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AHSTRACT 

The general dlff~renti.al equations describing the behavior of the 

rotary regenerator including longitudinal heat conduction in the direction 

of fluid flow are S1lff:f.ciently complicated to preclude a complete analyti-

cal solution. A ff:•.,• S:Jlutions found in the literature restricted to very 

opecial cases are dls:usa~d. 

A numerical finiet (i :. i"fcrcnce method io prea,mted t..rhich Yill 

determine the effect of longitudinnl heat conduction in rotary regenerators 

for steady state conditions. In the developntent no assumptions are made 

which would restrict the range of parameters for which the analysis 

would be applicable. 

The conduction effect on the regenerator effe~tivcness was evaluated 

with the viev of obtaining results most useful for the gas turbine 

regenerator problem, however, these results may also be used for other 

regenerator problems. 

A CDC 1604 digital computer was used to cerry out the computations. 

The results are presented graphically and in tabular form, employing n 

suitable set of non dimensional parameters. The range of parameters 

which have been covered arc: 

0. 5 ~ Cmin/Ctnax """ 1.0 

1..0 ~- CriCmtn:;lO.O 

1. 0 NTUo .f, 20 . 0 

* 0.25 ~ (hA) ~ 1. :' 

0 \ ·- 0. 2 

0.15 
~~ 

As ...... 1. 3 

The author expresses his appreciation to C. P. Howard, Assoc i ate 

Professor, for his direc t ion ond encou1.·agcmcut in this "\.Jork. 
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of Guin• oq ft 

As = total solid area available for longittJdin.11 heat conduc tion, &q ft 
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h = unit conductance for thermal convection heat transfer, Btu/hr, 

deg F, sq ft 

k = unit thermal conductivity, Btu/hr, uq ft, deg F/ft 
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T - tempcrnture of matrix, deg F 

1'x( i, j) = tlubccr ipted mntl·:ix temperature on t:te side of Cmax, dcg F 
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t = temperature of fluid, deg F 
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to subscript 
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length of mnt1.·ix, 0 ~ y L 
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I. Introduction 

The regenerAtive type of beat exchanger has been subjected to 

extensive treatment \<Tithin the last thh·ty years or so and contributions 

to the theory of regenerators have been made by many writer s. The most 

questionable of the ide.al i zations made in the development of the theory 

is that of zero matrix conductivity in the direction of fluid flow. The 

loos due to heat conduction in the matrix mater ial is specially import.nnt 

in the case of high performance regenerators in uhich. a small reduction 

in the effectiveness will result in a large increase of the heat transfer 

.nreas to compensate for the loss. Another important factor is the modern 

trend toward smaller sizes, since the loss due to conduction of heat in 

the matrix obviously increases with decreasing length. 

r 1 
Schultz i 2 ~ solved the problem including conduction for the 

special case of the balanced regenerator and very large values of Cr/Cmin 

(i.e., the capacity rate ratio of rotor matrix to minimum fluid capacity 

rate). In this case the system of partial differential equations defining 

the problem for the steady state are reduced to ordinary differential 

equations and the problem can b~ solved analytically. 

Hahnemann ~ 3 ! extended the solution to the unbalanced regenerator 

(i.e., unequal partitions of the cross sections and unequal heat transfer 

coefficients together with unequal capacity rate ratios of the fluid 

streams) but still for an infinitely large value of CriCmin• 

I .. oudon haa shm·m, as reported by Lambertson 1 , that a correction 

factor fot: conductivity in the direction of fluid flO\~ for .npproximately 

lNumber in brackets refers to bibliography on p~ge ~ t 

1 



equal fluid capacities, of the for~: 

De. -tt f .. 

'- C L 

should result in a somewhat pessimistic prediction of the reduction in 

effectiveness. 

It is the objective of this thesis to develop and present a finite 

difference numerical nnalysis with solutions to solve for the conduction 

effect on effectiveqess for the rotary regenerator. Since there arc six 

dimensionless parameters required to specify behavior in the most general 

case, the rnnges of the p~ran1eters covered in the solutions will be 

those of most interest to the gns turbine regenerator, however, the 

analysis will place no restrictions on these parameters. 

2 



2. Hcthod 

The conventional id~nU.zations and boundary conditions assumed in 

the deriv.lt ion of the governing df.ffcrential eq~<ttions, includi1\g the 

heat conduction in the direction of fluid flow 14 , are the following: 

(See Fig. la) 

a. The thern~l conductivity of the matrix material is zero in the 

direction of matri.:x: metal flow. It hns a finite value in the 

direction of fluid flou, and is infinite in the other direction 

normal to the fluid flow. 

b. The speci fie heats of the t~;o fluids and matrix material arc 

constant ld th tempera turc. 

c. No leakage of the fluids occur~ either due to direct leakage or 

carry over, and each fluid flow is unmixed. 

d. The convective conductance between the fluid and the matrix are 

constant with flow length. 

e. The fluids puss in counterflow directions. 

f. Entering fluid temperatures are uniform over the flow inlet cross 

section and constant with time. 

g. The matrix tempernture gradient in the direction of fluid flow is 

zero nt the ends. 

h. Regular periodic conditions are established for all matrix 

elements, i.e., stc~t~y state conditton. 

The differential equations derived by Schultz ~ 2 are given in 
' ..J 

Appendix 1. 

It "''aS sugg<-sted b) C'·.':d· ~·b .:::-;:·~ tnd carried out by Lambertson [ 1 J for 

the case of no conduction, that a rotary regenerator could be divided 

3 
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in t o H.11lt c c·!cncot s :l !i rcpt· c vcnlc (\ schcm:H: icnlly in 'Fi~ . lb . Thi s same 

r.1~ tho d crm l •a:! e;~t(:Ui!i;d to the case with con due t.i.on . I f t ~1 ~ cl <.:r:t(;nts ar e 

considered to be f ixed i~ space, each element can be regarrled a s a eros& 

flow bent exchanger \lith a g~ s utream and a metal otrcam. For nn E.: l ctae:nt 

on the side of Ccmx, the heD.t t r anGfer r ate by convection is equa l to t he 

rate of change in enthalpy of th~ f luid across the element, 

_\'t P. L r 

_i. r-

~ I (\ i ~· -
; ) I (1) 

'\j' '\ .( + .. 
_j 

where -1. T represents the menn temperature di ffcr enc<: bet~·leen the f lu id avg 

and the matrix element. For a sr.lllll enough elcr.lcnt the a r i t hmctic mean 

temperature difference may be ns sumed valid, so th3.t 

~·-r t I r;....,. ,....,...., l 
= + ~ I, r I 

,. '(' . 2 1 '\(.t . .._ 
I 1 1' 

L 

uher e the flui.d ~nd matr l x tempe~ature s arc suhscr i pr;ecl to indi cate t h e 

averag~ temper o tures across the in!et and outlet of t he c l ~ruent for 

simple unml:~cd cross flow. 

Considering an energy balance for the element, t he energy tran'!;fcrrt~c 

to the element by convection plus energy transferred t o t he elemen t by 

conduction less the energy t r ansferred out of the e lement by conduction 

must equal the energy stored in the element: 

[tx 1 
I~ -t- T:. -'- j.._ 

'\ ' q .. -· J) 
- ''- '- - L,,t. + 

\.' J ·" ~ . '\ ·, 

f 't I, l-~ , ,) i " - )' .. ' - ----'------
\, "'' 

,,, 

5 

l 
I 

/L 
l'<.lr 

+ 

l 
J 

I' l. 

(2). 
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By \I!Jlu:; cquatiol\D (l) untl (2) the.: outlet tcnp<.:r5turcG for tm 

clement on the sicE- of Cmnx may be solved for in terms of the rcnmining 

temperatures D.nd the result exprcsoed in dimensionless form (Appendb' 1). 

Since the longitudinal heat conduction is zero at the ends, the 

energy bnlance equation i.s different from cquati.on (2) for the elements 

of the first and last row. Three different expressions for the matrix 

outlet temperatures are obtained: 

First row clements 

Middle row elements 

T -D. 

Lsst row clements 

.._J. 

. I') 
I ~ 8 

l 

.\ ' + 
(3) 

( 4) "' 

I [~ l 
) 

'I f' 
I,\( ' .-

(5) 

By solving for the fluid outlet temperature on the si.de of <:".max in terms 

of the matrix outlet tempereture from equation (1), only one expression 

is obtaitwtl, t.'hich holds for nll the elements on the slc.lc of Cmax' 

-· ; 



'( ...... ,.. 

,( 

1\ )1 1\ 

'Hith 

;·~, 
--I. 

,..,_, 
I 
10, L,), 

I 
), 

Energy halunce : 

-A'-L' f • 
., 

J, J 

I ' F 

.J 

I. 

L 

~ ; I 
..J 

L 
''I .-

. I 
r 1 

( 7) 

(3) 

By the same method the outlet terupcratur~o of the ell~cnts on the side 

of Cmin may be obtuhv::d using equations (7) anti (8). 

First row elements 

'I - ~ I,, ~N --
. I . ~ j 7 

Middle row e lem,~nts 

T 1~. + I ~-

r-

I . 'I ·I 

~ 
I \ • 1 ) 

~ . 
I. (9) 

(10) 



- , (11) 

Solving for the fluid outlet temperature for the elemt!nts on t he aide 

of Cmin from cqu~tion (7) gives 

'o1hich holds for all the clt!rn!mts on the side of Crrtin · For t l1e v~l u e s 

of the constants see Appendix 1. 

In addition to th<: four. dimensionless groupings for no conduc t i on, 

Cn1 in1Cmax = capncity rate ratio of fluid flmo~ str~ams 

CriCmin = cnpncity rate rntio of rotor matrix to minimum 

fluid capacity rate 

(hA)* = conductAnce ratio 

NTUo::: • , over-nll number of transfer units; 

two additionnl di.mensionless groupings at'e needed in the coefficients 

of equations (3), (4), (5), (6), (9), (10), (11), and (12) to take 

conduction into account. These conduction parameters may be defined as : 

\ . , conduction parameter on side of Cmax 
L 

, conduction parameter on side of ~in · 

Also \ 

since the thernu1l conduct ivity and the lctlgth of the matrix are the S~H:! 

for both sides, and uhere 



, conduction nrca ratio. 

Another form of defining the conduction parru&eler is 

r 
--=- \ ! • , total conduction parameter 

In this case: As i.s the total solid arNl available fot: conduction, thnt is 

... \ s .::::. -'\. "' li.J • 

This form offers the nivantage that for a given value of the conduction 

parameter, the resulting effectiveness will not be affected by sn~ll 

. * chnngcs in As . 

From the schematic representation shown in Fig. lb, it should b~ 

noted that· the left edge of the regenerator is physically the samt~ .:lS . 
the right edge and, therefore, the matrix inlet temperature for the 

elements of the first colurnn on the side of Cmax is the same as the 

outlet tempernture of the correGponding element of the last column on 

the side of cmin. Expressed D1athematically, 

\' I, r-- ) -r} ··-+I 

where i and f can take the values of 1, 2, 3, .•.......... t;r· 

This is referred to ns the reversal condition. 

From equations (3), (4), {5), (9), (10), and (11) it is seen that 

in order to solve for the outlet matrix temperature for a particular 

element, it is necessary to knoH the mntrix temperatures of the next 

c l et1cnt. An estimate of the~ t· vo.tues can be made hy determining the 



of fluid no\;, s i nce· t ~ ~~ con~t.la tG D3 nn\.! Da in cquntionn (3), (l~ ) uuJ 

(5) and the constQnts F3 and F8 iu equntions (9), (10) and (11) arc zero 

in thi.s c.1se. 

A tcmpcrnturc scnle can be U5Cd for 't·rhich the fluid entrance tempera-

tu1·e is zero at the side of Cuin and \.tnity at the side of <=max· 

tn(l,g) -- 0 for g 1,2,3, •.............. Nn 

tx(l,j) = 1 for j = 1 , 2, 3, .............. • Nx 

For calculation purposes a tcr.1perature distribution is assum·ed on 

the left edge and the problem is solved for the no conduction case in 

order to obtain tm initial estimate of matrix temperatures for working 

the problem with conduction. This also provides the no conduction 

effectiveness necessary for compor f.s,Jt-:.. 

The outlet tempcrt~turcs are calculated for every clement by repetitive 

usc of aqu:.ltions (3), (4), (5) nnd (6) ~:.~epcnding on the location of the 

elct··lEmt. The cLllculo.-:.tion is stttrted Hith the first element, first 

column on the side of Cn.ax and then \J'Orking down the colu:1m. When the 

fit·st column of clcm•:::nts i.s completed, the· second column is calculated 

nnd so on unti 1 th~ 0\1tlet temperatun~s of all the elements on the side 

of Cnmx llre determined. It was found th~t convergence Ct..)uld be cnhanct>d 

if t"'O pnss .. ·s per column \<lere made ~:.c .Cor e proceeding to til'.! n ext. one. 

The rcnson for tit i ~ is that the equati.ons for the outlet temperatures 

contain the matrix temperatures of the next element \1hich .:1re necessary 

to estir:Kltc. 

At the senl r cpr e sP.nted by the double line in Fig . lb, 

4 • .. \ 



since the rMtL· ix outlet temperature for tht~ ell.~ents of the last column 

on the side of Cw4 x is physically the same as the inlet temperAture of 

the corresponding element of the first colunm on the side of Cutin· 

The same method is applied to the side of Cmin as to the side of 

Croax· If the temperature distribution assumed on the '!.eft edge \-:as 

correct it would then be duplicated on the right (i.e., the reversal 

condition is fulfilled). If, however, this is not the case, the 

r esulting temperatures on the right side ,Tn(f,Un +1) ) are now used on 

t he l eft (Tx(i,l)) and the procedure is repeated. After each pass (i.e., 

the complete calculation of a temperature distribution) an energy 

balance is rMde; and before the solution is accepted for a particular 

se t o f parameters, the heat bnlunce error together with the reversal 

condit ion has to be fulfilled to the specified accuracy. 

The effectiveness of a heat exchanger is defined (Appendi1; 2) as 

t - t..-. .v 
n. o 

From the conditions of the pr oblem the above expression for effectivcncsG 

reduces to 

( e- 't L 

The heat balance error was computed frou 

u .::. (-
'· ,1\J,.. 1" j f) J 

12 



of clements usctl. t-iore important than this is the relation exlstiug 

h..::.t\J~tn the:: nt.mtb~t· of eubdivlstono for the thrte streams. The suff;cie.nt 

hut not ncce:u;nry conditions for convergence are (Appendix 1) that 

-
\h " .\ r 

z 
'~ I \, 1\, 

I j .-

Fis. 2 is a plot of the diff~rent values of effccti~encna obtained 

(or the following set of pnramctero· 

" \= 0.1, J.s· !... 0. 

$e~~ ral curv~' are obtained d~pcnding on the relation existing between 

the nu~b~r of subdlv i sl~n! fo~ every stre~M. To extrapolate the 

effectivl':mt.HJS to .an i nflnit€. mltnber of elements, thtse curves nay hl: 

approxim:. ted by strc. i ght l incs. Th€.' crt· or introdur.~d vill dcpenrl on 

the n.U1>1bocr of eletti.:'nts. us..-:!d and will not be constant for a 11 th•! rc1nc~ 

of the ?nr~Meters. ta on illustration consider the s~t of par~mctcrs 

used tv plot Fig. 2, Three cnscs arc investigated: 

1) ~ · .. ... Nr/2 ! !~ ''-n 

2) ~, 

\n Nt' 

3) T 'T c 2ttr '}. I·~-

A linear extrapolation is performed using the values of ~ffectivencss 

ohtoino::d for valu!~S of 
1 From th~ results it is founj 

that the minimum Nr necessary to give an error in the cxtropolatcrl 

"·f f~ct'i"tneso of less thnn 0.01% is 18, for which eco "" 76. 5 77. 

' .. 
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for the thr e~· CltS •.:: s. Th'- <.i{!t\·1·-:~linln~~ filctor in thL· 0:·: trnpolntion i s 

the nut"Jbcr of mntri~ clemen t s. Tht! highc.I· the value of t:1. u!lrd forth~ 

cxtrnpolation the s:anl h·r thr:! error in the straight line approxiL\'ltion. 

Unfortunately, an increase in Nr will bring a higher increase of ~x and 

N0 , since the convergence concHtion for this exnmple is 

:: 

That this is only a sufficient condition c3n be seen from the cas~ of 

Nx = ~:n = Nr/2 

for which t.he solution converges for •Jalucs of Nr > 5; and when 

Nx ::: Nn = Nr 

the solution will st"ill converge for Hr :> 20. It is true, hoHever, that 

the closer the number of matril' elements are to the sufficient convergcnc~ 

condition, the fewer passes it takes for the solution to converge to 

the specified error in the effectiveness. Table 1 sho\o~S the nuraber 

of passes necessary to obtain a .olution vith a heat balance error of 

less than 0.005%. 

For a given set of param~ters the effectiveness \ros determined 

first usinB one set of subdivisions and then recalculated lncrcnsin~ 

the number of subdi.visions. A linear c:nrapolation w::ts performed to obtain 

the effectiveness corresponding to an infi.nite nUC'l~er of ele~nents. The 

accuracy for each value of effectiveness 1,:,•as specified to be of f:our 

significant figures. When these vatu~s were extrapolated to an infinite 

nurubcr of elements, the accuracy \-las reduced to only thrt.e sigoi ficant 

figures since n comprooise had to be nade with the tim~ avnilnblc for 

comput~tions untl th1.: number of runs to be made. Hom!v•:-r t th2 ··"letho 1 



~:umber of passes necessary to •.:>btain 3n effectiveness t-lith n heat 

bal ance error of leas than 0.005% for the follo~rlng set of parameters: 

(hA) * 1.0 

tlTUo 10.0 , ;\ ::: 0.1. As* 1.0 

l -,.': 

Hr Nx Nn No. of passes ~ _,o 
... ,. 

I 
. - -- ---

12 12 l2 27 76.581 

12 2l~ 2l~ 22 76.581 

ll• 7 7 '•1 76.578 

liJ v. lit 3'· 76.576 

14 28 28 27 76.576 

16 16 16 41 76.574 

16 32 32 32 76.574 

13 9 9 62 76.573 

1.3 18 13 50 76.572 

1<1 36 3G 3B 76.572 

: 

20 20 20 
i GO 76.572 
I 
! 

' 

22 22 22 71 76.571 

* c ~ is obtained by a linear extrapolation of the effectiveness 
for Nr aud Nr-1. 

1(., 



;. 'ti> O!i ~S 1:\) ~..·~!t t :·"tct~ un :.d> to the \.d.tirJtH t e nccur~cy of the so l ut hm. 

H!H!n '.: or:~tn::.; ~:i lh v-...ry h :tz11 vu lu\.: s of Cr /t;!lin t l1 c comput~t i o o t ime 

becomi..!S considcrnbly l on3. Thi~ is due to the fact that the finul 

tempcrntures differ very little from the v.ssumed initial temperatures and 

a laraa nmnber of clements is required. The starti.ng cstim.:1tcs of mntrix 

temperatures then becor<1e very important. For the limiting case of Cr!Croin 

equal to :lnfinite, there is no tcmp t! rature variation in the direction 

of rnetnl flou so that the method llithout nodifications is not appl i. c~blc. 

For this case, hoH(o:VCr, the exact solution of Hahnemann [.3 J is available. 

The Fortran system t\•ns used to program the above method for the 

CDC 1604 digital computer. The m:~otrix notation employed in the equations 

derived prl'Vi.ottsly is very convenient in \<Jriting up the progrnm, since 

sev~ral loops can be mnc:.ic by just changing t~H! subscripts of the v~rinbles 

involved. The complete computer progrm'l is given in Appendix 2. 

17 



The solut ionr. G<·nerr. ted ~lt'C pres~ntcd in tahul.-J.r forf:l in TableD 2 

through 25 and grnphJcnlly in Figs. 3 and 4. The accur~cy in the 

eff('ctivcness \·It=J. r. S?Cci.fied to be of three significant figureo. It ~,·as 

found thnt for 

* * * 0 . 7 (hA) ~ As ..::,. 1. 3 ( hL) 

the resul tine vnlue~ of c f(ectiveness \·rcre nlmost ·identical to th~ ones 

calculntcd for 

so that these were the valueo UBed in preparing the Tables. 

By using NTUo and A .:l!l defined in the nomenclature, which contain 

* .. , (hA) and As' explicitly, the influenc~ of these two parameters on the 

conduction effect, ~o::? , t-lere found to be very smull for vnlues of 

Crnin1Crunx "). 0. 9 and \ ~ 0 .1, Hhich is the range for the gas turbine 

regenerntor problem. 

Figs. 3 and 4 show the effect of conduction on effectiveness for 

v:1luea of Cmin/Crnax = 1.0 and 0.9 respectively, llith different valueg of 

NTUo, Cr/Cmin and \ , up to a limit of 10%. The conduction effect 

continues to increase~ uith increasing A. For small values of A this 

effect increases nearly exponentilllly. By further increasing A, a 

saturation is renchcd ~\·hich approaches the limiting condition of \ = oo. 

Fig. 5 is a repr(:scntative curve \-Ihi.ch sho\>JS the limitine influence on 

the conduction effect by continuously increasing ~ for n given set of 

parameters. 

The conduction effect for values of r'l./<~nin = 10.0 arc almost identical 

ui.th the values reported by Schultz [ 2 ] nnd Hahncmonn [ 3] , [ 6 ] for the 

limiting case of CriCmin = oo. 

' ,, .. o 



For cmall vnl.tJt!I' of NTUo tht.• t:.•ffect of incrt:~lain1j Cr/Cu1in l5 to 

inc r ~ane sl lghtly t he conduc t ion t.•ffec t, as can be seen from Fig . 6. 

For higher value s of NTUo the effect of conduction is reduced with 

incrcnsing Cr/Cinin · 

The effect of incr easing NTUo upon Di is intimately related to the 

value of Cr/Cmin and ~ninl~x· This effect con best be explained by 

observing Fig. 6. For the case uhere Cntin/Cmax = 1 . 0 the e ffect of 

increasing NTUo \'Till result in an increase in Llee regardless of the value 

of Cr/Cmin; of course, the higher the value of Cr/Cmin the amaller this 

effect will be for relntively high values of NTUo. Now, by reducing 

Cmtnl<;nax and increasine Cr/<;tin a point is reached in which an increase 

in the NTUo wi 11 result in a reduction in .J/ . The point where this 

occurs will depend upon the value of the conduction parameter A . 

19 



A Hnit0 difference 1tu~:wrical nna l y ~is I.s prcst:nte'-1 whi.ch Hill 

c!etet"mine the cf(~<:t of the lougitudinr!l heat conduction i.n rotnry 

reuenerators for steady state conditions. 

The r.anges of eoverning parameters which lwve been covered are: 

0 • 5 ~ em in I Cma x s 1 • 0 

1. 0 S.Cr /Snin S lO .0 

1.0 {: HTUo ~ 20.0 

2 
'1: / 

0. 5 ~ (ht,) :;::- 1.0 

0 ~\ :::::.0.2 

* 0.15 { As ~ 1.3 

The ranges of parameters of interest for gaa turbine regenerator 

application are plotted in Figs. 3 and 4. A more accurate determination 

of the conduction effect than that given in the figures can be made by 

interpolating values from the Tables. 

The computer program used to carry out the calculations on the 

CDC 1604 dieital cvrnputer is incllut~rl in Appendix 2. This program 

impose~ no restrict iom.~ on th E: p •• ramctcrs for v1hlch the analysis uould be 

applicable. It is recort1I!lendcd, hoHtWer, that for values of Cr/Cmin > 10 

the solution for <;.ICmtn = 10 he used. For this case the computer ti.me 

for n solution increases cons i derably and the error introduced by assuming 

Cr/Cmin = 10 is negligibl e. 

20 



THIJLIOG~I..L\ PHY 

1. 11 I'(;: :cfv t"~< lch'r.Ce Fnct..:n:~ o f a P.t.:..rlo dic f lo,_1 Hea t ·~xchanger", by 
Tor:t!'.l'~ J. !..:tmlH!l.' t Sun , Trnn t~. S. N . E ., v ol 80, l~pril 1958, pp 586-592. 

2. "!~egenerators with Longitudinal l-ietlt Condu c ti.on", by B. H. Schultz, 
u:E-AS!·L~ Gen~ral Discussion on Heat Trrtns fer, London, England, 
1951, pp 440-443. 

3. "Appro:d\oatc Calculation of The.rmnl Ratios in Heat Exchangers Including 
Heat:. Conduction in Di.rection of Flow," by H. H. Hahnemann, National 
Gas Turbine Establishment: 'Mcmorcndum ~!o. I-06, 1943. 

'•· "Accomplishe,l Calculatioas of Heat Exchange in Regenerators", by H. 
H.:1usen, t•i.AP Reports nnd Translations No. 312, November 1, 1946. 

5. "The Periodic Flo,., Regenerator", by J. E. Coppugc and A. L. London, 
Trans. ASME, vol 75, July 1953, pp 779-787. 

6. "A Design Manual for n.egcne:rutive Heat Exchangers of the Rotary Type", 
by Harold H. Sogin and Katrk'll-Eldin Hassan, WADC Technical Report 55-13. 

~ . ..... 



~---
---- - ---- --

TAeLF: 2 I:JNGTTUDTNAJ. HEAT CONDUCTION EFFEC"r 

,.. 'r - 1 0 Cr /Cnti n = 1 . 0 * * 1.0 vr.1in 1 ·'mttX - • ' 
(hA) = f&S "" 

-,--
c % Conduct i on effect)~ % 

--, 

! 0. 01 NTUo -A 0 0 .02 0. 04 0 .08 0. 14 0 . 16 0.20 0.32 
I 

1 46. 6'· 
I i 0.42 0 . 78 t.48 2 . 61 3. 94 4 . 30 4.95 6.42 

" 60.06 I 0.53 1.11 ~. ~ {\ 3.81 5 . 93 6.54 7.65 10.03 ~. .;.,l,;..< 

3 I 66.12 1. 32 2.50 4.58 7.17 7.92 9.30 12.60 . 1 0.68 
I t 

4 1 70.86 l 0. 77 1.43 2.82 5.17 s.on 8.93 10.48 14.22 

I o. 81~ 5 1 73.75 l. 63 3.09 5.65 8.81 9.73 1.1.41 15.44 
l 

6 75 . 92 ~ 1 . 76 6.05 9.42 12.16 

7 1 77.63 1. 87 6.41 9.93 12 . 80 
I 

8 I 79.01 1. 97 6.72 10.38 13. 3'• 

9 80.16 2.07 7.01 10.78 13.82 

10 81.15 1.12 2.16 4 . 05 7.26 11.13 12.23 14.24 18 . 97 

12 82.i4 2.32 7.71 11.74 14.95 

14 8Lf .00 2.46 8.1.0 12.25 15.54 

16 85.01 2.60 8.44 12.69 16.04 

U3 85. 86 2 . 72 8 .74 13.08 16.47 

20 86. 58 l .1~9 2.83 5 . 1 7 9 .01 13 .1~2 1l•. 60 16.85 21.96 

~~o 90.37 1.92 3 .55 6.30 10 . 54 16.58 24 . 25 

100 93.87 2.70 4. 78 7.9 7 12.55 18.79 26.54 

500 : 97.87 L~ .04 6.80 10 . 57 15.42 21.65 29.27 

1000 98.81 4 . 39 7.30 11 . 17 16 .07 22 . 30 29.88 



----- -- -- -

Tf,Bi...f; 3 I.OI"!Gt!UDI!.'?AI. HEAT CONDUL'TlON El'TEL"T 

1.0 Cr/C.Uin = 1.2 * * 1.0 Cm jr' = (hA) = As ~ in "'max , , 
-· --------- ·-

c % Conduction effect -~ 7o I 
) .. ·-1 · ;ru~\ 

----· ··-- ·-

0 0.02 0.08 0.14 0.20 I 

1 47.62 0.81 2.66 4.01 5.04 

61.97 1.1 3 3.88 6.05 7.81 
I 

2 I 
I 

.. I 
69.15 1. 33 4.64 7.28 9 ·'·6 I :J j 

I 

4 73.61 1.49 5.21 8.18 10.63 
I 
I 

5 76.72 1..62 5.66 8.89 11. 5t~ I 
I 
I 
I 

6 79.04 1 . 73 6.05 9.47 12.28 I 

7 80.85 1 .. 34 6.38 9.96 12.89 I 
8 82.31 1.93 (). 67 10.38 13.40 

I 
I 

9 83.53 2.01 6. 93 10.76 13.86 

10 84.55 2.09 7.16 11.08 ll•. 26 

11 85.44 2.16 7.37 11.38 1l~. 61 

12 86.21 2.22 7.56 11.65 ll~. 93 

13 36.89 2.28 7.74 11.89 15.22 

14 87.49 I 2.34 7 .90 12.11 15.48 

15 88.03 2.40 8 .05 12.31 15. 71 

16 88.52 2.45 8.19 12.50 15.93 

17 83.96 2.50 3. 32 12.67 16. 13 

18 89.37 2.54 3.M• 12.83 16.31 

19 89. 7'• 2. 59 3 • .)6 13.00 1 6. '•S 

20 90.09 2.63 C.6G 13.12 16. 61~ 

-'------· ·-------

'")') 
•• ..J 



---
Tl\11(.;. 4 LOt~GITUDlNAL HEAT CONDUCTION EFFECT 

,... !<; - 1.0 ,. /C ,.. 1.4 -I· * 1.0 '1nin 1ttx ··· , "r min , (hA) . = As = 
------ ----- ·--- -- - -· 

'- '>-, I 
Conduction effect cJe 'lo 

) ....,_ 
1 NTUo \A . 01 .02 .04 .08 .14 .16 . 2 . 32 

1 !;8. 23 .82 2.69 4 .05 5.10 

2 63.16 1 . v~ 3.93 6.12 7.90 

3 70.65 l. 33 4.67 7.33 9. >3 

'· 75.27 1.48 5.20 8.20 10.67 

5 78,14-5 1.60 5.63 8.86 11.54 

6 80.82 1. 70 5.98 9.40 12.23 

7 82.65 1.79 6.28 9.85 12.80 

8 8'•.12 1.87 6. 5'• 10.24 13.28 

9 85.33 1.94 6. 76 10.57 13.69 

10 86. 34 2.00 6.96 10.86 14.05 

12 87 .9G 2.12 7.31 11.36 14.64 

14 89.20 2.22 7.59 11.75 15.12 

16 90.18 2.3 7.83 12.08 15.51 

18 90.98 2 .37 8.04 12.36 15.84 

20 91.65 2 .41. 8.22 12.61 16.12 
·· ·---~--· ·-... ·~----



-- ~--- - -----
T/•lH.E 5 LONGITUDINAL HEAT CONDUCfiON EFFECT 

I 

C"rn in I C.:10 )< = 1.0 Cr I <;.J in = 2 . 0 * * 1.0 I J J (hA) = As = ' --~+ ··-I . I c % Conduction e £feet; tJ.ec 9o 

I NT~-~ -· : :_~1- .02 .04 .08 . ll• .16 .2 .32 

1 1 1.9 . 12 I . 8'• 2.73 4.11 5.17 

2 I 6ft. 91 1.16 4.0 6.22 8.04 I 
I 

3 72.80 1. 34 ~~. 70 7.40 9.37 

4 77.60 1.47 5.18 8. 19 10.70 

5 80,86 I 1. 56 5.54 3.78 11.47 

6 83.22 1. 61~ 5.83 9.23 12.07 

7 05.03 l. 71 6.07 9.61 12.55 

8 86 .lt6 1. 76 6.27 9 .92 12.95 

9 87.63 1.82 6.44 10.18 13.28 

10 88.59 1.86 6.60 10.41 13.57 

12 ! 90.11 l. 9'• 6.85 10.79 14.04 

1.4 91.25 2.01 7.05 11.08 14.41 

16 92.14 2.06 7.22 11.33 14. 71 

18 92.86 2.11 7.36 11.53 14.95 

20 93.45 2.15 7.49 11.71 15.16 

500 99.65 1.1+0 2.72 5.11 9.10 15. L8 23.40 

1000 99.80 1.40 2.72 5.13 9.14 15.24 23.47 . 
----- -- -
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-- - - ·----

TAtL?: 6 LOHGI'rltDINAJ.. HE.AT Ct)NDUC"flO'~ l:'FFECT 
I 

I I ~n in I c.; ;tt' x : 1.0 ' Cr/Cmin = 1.0.0 J (ht\) * -= t.s* = 1.0 
--1 I 

I e ?.., Conduction effect ._) c7o I ~u~_r--
) C· 

0 .02 .08 .14 .2 I , I 
~: -~ 

I 1 49.96 .85 2 .77 l~ . 16 5.24 
I 

I 2 66.59 1.18 4.04 6.29 8.12 I 
I 
I 3 74 .91 1. 35 '•. 7 2 7.41 9.63 
I 
I '• 79.89 1.'•6 5.13 R .10 10.57 

5 83.22 1. 53 5.42 8.57 11.21 

6 85.59 l.SB 5.62 8.92 11.67 

7 87.38 1. 62 5.78 9.19 12.03 

8 88.76 1.65 5.91 9.40 12.31 

9 89.87 1. 68 6.02 .. 57 12. 5Lf 

10 90.78 l. 70 6.10 9.71 12.73 

12 92.18 1. 73 6.24 9. 9'• 13.03 

14 93.20 1. 76 6.34 10.11 13.26 

16 93.99 1. 76 6 .L•3 10.25 13. '•5 

18 94.61 1.80 6,L_.g 10.36 13.59 

20 95.11 1.81 6.55 10.45 13.71 

26 



100 93.61 3.24 5.34 9.85 1 5.4:'~ 22.60 

sno 95.57 3.51 6.3!) 10. 6(1 21.76 31. ')1 

1000 3.55 10.77 1 6 . f.2 32.10 .I 
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---- -------- -------- -· 
Con~uc t ion effect 

) 

,.. . ..) 

t--N_T_U_o_J,-r--0---l~---.-0-1-5--.-0-3---. 0-.6- -----.-1-2-- -- .-2-l ---

1----"--+-------~---~-- .. 

. 24 

1 49 . 11 I 1.22 3 . 79 5.'\1 

2 64.92 1. 70 5.62 

3 72.81 1 . 97 u. ~ (, 10 . 10 

77.61 2 . 16 7. 32 ~ t.l7 

5 80.86 2. 30 7. U2 1 t. 9 ) 

6 83.23 2.42 8 . 22 l :'!.SS 

7 85.04 2. 51 l3.0J 

8 86.47 2 .60 G. 3l 

9 87.63 2 . 67 9 .Ol~ 

10 88.59 2.73 

12 90.11 2.84 9 .57 

14 91.25 2.94 ~· . 83 

16 92.14 3.01 1.0.05 15 . 13 

18 92.86 3.08 10.23 

20 93.45 3.14 10. 3t1 15 . G3 

500 99.60 2 . 1.2 3 . 95 7 . 15 12. 29 

1000 99.79 2. 1.7 12. 37 19.i3 

. 3 

6. 75 

10. (;/, 

12.78 

15 .1.6 

~ r ~2 I 
l. .) • ., I 

1. 7. 0 1 

l 7. !; 2 

t ~·. 7 6 

1. 8.32 

18.76 

1 ~ ~ . l J. 

l 9 .U;. 

? 8. 51~ 

--~-----_J _____ _________ _______________________ _ 
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- -------
TABLE q LONGITUDINAl. HEAT CONDUCTION EFFECT 

Cmtnl~x = 1.0 t Cr/C'1'ain = 10.0 , (hA)* = As* = . 5 

e '?o Conduction effect) -;;- ?'o 

' 
I 

NTUo 
,, 

0 .015 .03 . 06 .12 .24 .48 
----f--·- ··----·- ·- . -

1 49.96 0.65 1.23 2.24 3.84 6.04 8.51 

2 66.59 0.90 1.72 3.20 5.67 9.32 13.84 

3 74.91 1.02 1.97 3.70 6.62 11.04 16.64 

4 79.89 1.10 2.12 4.00 7 • .t.l 12.09 18. J'• 
5 83.22 1.15 2.23 4.21 7.61 12.80 19.48 

10 90.78 1.28 2.49 4. 73 3.59 14.51 22.13 

20 95.11 1.36 2.65 5. 05 9.20 15.58 23.76 
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,... -- ----- - -- ---- _______ .. ____ 
-- ----- - - -

I TI.Bt E 10 LO~:GtTTIDIN!.I , HE/1T co:·m:rC'rroN F.FFEcr 

Crntn!Cmax ::: 1.0 , Cr/Cmin -- 1.0 ) (hA)* = As* == .25 
··-----

i e ~:> Conduction effect ~.e ~ 
~ •• 0 

NTUo -, A 0 .025 .05 .1 .2 .4 .8 

1 {•6. 59 1.02 1..90 3.38 5.57 8.25 to.e4 

2 GO.lJ 1.43 2.69 '~. 88 8.22 12.50 16. 8L• 

3 66.84 1. 70 3.21 5.80 9.78 14.88 20.07 

4 70.10 1.92 3.61 6.50 10.88 16.47 22.1 (; 

5 73.90 2.10 ~~. 94 7.05 11.73 17.65 23.66 

10 81.28 '>.05 8.81 11 .. . 25 20.93 27.63 

20 3.52 6.27 10.56 16.50 23.61 30.62 

L--~-L----L-------------r------------- . 
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I 

TABLE 11 LOtKaTUDINAL ifEAT CONDUCTION EFFECT i 
i 
I 

cutin ICraax = 1 · 0 I Cr/Cmin = 10. 0 I (hA)* = As* = .25 

- .. 

I 
% Conduction effect J L,P '/'o I e 

I I 
I 

' 

<~I I 
NTUo 0 .025 .OS .1 .2 .4 . 8 

I 
I 

1 
I 

49.96 1.07 1.99 7.92 5. 81+ 8.68 11.49 

2 I 66.60 1.47 2.79 5.06 8.59 13.21 18.05 
I 

3 l 74.91. 1. 63 3.20 5. 81~ 10.00 15.53 21.43 I 

I 

4 
I 

79.89 1.30 

I 
3 ·'·4 6.32 10.86 16.93 23.48 

5 83.22 1.88 3.61 6. 6l~ 11. 4/~ 17.88 24.86 

10 90.78 2.1 '•.03 7 .4'· 12.83 20.10 28.02 

I 

I 20 95.11 2.23 '·· 29 7.92 13.69 21.46 29.83 ! 
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1 

2 

3 

I 

'" 

l.Q 

20 

100 

.... 
f ' • ..... , 'u* ·- t .C 

~ % I Co'.'lt, '.lC t ion (' f r ec t ~ c7o 
------~------- ----j--- -------------

1 I .o1 0 . 02 .04 .08 "") • .J .. 

I 
0.)3 0 . i J 1. 36 

61.56 O.S J 1.02 1.91 3. 51 <?. (. ? 

6S.46 0.62 1.21 2. 30 

72. 71~ 0. 70 1.36 2.60 3.32 t~.J3 

I S.72 0. 7& 1. 49 J .84 5.22 

1.01 1 .96 3. 70 6 . . ,0 

88.69 1.32 2 . .5t £• .•)6 ~ .21 13. 5{ 2'). ~ .. 

1.68 3. 15 5. ( 4 !5.12 

95.50 I 2.27 '•. 08 11 .17 J 7 .10 ., , .. ~ I r. • t , i I 
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r.n.in/C1M'!<.. !.:' .9 t Cr:-/Cmin :;s 2.0 t 
(hA)-+ = t .s·•f l.. O 

I ~lfUo ~-~ '

7

{ 

-- - -----------·- ·-- ··---

Go!l~uction f'ffect -- ~ 
) 0 

--------- -----
__ ... ___ 

.01 .02 .04 .oa .lb .32 

- -- ---, •·a-·-- --

5C.JO I o. t.o 0 . 77 1.43 2.53 4 .17 6. 23 

2 66.92 0.55 1.07 2.03 3.71 6 .!•1 10.16 

J 75.30 0.63 1.24 2. 37 4.37 7. flG 12.3f. 

~~ so.t ... o 0.69 1. 35 2.59 4.ll2 8.50 13.f.'.O 

5 83.85 0. 73 1. '•3 2. 76 5 .ll• 9.10 l4.U2 

1.0 91.99 0.85 1.67 3.23 6.04 10.71 17 .ftl~ 

20 96.82 I 0.90 l. 79 3.'•9 6.59 11.74 19.11 

-------- -- ----- ----- - -· 
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TABLE 1.5 J.m.;GJ.TUHINAl. !lf.AT CONDUCTT.0i.-l EFFECT 

c i I C'.u.ltlX = .9 Cr/<;nin = 1.0 * * .5 m n , J (hA) ="' As = 

--- -- ~--··· 

I 
Conduction effect l:J:. 

I e '>'eo ! '?~ 

N~~t-0 L-------- -·---
} \.. 

I 

.015 . 03 .06 .12 .24 .48 

l 47.53 0.54 1 .0) 1.88 3.23 5.11 7.23 

2 61.40 0.74 1.43 2.67 4. 76 7.89 11.81 

3 68.26 0.87 1.69 3.17 5.70 9.55 14.1•8 

'• 72.51 0.9 7 1.88 3.55 6.40 10.73 16.29 

5 75.1•7 1.06 2.05 3.86 t. 94 11.63 17.6l+ 

10 82.9B 1.35 2.61 '•. 89 8.69 14.33 2l.38 

20 88.34 1.68 3.23 5.97 1.0.39 16.70 2'•· 35 
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z:; _, 

6 

7 

3 

9 

10 

t2 

16 

18 

20 

I 

,.l,"' t"\Y' , • 
... , .. , f ~ ..... 

I I ·'· ~'t crnin .:;max :: .9 , Cr ~~in T 2.0 ' (hA)" =As = . 5 

e% 

0 

50 .27 

56.88 

75.23 

80.32 

33.77 

86.28 

88.18 

89.69 

90.90 

91.91 

93,6.7 

9l~. 61. 

95.50 

96.20 

96.76 

Conrlu ction effect f:."'f2 ?., 
) \::' 

.03 .12 . 21 

1 .• ::o .3.40 4 . 96 

l. 53 5.08 7.71 

1. 77 6.01 9.23 

1.93 6.63 10.24 

2.05 7.09 10.97 

2. v. 7.45 11.53 

2.22 7.74 11.93 

2.29 7.97 12, 3L~ 

2. 31~ 0. 17 12. 61+ 

2. 38 8.34 12.90 

2.45 8.60 13.31 

2.50 8.80 13.61 

8.96 13.85 

2.56 9.07 14.03 

2.57 9.16 
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. 30 

~.09 

9.73 

11.76 

13.08 

14.03 

14.75 

15.32 

15.73 

16.17 

16.49 

17.00 

17.39 

17.67 

17.90 

18.09 



i 
! 

' C,.,, ';::,,: .. . ~ , -~.,,:•;. ln = l:;. 0 , ~:tt.~ * ~ f • * = . 5 I 
; -----·-- --- - - ----- I 
l ~ ~ Coodu~tion effect, \. % I 
~------~--------~-----------------------------------

1 ~~'!:~'-- 0 I 0.015 0.0~ 0.06 0.12 0.2~---} .4:1 I 

i --- "j----~---
I 51.22 I '>.58 

2 I 63.30 I 0.&0 

1.10 3.45 2.01 

1.~5 5.15 

5.45 7.73 

8.55 12.83 

3 11.66 1 o.92 1. 78 3.35 10.19 15 . .J(j 

4 82.98 0.98 1.91 3.62 6.58 11.1 0 17.2~ 

5 86.51 1.02 6.39 ll.BS 18.33 

10 1.07 2.12 ~. 11 7.65 13.~9 Z0.77 
I . 
I 

98.35 0.<.'6 1.96 3.97 7.71 13.80 21.9l 
____ _.__ ... -.. --· 
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T A ··~ . , 1_t W l " v 1 e•.1c r.nmn~A r... :-tu.T r;L)':r,u.-:Tro:; Et'FECT 

(' 'Cmn = . 9 1
·\· h.;,1i tl - 1.0 (i-u'. ) -:\• = : ... $ = .25 ... f•tin ' x t ' 
---------· 

e ~=- Conduction effect ~..::....- ?o ) 

I 
--+ 

_______ ..., .. -----
NTtto 0 0.025 0.05 0.1 0.2 0. 4 0.~ 

l '~ 7 . 40 0 . 07 l . (,2 2 . 90 ' •· 82 7.21 q. 57 

2 61.29 1.18 .2.16 t •. t J 7.08 10 .98 15. C9 

J 68.13 1. 39 2.65 lt.87 l.· . J9 13.10 1.8.11 

4 72.37 1. 54 2.94 5.41 9.32 14.54 20.11 

5 75.31 1. f-6 3.17 s.nJ 10.03 15.61 :?.1. 5<'~ 

10 82.74 2.05 ).92 7.1 7 12.16 18.61 15.35 

zo 33.02 2 ,1;3 4 .67 f, ·'·5 lit. 01. 21.04 2<' . 16 
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! 
i 

' f ... 
··'<:w ~ n · 1 . • t •.. " 1':: , , .: ., - l(,. = .25 

I C 1o C<')"J htJC t ton c t f.:. c. t - '7o 

i':~~ u --l__ __ "~-~~--0,0) 0.1 0.2 0 .4 f:. s 

0.'!) 1 . 1:, 
. ~ I 5. l ) ? 

' I 

2 I 6f .i.G 2.~5 4 .49 12.C£. 

3 7 7 J· f 1.'• 7 2.82 14 . 3::' 

4 82 .98 1.58 3.03 75.70 22. t ;~ 

5 86. 51 1.64 3.17 5.93 10 .41 16.62 23.5/ 

10 q •• • 3 '· ).i. l 11.56 18.67 26. {<': 

98.35 1.59 ~; . 26 6,1 f. lfi.rr 

·----------- .. -· . - -------
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~~· 14, ~I 1 ~ 
J.. • I, ~~.J- 21 L'J .:; f. Tl_' f),_ ~!i~;. ilE!.T c·wnuc;-r '[ 8!; EfFECT 

c,.!l i n / c;,J&l:~ D.5 Cr/C~in 10.0 (h.o\f~· "' l.s 
·~ 1.0 ::: = = , , 

. ------- ------ . 
e ?o Conduction effect J ·_ ?~ 

----

" l NTUo ' 0 
_.J 0 . 01 0.02 0.04 0.03 0 : c 0.32 

---

l .56.4~ 
I 

0.2S 0.53 0.98 1. 74 2.90 IJ. 37 

2 77. 3'• 0.37 0.71 1. 35 2.49 '·· 36 7.06 

3 87.30 0.3$ 0. 74 1.43 2.68 4.82 3.03 

'• 92.60 0.35 0. 70 1. 36 2.60 4.80 8.29 

;, 95.59 0.31 0.62 1.22 2. 39 '•. s~ 8.1 

10 99.62 0.10 0.22 .49 1.14 2.68 5.96 

20 99.99 0.01 0.01 0.05 0.23 1.02 3.65 
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II'~· . 
j', 

-~,; l •• 1.- 1 , I ,, 
·- ~~ ... I 
1--~~--t 

! 50.~7 : 
! 
' 2 

12.44 

76.43 

79.l0 

10 85. 41~ 

20 89.72 

0.01 

U. 2C 

0.35 

0.45 

0.56 

'If'•'' ' . 

Cr /Crain 1 . 0 ( h.\) - :\ to -- 0. s 

Concluctiora eff~ct) ~· ?o 

0.02 ,.,,03 0.32 

. 5) fJ.Ilo l. 7 ~ 3.91 

• 69 1. 32 ( .• 5(, 

.7R 2.78 s.o:, 

. 87 9 .Ol, 

0.89 l. 72 5 . 86 9.79 

l.09 2. 12 4.(\!) 7 e 11.95 

1.44 2.7') 4.95 8.5R 13.90 
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- - - - ---------

TABLl-.: 'l,'. 
••. f J.m:GITODH!.:\T_, m::.~.T COflDL'C1'1C·~: I!FFECf 

.;J !.n I<;.~:::< 0.5 r r /';.,in t.O (hA) ·-~ =As * 0 .25 = ' 
:; ::I • 

··-- ··--·- -------- -

l! % Conduction e f feet :.:=..:__ 5lo 
) ~-

I 

+ ------·-·----
I 

" NTUo \ 0 ~ n'J .0-+ .nn .16 .32 
~. 

.. 'Air 

-··-·-- - ----------
I I I 

I 50.21 

I 
0. ')!~ G. 65 1.13 2.(>1 3.12 4. :t; 

j 

2 I 64.39 0.3[! 0 . 75 1.42 2.61 4.47 6.89 
i 

3 70.93 
I 

0. 39 I 0.77 1.51 2.89 5.19 e. 3f: 
I 

4 74.91 0.39 0. 79 1.58 3.09 5.70 9.43 

5 77.57 0.40 0.81 1. 64 3.26 6.11 10.24 

10 114.12 0.49 0.99 1.99 3.97 7.53 12.71 

20 88.72 0.66 1.3~ ~ . 54 4.92 9.07 14.97 



-· -- - ------ ___ ... ___ - --

T.'.l\t?: ~5 LONGITUDINAL H£At CU1•Dl~~f1Cl: Ef'}' ~:CI 
I 

I 
' 

* * I 
<=min/Cnlax ~ 0.5 ' Cr/Cmin = 10.0 , (hA) = A~ a 0.25 I --- =J 
e 7o Conduction effect --_- ~0 

) 

-----
NTUo \ 0 . 01 .02 .04 .08 • 1 6 

.,, I I 
. ~4 

I 

! 
1 56.40 0.43 0.81 1.47 2 . 51 3.92 5.46 

2 77.30 0.)8 1.11 2.10 3.79 6.36 9.59 

3 87.24 0.60 1.18 2.27 4.?.4 7.42 11.66 

4 92.53 0.57 1.12 2.22 4.28 7.77 12.62 

5 95.53 0.50 1.02 2.05 4.10 7.73 12.99 

10 99.60 0.18 0.41 1.01 2.59 6.18 12.l'J 

20 99.99 I 0.01 0.04 O.Z2 1.13 4.29 10.59 

----
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A!'PENDIX 1 • 

Derivation of iterative ~quntionn.-

Equations (l) and (2) from pnge 5 cau be put in the fo l lowing form: 

- ·' \ , . l j - T. . 'J . ,A.' J • r) 
(1.1) 

-1 1 
X r' ' I ' ... ~ I 

J 
(1.2) 

where 

=- 1-j-

·~-

\.; ·..:. 
:;: ----\. --

\ 

and 

I._. 

\., .:: \ -

Equat ions (l.l) Dnd (1.2) may be 'rritten as 

(1. 3) 
\'-

l., 

and 

(1.4) 
' ) 

,-r 
J • 
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ily a.t"ling to equation (1.3) the procuct of (l+C
1

)(l.l+) an r.I 

_. ~ i 
(4) 

\-1herc 

and 

F1.·om equation (1.1) 

(6) 

where 

i\ 
) and 

I • 

For the elements from the first and last row equation (1.2) becomes 

(1. 5) 

and 

(1 . 6) 
\ '-
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rc s pt.:clivt:l~. I t .1.! s~mc pt·oct~dure ns bt•for c nnr.l solving for the ra.atrix 

outlet tcmpern t ure s, the follO\dng equations are obtnin(!d: 

·t ') (3) 

and 

I~ + ( 5) 
' -

fo~ the fi r st nnd l n s t row element s respect i vely, where 

snd LJ, 

Equations (7 ) a nd (8) 1nay be \-lt"i tten as 

I (1. 7) 
I 

nnd 

-I 

(1.8) 

Equntion (1. 8) r educes to 
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r 

t"'~~J~,j)- r'I"L(tJ ~-t-',6) = ~.z.LT·<.Nc,~ + > 
(1. 9) 

and 

-' / I 
~~ ....... 

- (', 
\· (1.10} 

for the first and last l"O\..r element s respectively, \.Jhere 

=- -- -

C,. \, 
/ 

= 
J-

By comparison of equations (1.7) and (1.8) with equations (1.1) nnd 

(1.2) it folloHs that the form is the same nnd only the coefficients nrc 

different. The same holds true for equations (1.9) and (1.10) with 

equations (1.6) nnd (1.5) respectively. By substitution the following 

equations are obt~ined: 

(9) 
-· F . 

0 •. 1) l
:t . f 
I l•'-J _ 1) -j 0 

• 

(10) 

= + r 'I + i 
'· t·l 

I I J 
( lJ.) 

for the first, middle and last row elements respectively and 
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{ 12) 

t.;hich is the same fot" ull the elements, where 

I 

nnd 
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J 
(1.11 ) 

n t:h~ energy balance cquo.tions, the sid(! ot ~~x wna nssumc:·i to be the 

hot t;toc a~ that by the Becond law of therrJodyn:unicr. 

::md fror.t f'quation (1.11) 

_; {1.12) 

Rean l"~n• t ·c equation (1.12) 

\, . 
\ ,_ 

(1.13) 

Again by the second law of thermodynamics the matrix temperature vHrintion 

in t he direction of fluid flow is ouch that 

(l.llt) 
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so that 

Substituting equation (1.16) in equation (1.13} 

--
Three cnoes ore investigated: 

1.- If c
3 

c2 then equation (1.17) becomes 

> -

2.- If c3 = 0 then equation (1.17) becomes 

> 
3.- If c2 - 2c3 = 0 then equation ( 1.17) becomes 

From the nbove cns~s it can be seen that 3 sufficient condition for 

equation (2) to converge is that 

Substituting the values for the constants and re~rranging yields 

56 

(1.15) 

(1.16) 

(1.17) 



vhich for substitution of the parameters gives 

/( 
'-, 

This condition is less strineent than for the middle row elements. 

Similarly, for the side o . C;t~ tu the sufficient condition 

for the middle row elements becomes 

which for substitution of the parameters gives 

For the fi~st nnd last row elem~nts it is found that 

which requires that 

is the sufficient condition . This again is a less stringent condition 

than that imposed by the middle rou elements. 
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conduction of he41t is includ~d, (Se~ page :" ) th~ differccttia.l 

equntions obt&int!d :tre 

for th~ aide of cmax (gna flowing f'rm!l 0 to = L); 

r 

and for the side of Crain ~reversed gos flow) _, 

\ T -

A temperature scAle can be us~d for Hhich the gas entranc~ 

temperature nt the side ot Cr:ti. n is zero and th~t at the &i.d~ o( C 
L.,:lX 

in unity. The boundary CO\ . ..t . t1ons are them 

and 



Computer program.-

The Fortro.n system "1aa used to program the problem for the CDC l601• 

digital computer. 

The Si): dimenoionlt"·tJB pt!t"llmeters a-re used as input togcthEc•t• with 
.. r~ 

increments and fnctors to change the vc.tlucs of N'fUo, and As, so that 

solutions can be generated for eeveral combinations of the par~m~ters 

lr7ithout having to feed into the computer these different seta of pnra-

meters every time. 

Another input is the number of subdivisions of the thrt:e stre:lrJs 

together with the increments, so th$t when the computer finishes th~ 

first series of runs for a given number of subdivisions it automatic3lly 

increasea the subdivisions by \:he specified increments .and the two v3ltlcs 

of effectiveness obtained Dre e~trapolated to an infinite number of 

subdivisions. 

In order to obtain the initinl estinl:ltes of matrix temperatures, 

the problem is first solved neglecting the longitudinal bent conduction 

ns explained previously. For this case the equations derived in AppcnJix 1 

are simplified to (for detailed derivation see Reference 1) 
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The iulet ullatr lx tt!•Jpt:rut.urc& neccsaary to initi~t~ the 

probler:t for zero heat conduction Are eatimnted by a ssulaing 1, 

(See ri:;. 1:) 1.nd feeding thizt value into the computer. The l"L"t!'.aining 

inlet matrix tcmpe1·atures are obtained from the relation 

,_ 
L 

The number of passes necess3ry to meet the desired accuracy in the 

solution changes accordinsly \rlith the initial estimates of matrix inlet 

temperatures, but considering that the computer time required to worh the 

problem for zero hettt conduction is so small cs compared to the cufJ~ with 

conduction, that these estimates do not become important. Only for high 

v~lucs ot C;r/Cmin these cstim3tes may be of sienificancc since for t~1is 

case the change in the reversal condi tion u!ter every pass is v~ry s ua ll. 

In gcnera1., it was found that an estimate, T, r 1 l) 
\ , 

of 0.4 to 0.6 

and 0.7 to 0.9 for Cr/Crnin " 5.0 

together with the above relation for TX'l ,l) should converge to the 

solution in a reasonable t ime. 

The temperature d i~tribution is calcul u ted by repetit ive use of the 

iteration equations. 

Tlu.· effectiveness may be defined as 

cr. ~l( ( t;.;,;. - rxo) 
c~ ( txi- t-n~) 

= 
tn.,-t,...(. 
t-.:.:.-r .... .._ 
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thereforeJ the e:<prcs3ion fvr effcctivencs~ for the defin i t i on reduce s to 

uhich is t~e expres~ion used f0 r the computation of the effectiveness. 

The heat balance error iB co~pated from the rel~tion 

which reduces to 

er ror == 
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The input parameters in fortr an not<ltion nrc 

J. 

Pl = ,.. jr. 
'-'rain "'lnnx ··· C jr. 1>3 = (hA) ~ , r -min ' 

pl'" = NTUo , P5 '"" _\ , P6 = As* 

\ ntt<l As* are ch"ttgec1
• by tl1e following The initial valurs of NTUo, · u u 

rclntions 

P4 -· P4 + 1'4IN 

P5 = P5'kP5FA + P5IN 

P6 = P6 - P6ll'·l 

'\~here Pl•IN, ?5F/,., 1'5lN, P6IN nre also i.nput values. The inputs P4FI, 

P5FI and P6FI are the final values of P4, P5, and P6 respectively. 

The program is '\<ll."ittcn so that the computer after t·lOrki.ng the 

ini.tinl set of pnn:ulleters, i· ;: 1:.:: ... -ccs '6 by P6IN every time \lntil 

P6 becomes less tha11 P6FI. Then it sets P6 equal to the initial value 

nnd chanBes PS. The p1~ocedure is again repeated until P5 becomes greater 

than PSFl. Then P5 is set equ3l to the initial vnlue and P4 is increc.sed 

by P4IN. The cycle is repeated until P4 becomes equal to or greater than 

63 



.. r ,• 

"": ' 1 .. t '. ~ ~·, 

,!) ·~ 

.- , 
L u. I i ..... •· ; .. • 



/2 COMPUTE IkA- L- T-x (-i-,-1-)..., 

S~T t x ( l,J ) 1.0 AND tn(1,g) = 0 

NO CONDUCT ION CASE 

CCMPUT~!. Tn(t,g) , e AND ERROR 

CONDUCTI O;: CASE 

23 COMPUT& CONS: ANTS 

24 SET M = 1 

25 ITERATION ON S IDE OF C.,.x 

26 ITERATi t ~ ON SIDE 01' Cmin 

27 COMP~TE e AND ERROR 

NO 

BY I NITIAL ESTIMATES 

YES 

r 
: 44 

l. 
SET As • • INITIA L VALUE 

YES 

YES 

no . 7• GE~£i<A L FLOW DIAGR AM 

6 5 

I C : 1, I!'lTl AL SUBDIVISI ONS 

I C c 2 , I:lCrt£ ·. •;rn~D SUBDIVISIONS 

R\;PLACE Tx( i ,1) BY 

Tn(f,llln•l) 

·--® 



IC • l 

i ll STORE 

Gci,l l. e. E~4o• 

__L 

:.;o:~J' fTE ~ST 1\~ ~S 

SET ~ s l 

j 6 JT~i-'.A"'-. !.' '•t ~. ')~ Cf C~RX 
7 I7E~ATION ON Sl~E CF C~i n 

8 COMJ'UTE e A~D EK~OR 

l:i! OR ~ Si Cl!'J .. 

110 

l 
15 CR£CK CONVERGENCE 

AND PRINT 

\13 STORE Tx(i,j)• Tn(f,g) 

iii: p;uNr e AND ERROR I 
I 

@ 

fl~ . 7b t"LO'II DlA ;.<AM fW :;o ~O~UUCTION 

66 

lES 

6 

1 8 REVERSAL CONDITION 

n rl,ACE Tx(i,l) 

Bt Tn(r,Hn•l) 
--------------~ 



- -
PROORAM 

Rt MARK.S 

1---
PROGRAM BAH'"E 

--

OIMENS1 0N TH! 4 0, 401, UH (40, 401, TC ( 40,4 01 ,UC !40 0 4 0 1 ,ERR ( 92 1 , TCO I 92), 

1UHC(4() 0 40 l oUC C(4 0 ,4Ql oUH 1 (401 ,UH2(401 ,EF!20,20 1 ,F11!20,201 

) FORMA.T ( 6F 5 . 2 1 

REA O 1, P 1, P2 , P 3, P4, P4) N, P4F) 

2 FORMATI61 5 1 IliPIJT 
NH • Hr, NH • N:z 1 NC • ID 

READ 2o NM ,NH,NC, NM1, NH (, NC 1 

.s f0RMAT(F5.31 

READ 3,UH( 1, 11 

E M~NM liiPIIT1 OB(l,l) • Tz(l,I) 

0 0 4 0 1 K= 1 0 NM 
ESTIMATES OF Tz( 1,1) 

~c K 

401 UH(K, 1 ) : ( !EM+1. 0 - E l•UHt 1, 1 1 1/EM 

4 FORMAT! 7F 7.21 
UPIJT 

REAO 4,P5,P~IN,I'~FA,P 5f 1, P6,P61N,P6F 1 

S~=P '> STORE INI Tl.I.L P5 AIID P6 
S6=P6 

5 NM2=NM+NMI 

NH2=NH+NH 1 NUMBER OF SUBDIVISIONS FOR 2Dd ROll 

NC2=NC+NC I 

NE 1=NM• !NH+NC 1 

RE 1=NE ( 

NE2=NM2• (NH 2 +NC l 1 

U2=NE 2 ilE • VARIABLE USW TO EXTRAPOLATE E"ECTI VI:IIISI 

0<:00 oo?-oo) 

E M2 =NM 2 

0 06 L = 1,NM 2 

t = l ESTIMATES Or Tz(i,l) FOil 2ad ROM 
R T = 1. 0- ( ( E -1 • 0 1 IE M 2 1 

6 UH2!Ll =UH( 1,11• ~ T 

7 f0RMATI//l4HNO Of EU ME'I I S3X ,3 1">, 4X , 3 ( 51 

WR 1 TE OUTPUT TA PE 2, 7 ,NM ,NH,NC, NM2 , NH2 ,NC2 

PR (NT 7 ,NH,NH, NC ,NM2 ,NH2, NC 2 

8 IC= 1 IIID1CATE.S let ROll, U.SING IIIITUL flo OF SOliDlY, 

9 EMcNM 

EH=Ntj FliED TO fLOATliiO POI NT CONVERSI ON 
ECcNC 

NMM~NM- ( I 

NHP=NH+ ( 
DEfi NI TION OP' NEW VA ~IABLES 

NCP=NC+ 1 

NMP=NM+) 

00 10 J = l,NH 

)0 TH!l,J1 = 1.0 

IJO 11 L= 1, NC 
SET tx (l,J) = 1,0 AND t,.(l, s l • o.o 

11 TC ( 1 l 1=0.0 -
12 A 1 0 = ( • 0+ EM/( P 1• ~ 2 • E H 1 + ( 2 . 0 • f: MoP 3 1 II P4 • P 1 • ( 1 • 0+ P 3 1 1 

A 1= 2 . 0 /A 10 

A20~1.0+(P 1•P2 • EH1/ EM +( 2 . 0 •EH•P 3•P2 1/! P4 • ( ) ,U+P.Sl 1 

A2•2.~/A20 

A30= I.Q+ EMI! P2 • fC I +( 2 . 0 • EM 1/I P4•! 1.0+P.S I 1 
CONSTANTS FOR Tl!li: 110 CONDUCTION CASE 

A3=2.0/A30 

A40 = 1 .O+!P2•EC 1/EM + ! 2.0 • EC•P21/!P4•( l.U+P31 1 

Alo=2.0/A40 

c HOT S 1 OE NO CONDUCT I ON 

121 M•1 M DENOTES PASS NUMBER -
13 00 15 J = 1,NH 

[JO ,.., 1= 1, NM 

TH( 1+ (, J) = TH ( 1 , J 1 +A 1 • ( UH ( 1 , J 1- TH ( 1 , J 1 1 
I TERA'rl ON 011 SIDE OF C01u 

15 UH (I, J+ 1 1 =UH (I 1 J 1->\2 • ( UH ( I , J 1- TH ( 1, J 1 1 

c COLO SlOE NO CO'lllUC TION 

flO 17 K= 1, 'IM 

17 UC!K, 1 1•UH! NM + 1-K , NH+ 11 

00 19 L = 1, NC lTililATIOII ON SIDE Of CaiD 

0 019 K= !,NM 

TC(K+1,ll ~ TctK,l l +A.S• (UC (K,ll -lt (K,L 11 

)9 UC ( K ,L + 1 1 =UC! K , L 1 -A4 • ( UC ( K ,ll- TC! K ,ll 1 

G1=0. 0 

00 2 0 J =1 0 NH TRO • (t•(llr•l,j)J ns 
20 G 1~TH(NM+l,J l+GI 

THO=G1/tH 
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G2=0.0 
------------------

0 0 2 I L = I, NC TCC EFFECT! VENESS 
2 1 G2~ TCINM+I ,LI+G2 

- -{~~ ::: =~~~~~"P'I•~T~C~O~I7.~~171 7/ 71 '1 .~i~J-~T~,,~071----------------------------~------------------------------------------~ 
IF H RRIMI 123 , 2 4 ,?4 I COHPUTE HEAT BALJJi CE ERROR Ali D COMPARE I T 

23 ERR I MI =- ERR IMI ~ITH MA XIIIUII SPECI FI ED 
2 4 I EI ERRIMI - 4 . 0f -6 1 30,30,2 5 

I 25 lfi9 0- MI 26,26 , 215 
----~ 

~--2-6---IF I ERR I M-1 1-E RRI I' I I 2~ , 2~ , 21 ------------------~-- - ----------------------------··-----

I 
27 

28 
I 

PAUS E I I 

IFISENS E SWIT CH II 32,1 21 

2'1 PAUSE I 2 

GO TO 2tl 

215 00 22 I=l,NM 

22 UHII,II~UC I ~M+I-I,NC+II 

M•M t I 

GO TO 13 

~0 l2=TCOIM-li - TCOIM I 

IFI T21 301,302 , 302 

101 T2=-T2 

302 IF I T2- 4 .0E-61 305,305 , 2~ 

305 IFII C- 11 3 1,3 1,33 

31 IJO 3 12 J =I ,N M 

3 12 UH IIJI =UH IJ,II 

Ef ii,II = TCO IMI 

ER II,Il = ERR IMI 

--~~0 3'1 __________ _ 

FORMAT I 4F H. 2, I 5, F I 0 . b, F •I. ~ , I j I 

PR INT 32 , PI,P2,P3,Pb,M,T CO I~I, ERki"'I.IC 

P WSE 13 

IF I SENSE SWITCH II 321,121 

CH ECK CONV!:RGEIICE 

PAUS E 11 = SOLUTION CONVE R(;ES 

PAUSE 12 = SOLUTI ON DIV~RGES 

+--------------- -
REVERS AL CONDITION 

---------------·-
CE ECK DIFFEREN C~ I ll EFFECTIV ENESS Ill 

THE LAST TVI C PASSES 

--------------~------------------------------

STOilE Tx( 1,1) EFFECTIV'=N ESS AIID 

ERROR FOR TRE lo t RUN 

j 

~~32~1 ~I~f~I ~S~EN~S~E~S~W~l~T~C~H-2~1-1~,~3~2~2 _______________ _________ _ --·---i-----------------··· ·-
322 NM=N M2 

NH=NH2 

NC=NC 2 

GO_ T0_2 __ 

33 EF F= T COIMI •I I.O+REI-EF II ,II• H~ 

III=Eff 

I I IICREASt NO. or s u BDIVIS IONS AND REPUT 

lot RUN 

EXTR APOLATE EFFECTIVENESS AliD STvRE 

--

-- -r-----· ------------------------ . -· 
3 4 FORMA TI//4 F6.2, 16X , 21 F 10 .6, t 9 . 2 1, f 10.61 

'MR]IE OUTPUT TAPE 2,.~4,PI 1 P/,P3,P~.J, E FI1 1 1 1,fKil,II,Tf0(""1,EKKI""'),I 

0 0 35 L=I,NM ------------------~)f~F~F, I 
35 UH2 I LI=U HIL, I I ' STORE Tx(i,1) FROH 2nd RUN 

40 

4 I 

42 

IA=2 

I B= I 

DO 4 4 I=I,NM 

00 4 2 J= I,N HP 

UHCJ I , J I =UH I I , J I 

43 00 4 4 L=l,NCP 

4 4 

50 

5 I 

I_ 

UC tl I , Ll =UC I I , l I 

CONSTANTS 

EI = I P4• 11 .0+P 3 1 l/12. 0 •f ~ I 

Eli = I. O+EI 

F2 =1 P2•E CI ![M 

E3 =0.5 • P5•EM 

E4=EI+IE 11 • 1 2.0•E3+E211 

E5=~ 1 +1EII•I E 2+~311 

Fl = 12 .0• E II H4 

F2=1EI+IEII• 12. 0•E3-E2111ttb 

F 3= 1 E3•E III/ E4 

F4 = 1 1.0-E l ilt II 

F5= EI/EII 

F6= 1 2 .0•E ll /t5 

f1= 1E 1+1 E II•I E3- E21 IItt S 

FB= IE 3 •f 1 1 1/t- 5 

C I = IPI•P4•1 I. O+P ~I Ill ? . O•P3• t" l 

C ll = I.O+ C I 

C2• 1PI•P2•FHI/EM 

C 3• I P I• P 5 • E ~ Ill 2 . 0 • P 6 I 

C4= C It I C I l •I C 2 + 2. 0 •f .ll I 

C_!!=C I+I C II•I C2 •C.31 I 

--·---r -
I SUBSCRli'I'S FOR ERROR AIID EFFECTIVENESS 

~---

UHC(I,J) = Tx(i ,j) UCC(l, L) ~ To (r ,s) 

FOR CONDUCTION CASE r-
1 

I 

I 
I 
I 

CONSTANTS FOR COII DUCTHII CASE 



DI•I2.D•CII/C4 

D2•1Cl+ICII•1 2 . ll•C3-C2111/CII 

D3•1 Ci•C 111/(.4 

D4=1 1,0-C I 1/C II 

05=C Ill II 

D6=12.0•CIIIC5 

07•1 CI+ IC II•IC3-C2 1 J l! CS 

08 =1C3•C III/C5 

5i M• I 
C HOT SIDE WIT H CONOUCII D•' 

60 OD 6 7 J • I , NH 

l=) 

6 J UHC I lo J+ I I =ll6• T HI I, J J -ll7•UHl I J, J J t D8 • I Uf<C I 7 , J ) • UHC I 2 , J t I J J 

THI2,JJ=04•THI I,Jlt DS •I Uf<CI J,JJtUHCI J,JtlJ J 

62 llll64 1=2 0 "1MM 

UHCI l ,J+I l =ll l•THI l ,JJ -O< • UHC I I ,JJ+O.S•IUHCI 1-I ,JI+ UHCI l-J ,J+I It 

I UHC I I+ J , J J +U HC I I t I , J + I J J 

64 THI)+I,JI=04•THII,J l+D 5 • WHC II,Jl+ UHC II,J+lll 

UHC I NM, J+l ) •06•THI NM, J J-C7 • LHC I N~ , JJ t D8 •I UHC I NM", J J tUHC I N~ M, Jt J J I 

66 THINMP,JI •04•lHINM,JJt D5•(UHCIN~,JJtUHCINM,J+I II 

l=l+ I 

lFI3-ll 67,67,61 

CD~6TANT6 FOR CO~DUCTID~ CASE 

ITERATID~ P1i SIDE Of Caax 

TWO PASSES PER COLOHII 

67 

68 

69 

CONTINUE 
- -- - t- - ~----- --- · --· 

c 
10 

II 

12 

DO o9 K•),NM 

UCCIK,I I =UHCINMP-K, NHPI 

COlO SIDE WITH CONDU CT I ON 

llO 7'> l=I,NC 

J= I 

UCCI l,l+II=F 6 •TCI I ,li -F7•UCLI I ,L I tF~ •I UCCt2 ,li+ UCCI 2 ol+lll 

TCI2,li=F4•TCI I,Ll+F '> •I UCCI I ,LJt iJCC IIolt II I 

DO 73 K=2oNMM 

UCCIK,L+II=F I•TCIK,L 1-F2•UCCIK,li+FS•IIJCCIK-I ,LI +UCCIK-1 ,L+ I It 

l UCC I K + I, L I +UCC I K + I ol t I I I 

13 T C I K + l, l l= F 4 • T C I K, L I +F 5 • I UCC I K ,ll + UC C I K, l t I I J 

UCC I NM, L+ I ) • F6• TC I NM ,l )-F I• UCC I NM ,lJ t F ~ • IUCC I NMM, l J t UC C IN~~, l t I J I · 

74 TCINMP,Ll•F4•TCINM,LI• F5•1UCCINM,L J•UCC I NM ,Ltlll I 
J=J+ I 

IFI3-~J 75,75,71 

15 CDNT I NU E 

G I=O.D 

DO 76 J • l, Nil 

76 GI • THINMP 1 JltGI 

~----~T~H~O~=~G~I~/t~H~----------------------------------- ---------------­
G2=0.0 

00 16 l•I,NC 

16 G2=TC I NMP, Ll +G2 
T_f_O~I•G2/FC 

ERRIMJ•J.O-IPI•TCOIMJ lit 1. 0- TttO I 

IFIERRIMII ll0 , 60,HI 

60 ERRIMJ=-ERRIMJ 

81 IFIERRtMI-4. 0E-61 90, 9_Q,.Q 

~2 lft90- MI 63,1!3,6'> 

8 3 IFIERRIM- 11- ERR IMJ J tJ 4, B4 , 81 

ll4 PAUSE 22 

641 IFISENSE SWITCH IJ !l42 o5 .l 

1!42 IFISENSE SWITCH 2 1 6A , 884 

85 M=M+ I 

00 86 1• 1, NM 

6 6 UHCI I, IJ=UCC:I"'MP -t,NC~ J 

GO I 0 60 

Ill PAUSt 21 

GO TO 64 I 

86 If I I C- II 881, 681 , 682 

6KI Efl JA,!BI • O.ll 

ERI (A,16l=O.O 

(i.!L.!_O_ 97 

662 FORMATIIIHSOL OIV FDRLI , 1 8X , E? . 7 ,f 8 . 7. , 2 tFI0.6 , ~'1 .7J J 

WRITF OUTPUI TAPE 2 , 8~2 , I C , ~S ,P6,f' F( ( A, 181,~RI lA, (Ill, TCn(MI, , Rtl ( MJ 

, __ !;Q.lQ...9L __ --- -----

ITERATID~ D~ SID& OF Cmin 

TIIID PASSES PER CDLOHII 

j 
I 
I 

I 

-~ 

I 



FORI'IAT!It F6.2 1 E8.2 1 fi! . 7 , 2 X,I l , F 10 . 6 , (9.7 1 

PRINT 81!1t 1 P I,P 2,P 3 1 P 4 1 P ~ 1 P 6 , I C ,T CO !M 1 1 F RR ! ~ I 

PAUSE 23 

IFIS ENSE SWITCH 1 1 66 5. ~3 

865 IF!SENS E SW ITCH 21 114,A e 

!1 9 IFIIC-11 89 1, 891 , 93 

691 EF! IA,I6l=ICO!MI 

ERI IA,I61 =E~ R!M1 

GO TO 102 ------------
9 0 TI = TCOI M-11-TCO!Ml 

IFllll 91 1 92,92 

9 1 TI=- TI 

Y2 IFI T I-4.0E-bl 69,69,82 

L 
I 

I 
93 EFF=TCO(MI•li .O+REI-FF! IA,t e I• Rt 

-~6~2~·~l~I ~R~1-~E~F_F~I~•~I~O~O~· ~O~I/~A~I~~~~~~~~~~~---------------r--+-------------------------· 
FORMAT!3 2 X,EI!.2,F6.2,2!F 10 . 6,E9 . 7 1,F I O. o ,r 8 . 3 1 94 

WRITE OUTPUT TAPE 2 , Y4,~ S ,P h , Ef I l A ,! P. I, tH !IA,! 6 l,T CO l~l , ERR!~I ,HF 

1,62 

IFISENSE SWIT CH 31 9~ ,1 0} 

FORMAT l F6. 2, E 9. 2, fA. 4 I 

PRINT 95,P~.~5, 8l 

1-. G_Q_ TO_ 102 

ly7 00 974 I =l,NM 

1 971 00 972 J=I,NHP 

9 72 UHC l I , J I =UH l I , J l 

9 73 00 Y71t L=I 1 NCP 

974 UCC!I,li =UC!I,ll 

I02 IF! SENSE SWIT CH .ll 13 1,1 32 

131 FORMATl/~F6.2,E A . 2 ,f 8 . 2 , 3X ,! 3/ li ~F7 .4ll 

WRITE OUTPUT TA PE 3,13l,Pl, ~2 , Pl , P 4,P ~ , P6 ,I f , 

ll _lJ_H~ IJ, 1_1 1 UCC!NMP -JoNCPl 0J= I, ~M l 

132 Pb =P b-Pb IN 

16= 111 +1 

lf ! Pb-PbF il 103,103, 5 1 

103 Pb=Sb 

-- _ __!!I= I 

104 P S=PS•PSFA+P~IN 

lA= lA+ I 

IFIPSF I-PSI 105, 50,50 

105 PS=SS 

IFIIC-11 10b 1 IOb,IO!l 

lOb IC=2 

NM;=IIH2 

NH•NH2 

NC•NC2 

DO 107 K= I 1 NM 

107 UH(K,Il=UH21Kl 

GO TO 9 

101! IFlPitfi-Pitl 1 13, 11 3,109 

109 Plt=P4+PitiN 

NM=NM-NM I 
NH•NH-N H I 

NC=NC-NC I 

00 I II K= I, NM 

Ill UH(K,Il=UHilKl 

GO~ __ _ 

113 PAUS E 50 

IFISENSE SWITCH II 114,1 

lilt DO 115 l•I,NM 

115 UH I L, II =UH2 1LI 

GO TO 5 

ENO 

ENO 

/ 0 
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Effect of longitudinal heat conduction o 
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