~~~~~~ & * ‘ ~~7 4 ’ 0I~ 1.627 i 8 . 9 77  6 .35 9  1.008
3 .60— 0 2  1. 9 0 l ’ 8 $ 3  £ 0~~0O 3 . 2 13  1 .5 3 2  jq.787 4.8(9 1.488

e.00 02 2.5~ i~~S~~3 p .27 2 .50 ’ I. .3~~8 12.234 3.759 2.~~52
1.00 01 3 .Sq i . 3 L ~ 

8 . B q  1~~~0$ 1. 24 9  1~~.56S 2 . 5 e7  2 . 73 9
3 .00—0 1 ~• 75 i e o56 8 .37 1.21 8 1~~0S0 8 . 6 12  1 .690  4 . 86 8

In let pressure was relatively low on thes. two calculations, leading to Mccii
number greater thon 0.2 for x > 0.3.
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