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SUBCOOLED FLOW BOILING MODEL
ASSESSMENT AND DEVELOPMENT

Xiaowei Meng!, and Ronald D. Boyd2

EXECUTIVE SUMMARY

The physical phenomenon of forced convective boiling is probably oneI of the most interesting and complex transport phenomena. It has been
under study for more than two centuries, Simply stated, forced convective
subcooled boiling involves a locally boiling fluid: (1) whose mean temper-
ature is below its saturation temperature, and (2) that flows over a surface

- exposed uniformly or non-uniformly to a high heat flux (HHF) In physical
cases where it is feasible, flow boiling is one of the most efficient techniques
of transferring HHFs. A precise knowledge of subcooled flow boiling is

I essential in many engineering applications, which include research fission
and fusion reactor components, high-power synchrotron and optical com-

| ponents, and advanced electronic component packaging, Such examples are
characterized as HHF applications which can only be accommodated by
subcooled flow boiling.J Accurate subcooled flow boiling conditions are usually represented by
the boiling curve, which describes the relationship between the applied heat

I. finx and the wall temperature, and hence the heat transfer coefficient for
the given flow conditions. Complete and accurate representation of this

| curve for HHF applications requires the identification and characterization
of various flow regimes and transition boundaries which include: (1) single-

I-
phase (sp) heat transfer regime, (2) _ onset to partial nucleate boiling (ONB),
(3) partial nucleate boiling (pub) heat transfer regime, (4) onset to fully de-L
veloped boiling (OFDB), (5) fully developed boiling (FDB) heat transfer

|: regime, and (G) the critical heat flux (CHF).. Although much work in char-
acterizing the boiling curve at low heat flux levels has been completed, there!

| are still many uncertainties and inaccuraties in HHF applications.

I 1 Graduate Student
| 2 Honeywell Endowed Professor of Engineering and Director of the Ther-

mal Science Research Center (TSRC)
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' |_ The objective of this research is to assess and/or improve!our present
ability to predict local heat transfer and critical heat flux in the subcooled

g flow boiling regime for the case of uniformly heated coolant channels. This:
requires an accurate and complete representation of the boiling curve up to
and including the critical heat flux.

This interim report is not intended to report all the work which has-
been completed or that is in progress. Rather, it is intended to represcut
some of the preliminary results. Certain sections in this report have only one
section and are usually denoted by .1 (e.g.,4.1) in the text. The implication
is that additional sections will be added to form the final report. Regular
sununaries of the progress of this research, which are enclosed in Appendix
D, have been reported to the Nuclear Regulatory Commission.

Several existing heat transfer models were examined for: (1) accurate
representation of the boiling curve, and (2) characterizing the local heat
transfer under HHF conditions. Comparing with HHF data showed that
major correlation modifications were needed in the pub region. Since the

g slope of the boiling curve in this region is important to assure continuity of
the HHF trends into the FDB region and up to CHF, accurate character-
ization in the pub region is essential. Approximations for the asymptotic
limits for the pub region have been obtained and have been used to develop
a new correlation. The developed correlation has been compared with 365
water data points. The agreement is encouraging. In predicting the local
heat transfer coefficient, the over-all percent standard deviation (psd) with

g respect to the data was 19% for the high velocity water data. The over-all
psd for the absolute wall temperature was less than 3.0%. The conditions
for the water data included an exit pressure of 0.77 MPa, exit subcooling

5varying from 50 to 85 K, and Peclet number greater than 10 .
In order to increase the range of the physical properties of the data,

j 155 freon-11 data points were also compared with the modified correlation.
However, the freon data were obtained originally by making local circum-
ferential outside wall temperature measurements on the test section. These
measurements were numerically converted to values of the local inside wall
temperature and local heat transfer coefficient. Prelimiary comparisons
show that the absolute wall temperatures were predicted to less than 3.0%
However, additional improvements can be made' to the numerical model for-
better correlation with the local heat transfer coefficient.

Many HHF devices have very narrow channels or employ heat transfer

..

11

i
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I
! enhancement schemes such twisted tapes, composite materials, and hyper-

vapotrons. If effective flow parameters such as the Reynolds can be defined

| for these schemes, the present envolving modified correlation may prove to
be applicable. .

I
I
I
I
I
I
I
I
I
I
I
I
I
I
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NOMENCLATURE

2A area, m

.I
2A, cross section area of tube, m

2A, extenial tube surface aren, m

2
A half node area in heat resistance formula, mi

2
A quarter node area in heat resistance formula, m

I t nstant in Kandlikar's equationa

| Bi Biot number, @

Bo Boiling number

I
L constant in Kandlikar's equation

c, specific heat, g>y

D inside diameter, m

f friction factor in Petukhov's correlation

I -

fi friction factor in Shah's correlation

| G mass velocity, ,A,f,

h heat inmsfer coeScient, ,,,i?c,

ha heat transfer coefficient for total flow assumed to be liquid, &

h3 partial boiling heat transfer coefficient, m ?clp

h,p single phase heat transfer coeflicient, ,,,I!c

h,p fully developed boiling heat transfer coefficient, ,,,ISc

: .

Xi

' d

l'



. --

s.

'

h(i) loctd circumferential heat transfer coefficient, ,,%g

i enthalpy of fluid, f ~

enthalpy of saturated liquid fif

i, latent heat of vaporization, ff

i,nte, inlet fluid enthalpy, f

'I i,, g e exit fluid enthalpy, f

i (2) local fluid enthalpy, f6

1

K3 constant given in Petukhov's correlation

I
16 constant given in Petukhov's correlation

k thermal conductivity of tube, ,j[c

thermal conductivity of liquid, ,j[gkf

L length of channel, m

Nun Nusselt number, by

Nu,p Nusselt number in single phase

Pc Peclet munber, "7'

I. P,14, exit pressure, MPa

| Pr Prandtl number, Y

Prf Prandtl number for liquid

Q total applied power, W

QI power loss, W
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1. INTRODUCTION

Flow boiling heat transfer plays an important part in engineering and in today's

high technology fields, such as space station energy system, microelectronic devices, and

nuclear facilities. Based on theoretical and numerical analysis and the large amount of

data, investigators have been able to create advanced software to both predictions of local

heat transfer and experimental data reduction for single-phase flows in vertical channel

geometries with uniform heat flux boundary conditions. Although it has been known

for decades that flow boiling increases and enhances heat transfer, little or no attention

has been given to advanced heat transfer development for subcooled flow boiling inside

channels or ducts with unifonn circumferential heating.

This work deals with improved ways to characterize the local heat transfer inside

circular channels. The objectives of the present work are to assess: (1) and if need be to

develop a composite correlation which can be used to predict local (axial only) heat transfe>

coefficients for turbulent subcooled flows with and without boiling in uniformly heated

channels, and (2) the present capability of critical heat flux correlations and propose an

approach for future development. Unless otherwise noted the local heat trans.'er cocflicient

is defined u
il

L eal (1_1)Tw(p,2) - T (2),6

-
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Dolling heat transfer is defined as a mode of heat transfer that occurs with a change

- in phase from liquid to vapor. There are two basic types of boiling: pool boiling and forced

- flow boiling. From the forced flow boiling point of view, the working fluid is defined in -

several regimes (see Figure 1.1)f single-phase flow, subcooled boiling and many configu-

rations of saturation boiling. Figure 1.1 shows a typical boiling curve which shows the

change in the wall temperature superheat, Tw - T,,,, as the heat flux is increased. Much

work has been done on each region of the boiling curve and each flow regime in the past

flve decadesl'8 "), and people are still investigating the mechanisms and behaviors of the

fluids which are subjected to flow boiling.

Flow boiling has been applied not only in modern industries such as power and chem-

ical process plants, but also in the high technology areas such as nuclear facilities, space

station and electronic cooling. For such applications, it is not always convenient to use a

limited family of fluids. Therefore, it is still very important to obtain knowledge and infor-

mation for a variety of fluids, so that increased incite can gained in the energy transport

rucchanisms and the changes of flow regimes.

In Figure 1.2a, the region labeled " local boiling" includes single-phase and subcooled

flow boiling. Subcooled boiling is an important regime of flow boiling which can be used

to significantly enhance the heat transfer. The mechanism of phase change and transition

I.
from one region to another in highly subcooled boiling are so complicated and unstable

that investigators have not understood them in the past. The present work provides

investigators: (1) tools to predict local (axial) subcooled heat transfer coefficients, and (2)

i local (circumferential and axial) two dimensional (2-D) reduced data and mean data for the

3
|

|
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l

heat transfer coefficient inside uniformly heated flow channels. The primary data sources

_

are from: (1) the highly subcooled water flow boiling experiments of Boydl8'7'"'"I, (2) the

Freon-11 flow boiling enhancement work of Smith and Doyd!"), and (3) the chtssical water

flow boiling work of McAdamsl381. The range of flow parameters is given in Table 1.1. Since

gravitational effects are negligible compared to inertitd effects, quatitative comparisons

of the local (axial) heat transfer coeflicient and wedl temperature are possible for the

water data. Since such effects are not negligible for the frcon-11 data, only qualitative

comparisons are possible with the present predictive flow boiling model.

The present results will be extremely useful for heat transfer research and industrial

design. For example, the composite subcooled flow boiling correlation should be applicable

to any subcooled flow and any fluid as long as gravitational effects are not important, In ad-

dition, local (axial and circumferential) heat transfer coeflicients have been obtained from

local wall temperature data of Smith and Doydt") for case freon-11 flowing in uniformly

heated smooth surface channels.

I
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Table 1.1 Data Parameter Ranges

FluidI #' '
Water Freon-11

* Mass velocity 4.4-36.0 1.22 0.21-0.281
2(Mg/m s)

* Exit Pressure 0.77-1.66 4.1 0.186

(MPa)
Inlet Temperature 20.0 116.8 22.2*

('C)
* I.D. of Channel (cm) 0.3 0.064 1.07

* Channel Orientation Horizontal Vertical Horizontal
(important?) (No) (No) (Yes) -

* Enhancement Subcooling Subcooling Subcooling
.

,

' Type Heating of the Uniform Uniform Uniform
Channel

*Inside TW and h Z Z Z and phi
dependence

'

' Flow Regimes Subcooled Subcooled Stratified
and Subcooled

Data Source Boyd ) McAdamsM33 Smithl303 andt6
_' Boyd

Number of Data Points 354 9 155

I
I
I:

I
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2. LITERATURE SURVEY

The single-phase and flow boiling literature is voluminous. However, closer inspection

of the literature related to subcooled flow boiling reveals a spare number of sources. Much

of the literature covers saturated flow boiling which would include a large number of the

flow regimes characterized in Figure 1.la as " bulk boiling." Since the correlational devel-

I
opment in the present work is restricted to subcooled flow boiling and single-phase heat

transfer under the above noted conditions, our attention in this survey will be restricted

accordingly. In the second part of this interim report, we seek to reduce the subcooled and

bulk boiling data of Smith and Boydl31

2.1 SINGLE-PHASE CONVECTION AND FLOW BOILING

I
Decause of the strong emphasis on subcooled flow or " local " boiling, only a repre-

sentative number of literature sources will be summarized, These sources will be selected

based on their foundamental nature, long history of use, or direct relationship to data

summary shown in Table 1.1 In this section, the survey will characterize three subcooled

regimes as well as any literature with single-side heating The three subcooled regimes

include: (1) the single phase (SP), (2) partial nucleate boiling, and (3) fully developed -

boiling (FDB) regimes.

3.1.1 Single - Phase Heat Transfer

A large number of papers have been published on single-phase heat transfer. Many

7
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; correlations are available for forced convection for a wide range of flow parameters (i.e.

Pr, Re, Pe, etc.) Some currently used correlations include:

I
(a) IInusen'stal correlation for developing laminar flow for an isothermal tube,

'|.

I 0.000S(y)RenPr .

(2.1.1 - 1)
1 + 0.4[(@)RevPr]I , wherc

Nuo = 3.00 +

I
" " ' + "'"' '

Tnef = " ] '" = Tg ,, ,
2

I (b) Dittus-Boelter'sl31 correlation for fully developed turbulent flow,

8Nuo = 0.023Reij Pr", where (2.1.1 - 2)
,

4 610 < Re < 10 , 0.7 < Pr < 100,

n = 0.3 forheating ihc tvall, n = 0.4 for cooling the toall

1:

Tn,j = Ts

|

p| ' Although this correlation is not the most accurate, it is one of the widely used corre-

L
1: lations.

(c) Sieder and Tate'slil correlation for fully developed turbulent flow,
'

-

R
_ . _. - _
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i

Nun = 0.027Re}/Pr1(d)0 ", where (2.1.1 - 3) i
la |

w

i

Tn,f = T .3

which is more accurate than the Dittus Bolter correlation, applies for all values of |Tw -

T6|, and applies for the remaining parameter ranges given above for the Dittus-Bolter

correlation;
I-

(d) Petukhov'sl51 correlation for fully developed turbulent flow, was admitted to give

the best result for single phase heat transfer in late 1980's,

I
({)RenPr ( p6 ),, (2.1.1 - 4a)Nun = ,

1.07 + 12.7[(Pri - 1) F"I
f = (1.82 logia Ren - 1.64)-2, where (2.1.1 - 4b)

.

-

0.11, for liquid when Tw > T6
n= 0.25, for liquid when Tw < T6,

0, for gases and constant heat flux boundary conditions, and

I
Tn,f = a(Tw - Ts) + T , 0 < a < 16

4 810 < Rep < 5 x 10 , and

9
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I
| where o is a function of Pr. Petuhkov's correlation is still the inost accurate single phaselil

turbulent correlation for fully developed flow His correlation han been used exclusively

in the work that follows for the coadition of n = 0 for constant tube widl heat flux and

a n 0.5.

I
I Many heat transfer text books gave the inconect reference teinperature for Petukhov's

| roticlation.13nsed on coinpnrisons with high velocity data, Lloyd and Meng'1 concludedl

that the reference teinpcintuie shouhl be the fihn temperature for water. Figure 2.1,2.2,

I iuul 2.3 show Petuhtov's coriciation coinpared with lloyd'al'l high velocity single-phase

| data for two exit channel pressures for cases where the reference temperature is the inlet

temperatuiel71, the mean bulk temperaturel'l, the local bulk temperatureifl, and the local

film temperature, Tja,,, = I" Ly*, The latter reference temperature clearly yichts the

better result. Figure 2A and 2.5 show exnmples of usi g P-!nhkov's recommandation of

the Prandle nuinber depandence for the icference temperature, rather than the local fibu

temperature. Again, the latter temperature gives ' tter results.

I
lDoyd and Meng'l compared Petukhov's correlatina with Dittus-Doelter's correlation

I
for subcooled water (e.g. see, Figure 2.0), Petukhov's correlation with the above modi-

fications gave note accurate results when comparing with the experiment d data under

2condi, ions of Toa,i = 20''C, G = 4 A to 30.5My/m 3, P,,o = 0.77 to 1.00MPa. This will

be discussed in more detail below.

'
10
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I
| 2.1.2 Partial llvihgq

I
In 1904, llerglen aml Hohsenowl'1 ntroduced a siinple interpolation forinula for incip.i

icut boiling horn a sundl sunount of experimental infonnation; i.e.,

I
= q[sp|1 + {k/l'!(1 kN8)}2]I (2.1.2 - 1)

"

(;| Usv 4ron

Frost and Dzahowield) developed the following relationship between superheat and

heat flux for the condition of OND.

6T,at,oun = { Jijo jp,"' ]" Prf (2.1.2 - 2)'N"
k

| where J is always 1.0 in SI unit, and T,., has the unit of K. This correlation can be used

for inany different fluids, including water and refrigerants. Ilowever, this conclation is not

as accurate as the 13ergies and Hohsenow at ON13 for water. The 13ergies and flohsenowl'1

correlation only applies for water, cuid is given ns

.

6T.. ,oen = 0.550[10S2p * ( ~

l

Collierl8l sununarized linear connections between single phase and fully developed

I
boiling in his 1972 text.

.

An exponent equation which was intended to innprove partial boiling fitting was, given

by 10uidlikarI301 in 1988. The connecting line in partial boiling region is a non-linear

relation between surface heat flux, g', and wall superheat, AT,,,. The equation is

I. 14
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'1

: >
.

.,

!

g q"pn = a* + h*( AT,. )"' (2.1.2 - 4a)i

a

where "PII" denotes partial nucleate boiling,I
(' -9""}

1 1.2 - 4h)h* = A T,,,,e - b T,at,on n 2

a' = q' un - h* AT,,,,oun (2.1.2 - 4 c)

m := n + pg" (2.1.2 - 4d)

'

1

(2.1.2 - 4c)p= .. .

92~GoNU

| n = 1 - pg"o u n (2.1.2 - 4f)

lOtndlikar noted that this approximate connection gave better results than Collier's

linear connection. In June of 1991, Doydl331 noticed abnormalities with the above ex-

pressions and noted the abnonnalities to I(andlikarl 31. Boyd'sI'll modification resulted
!

in a more accurate approximation (this will be demonstrated below) which required the

' parnmeters n' and h* to be functions of the local heat flux; i.e.,
l

q"p3 = a + h( AT,,,)'" (2.1.2 - 5a)

9 ~9"
b = AT,",',,g - 6TOs,oNa (2.1.2 - 56)

c

a = q" un - hATEt,onu (2.1.2 - 5c)I o

I 15
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where a and b replace a* and b' in equation (2.1.2-4a). Fbrther, the equations for m, p,

and n are identical to those reconunended by Kandlikarl 01 above. The recommendations

given by Kandlikar resulted in the discontinities at the intersection of partled boiling and

fully developed boiling, which could severly effect the accuracy of the entire prediction.

This will be demonstrater'. below.

Boyd's approximation has been tested via experimental data for water. The results

were within 18.0% percentage diviation. In partird boiling region, Boyd's approximation

| improved the current correlations, and further modifications will be seen in this work and

reference [7).

A number of correlations have been proposed in literature specifically for water. The

eqi ation provided by Jens and Lottes!'l s widely used; e.g.,i

AT,,, = 25g"o.2s - 6 (2.1.2 - Ga )c

I This correlation covers water temperatures from 115"C to 340*C, mass velocities from

| 11 to 1.05 x 10 kg/m s, and heat flux up to 12.531li'/m ,4 2 2

An improved correlation from Thom's was reported by Collier as

AT,,, = 22.05 " 5e O. (2.1.2 - Ob)
-

9

I
Here p is the absolute pressure in bar, AT,,, is in *C, and the heat flux g" .is in

2hill'/m .

10
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| Iljorge et ajlial correlation covers subcooled and satureted boiling for water. In the

region cadled subcooled ami low quality region, the correlation was given as:

9 = (9} c + 9!i[1 -( ,' '''' )']' } " (2.1.2 - 7a)
,,

vrc = 4rc( AT,,, + AT,c) (2.1.2 - 76)

The forced convective heat transfer coefficient, hrc, for their correlation is calculated frorn

following equation

"{ = 0.023Re}'( )I (2.1.2 - 7c)

I The subscript f tuul b indicate that property should he evaluated at the flhu teinperature,

T ,,, and the liquid bulk teinperature, T5, respectively. AT,,,,56 is cedied the superheatf44

at the incipient boiling point. It is related to the radius of the point of inngency, reon,;

I.
for re.n, > r,n o,,

1 1

AT,,,,a = 1 - N (4f,A, - N AT,c); (2.1.2 - 7d)

for r,o n, < r,no,,

1

AT,,,,a = p[1 + (1 + 4 PAT,c)"), (2.1.2 - 7e)

where

4 **'"I'' (2.1.2 - 7f)-r ,n, = hjpasat,ibe

' 'l'

P = 86 T,,,vj,hrc (2.1.2 - 7p)

N = ' FC#'"" ' (2.1.2 - 7h)''I
In the equations above, r,na, is defined as 10-6 m.

17
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Compared with the data of McAdranst 81 and Latsch(121, Bjorge had good agreement

in the partial boiling region.

Dergles and Rohsenowl81 summncized work done by McAdamst:21, Kreith auid Forsterl'1

iand Engelberg-Forster and Greif 81 for fully developed boiling. They found that flow boil.

ing data were not significantly affected by either velocity or subcooling. After comparing

with pool boiling data, Bergles and Rohsenow used the fully developed pool boiling curve

to test the a.symptotic for the flow boiling curve in the fully developed nucleate boiling

regime.

2.1.3 Fully Developut Boiling

Based on experimental data for water, refrigerants, and alcohols in fully developed

boiling, Shah's correlation [13) can be express as:I
I =(fi(Bo)+k]-1 (2,1.3 - la)

ha, x

Where

f 230Bo", Bo > 3.0 x10-5;jggy) (2.1.3 - 1h)( 1 + 40Bo", Bos 3.0 x 10-5

" = - (2.1.3 - Ic)x*=
h,,, igg St

Here, han is the single plmse heat transfer coefficient. 51 ah did point out that " single

phase convection plays an important part in subcooled boiling heat transfer. The accuracy

of single phase correlation limits the accuracy of boiling heat transfer correlation." Dittus-

Doelter's correlation was suggested for ha, at the time the article was published. However,

18
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updated collelatio!!R, such as that by }'etukhov, can be ubed instead. bhah also Inentioned

that the behavior of cavities, which is strongly adfected by the tube surface condition,

han generally been found " unpredictable due to the particular set of conditions such as

ples8Hre, leinpelature, heat flux, a!!d Ina5R IloW rate."

The standard deviation reported by Shah was i30% over 07% of the data points. The

applied range of parnineters are: p;pe dirancter froin 2.4 to 27.1 rnrn; pipe materials include

I stainless steel, copper, nickel, and glass; reduced pressures ranged froin 0.1 to 13.8 MPa;

the subcooling (i.e., TS - T,. ) ranged froin 0 to 153'C; the heat flux ranged froni 0.01 to

22.9 MW/rn ; and the inass flow rate ranged frorn 200 to 87 x 10' Mg/hrn ,2 a

Typical curves for subcooled water boiling were given by CollierM and are presented

in figures 2.7, and 2.8. Figure 2.7 is in the forin of q" vs. Tw(2) - T (2) and consistsS

of two straight lines on e scrui-log r,cale with a significant slope change. These two lines

intersect at ONIA. As the flow rate increases, the curves shift upward in the single phase

regiine, but rue ahnost identical in the fully developed boiling regirne.

I

10
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E Figure 2.7 in form of q" vs. T .n and shows the transition from the single-phase to

the fully developed boiling cegime.
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The wall temperature is truely effected by the flow rate, pressure and heat flux, but

independent of the subcooling. IGeith and Stumnerfield!'l obtained this result based on

the studies of both horizontal and vertical electrically heated tubes.
. g

E There were no correlations found for partial boiling regime only, all the correlations
,

!

were applied for the nucleate boiling region.
!

f

I

I

I

g .
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3. BACKGROUND

Because of the diven,e nature of the topics of subcooled flow boiling, a brief background

will be present here. Further deta ls can be found in reference [0).i

I
3.1 SUBCOOLED BOILING ILEGIONS

In this work, subcooled boiling is defined as localized boiling regime between the

single phase heat transfer regime and the onset of saturation boiling regime. In other

words, the nucleate subcooled boiling is the regime where the bulk equilibrium quality, x,

is less than zero,0.0.

During nucleate subcooled boiling, heat is transported to increase the enthnlpy. of

the fluid, which has a bulk temperature below the saturation' temperature, T,,,. The

temperature of the fluid near the wallincreases untilit reaches the saturation temperature.

Theoretically there are no bubbles created up to tids point. Ilowever, when the wall

temperature exceeds the saturation temperature by a certain amount (i.e., superheated),

I the fluid starts evaporating at the root of the nucleation site on the substrate. As the

bubble grows while it is still' attached to the wall, it experiences growth near its heated

base but tends to shrink or grow much less due to condensation at the top of the bubble.

Although the fluid is boiling locally, the bulk fluid is still in the subcooled condition. Since

the bubble generation is periodic, the flow has an ability to transfer large amounts of

_

energy from heated surface because of the large and energetic subcooled liquid core flow.

The nucleate subcooled boiling regime is loosly defined in terms of three regimes:

1I 22
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I The nucleate subcooled boiling regiine is loosly defined in terins of three regirnes:

| the single-phase heat transfer reginne, the nucleate partial boiling regirne, and the fully

developed nucleate boiling regirne. The starting point for the nucleate partial boiling

regirne is called on>ct nucleate boiling (ONB), and the sterting point for the fully developed

nucleate boiling regime is called FDB in this work.

I
I
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hquid I toling
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I INon-boiling
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os :
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I
| The heat transfer coefficient increases with heat flux from the single phase region to

the fully developed boiling region. This increase is associated with mass flow rate, inletI ,

subcooling, pressure and the properties of the fluid.

In figure 2.7, the typical curve for subcooled boiling was presented as a combination

of two straight lines, which includes a single-phase line and a fully developed hoiling line

based on experimental data. Figure 3.1 shows a similar curve that has an ahnost constant

slope and displays the nucleate subcooled boiling regions. The curve drawn though points

| A to point C represents the single-phase heat transfer. The curve between points C and

F has an increasing slope fium that for the single'-phase regime up to the FD13 region.

This indicates that there is a higher heat transport ability as the fully developed nucleate

boiling regime is approached. Point D', the intersection of single-phase curve and the fully

developed boiling curve, is essential in finding the starting point of fully developed boiling

region, point E. Bergies and Rohsenow gave q"c := 1.4 "n., based on a large amount9

of experimental data. The ON13 starts at point C, at which point the partial nucleate

hoiling regime proceeds up to point E. The entire curve representing the transition from

single phase to fully developed boiling can be approximated for any fluid and substrate

provided characterizing correlations are available for at least the single-phase and the fully

developed regimes.

I
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1

|

4. PitOBLEM DEFINITION

4.1 SUBCOOLED HOILING PItOBLEM

I

The subcooled flow boiling model to be generated is for heal heat transfer prediction

for Freon-11 and water cooled channels. The flow through portions of the channel will

be in the single-phase region, partial boiling region, and/or fully developed region. The .

basic flow parameters (see figure 4.1), which are assumed known, include: mass flow rate,

inlet temperature, exit pressure, coolant channel geometry, and unform heating on the

outside surface of the channel. Because of the availibility of numerous single-phase and

two-phase correlations, existing correlations will be used where possible and modified where

necessary to develop the model, which will be a composite correlation applicable over the

full subcooled region prior to the critical heat flux. An attempt will be made to extend

the models applicability to any fluid.I
I

The basic motivation is to develop a better or more accurate technique for evaluations

of existing systems or new designs for cooling systems where local heat transfer rates are

required. Comparisons will be made between the developed model and existing single-

phase and subcooled boiling experimental data, which includes both water nnd freon-11

as working fluids.

I 25
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5. MODEL DEVELOPMENT

5.1 SUllCOOLED 110lLING MODEL

There have been many investigations made of subcooled boiling, ttnd there have been

unmy correlations!*'"I given for each regime in the subcooled nucleate boiling region

| (see literature survey). Using selections from this previous work, an updated composite

nucleate subcooled boiling model is proposed below. Among the reconunended correlations

I
in the literature survey, Petuhkov'sl51, Shah's!"), Kandlikar's[10], and Doyd and Meng'sl01

correlations were essential in the development of the present model.

The local (axial) heat transfer coeflicient is defined as the ratio of local applied heat

flux to the difference between the local inside wall temperature and the local fluid's bulk

t empernt m e; i.e.,

I
q"(2)

h(2) = (tw(2)- f 6(2)).
(5,1 - 1)

The local flhn temperature was used to evaluate all the thermophysical properties in all

correlations; i.e.,

I tn,,,(2)=tw(2)+ts(2) (5.1 - 2)f

Subroutines were developed for the temperature-dependent thermophysical properties of

I.
each fluid used in the correlatiomd comparisons with experimental data. These subroutines

are part of the computer programs that are given in Appendix A.' A 2, and A.3-1 or A.3-

2. The local mean bulk temperature is calculated from the First Law of Thermodynamics

for given values of the: applied heat flux, q"; location,2; nmss flow rate, G; and inlet fluid

27
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I
| temperature, T,ng . From the First Law,

I
:$(2) = i nsa + q"A,(2) (5.1 - 3)
.

g

The local bulk temperature, f 5(2), is obtained from is(2) via the saturation table which

are also a part of the temperature-dependent thermophysical property subroutines.

As a reference heat flux used in the presentation of this model, g2 is introduced as the

heat flux at which the fluid reaches the saturation liquid state at the exit of the channel

| (or Z = L); i.e.,

GA'

g 92 = A,(L)(i..:(L)- i.nto) (5.1 - 4)-

Much of the results will be presented in terms of heat transfer coefficient, h, vs. net power

generation ratio, g. When 1 < 1, the fluid is in the subcooled boiling condition.

5.1.1 Single - Phase

in single-phase region, Petukhov's correlation (equation 2.1.14) was used instead of

Dittus Boelter's( vhich was used by I{andlikarI301) because it is much more accurate. The

slight change in this correlation is that n = 0, and Tn,f or all fluids will be the localf

(axial) film temperature.

I
,

5.1.2 Onset Nucleate Boiling (ONB)

la cases where estimates of OND were required, Bergies and Rohsenow's correintion

(equation 2.1.2 3) was used, The theoretical correlation by Davis and Anderson could

28
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ac. has been used for water. For other fluids other than water, the nost and Drakowic

entreladon can be used. In order to find heat trhnsfer coefficient, one has to generate a

group of points on boiling curve and then graphically find the exact AT,. ,oun and goun

for giveo values of G, 2, T,a,r, rmd P,,o.i

I
5.) 3 Partial Dailing

Two models for the priin! nuclente boiling region were des. : aped by Boydl831 and are

used here to improse Krmdlikar's model. Both of the present models rue based equation

(2.1.2-4) v/hich was used by Kandlikar.

| In the first model (referred to here after as the " initial model"), the corrected

expressions for the parrancters a* cud b* were provided by equations (2.1.2-5b) and (2.1.2-

I
Sc) for o and 5, respectively. This correction allowed : (1) q" to approach 'onn when9

Tw approched Tw,onn, imd (2) q' to approach q"ron when Tw approached Tn.,ron.

Although they should have, Kandlikar's equations (2.1.2-4b) and (2.1.2-4c) did not satisfy

thocs con litions. The " initial model" is dependent on one's ability to estimate OND. Later
-

comparisons with the av.edlable data base will show that if the OND limit can be replaced

| with a more realistic asymptotic limit less thtm Tw,oun: (1) the need to estimate OND will

be climinated , and (2) the accuracy of model in the partini boiling regime will improve.

I.
The second partial nucleate boiling model proposed by Boyd 81 uses the same rela-l

'

tionship given in equation (2.1.2-5n) but all expressions for a, b and m are different. The

important point to note her < . that no apriori assumptions were innde for the

relationship for m and the resultlug correlation applies to all fluids. Further,
-

20.
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the definitions for "a" and "b" will change because additional asymptotic ap-

proximations will be employed at bot h ends of the partial bolling region. ThescI .,

conditions for the detenninntion of "a", "b", arid "in" are:

I
'

{i) q}>n " 9sp whenTw = T,.s; (5.1.3.la)

"

{ii) q}'n = 9run whcn AT, s,rn a bT, t,ron; and, (5.1.3 - lb)

O ~roAVVen
(iii) ObT, e = O b T,,, af F D B (5.1.3 - Ic)

These conditions, when applied to equation (2.1.3 Sa), result in the following new

forms for the parameters "a", "h", rund "m":

a = hsp(Tw = T,as)hT,a (G.1.3 - 2)

W

| 6='Ih'.|,.,n-a (5.1.3 - 3),

<.ron
.. ,ron

I m= (5.1.3 - 4), ,

9Fon ~ u

hsp )ron\1 - hsr(Tw - Ts)gi)You (U 13 ~ b)
.

e= y pg,2
I

F = [fi(Bo) + X), X r.
i

(5.1.3 - 0)r*

Of, 115BoSSn J for Do >3.0x10-8;,

(5.1.3 - 7)#' * Og" " 23 Boy %u ve for Dos 3.0 x 10aI er

I- and fi s given by shah in equation (2.1.31b). Notice from the above that "m" is ai

function of q" but no assumptions or curve fits were made to adjust "a", "h", or

"m". Therefore a " modified" or improved correlation now results and is in the form

g"pu = a + bb T,'',,p3, where (5.1.3 - 8)

30
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"a", "h", and "m" are redefined (isnproved) in equations (5.1.3 2) through (5.1.3 7). This

correlation will hence be referred to as t he " modified" partial nucleate boiling correlation.

This correlation modification was intended to incicase the rnagnitude of the heat transfer

coefficient iciative to the values predicted by the " initial" model;i.e., equations (2.1.2-5b),

(2.1.2-5c), (2.1.2-4d), (2.1.2 4c), and (2.1.2 4f). The modified conclation provides a better

approximation for the asymptotic limit for the partial nucleate boiling region as AT,,

decreases.

In the discussion of the results where the above two models are coinpared with previns

data, the terms, "snodified" and "init f al" will be used to refer equation (5.1.3-8) with the

" modified" pararneter equations (equations (5.1.3-2) through (5.1.3 7)) and the " initial"

pararneter equations as noted above.

I
5.1.4 Onset of Fully Developed Boilin9 (0FDB)

The onset of fully developed boiling (OFDD)is the starting point of fully developed

boiling regime. The method summarized in Figure 3.1 is used to located point "E," which

corresponds to OFDB. As Foster and Grief reconunended, point "E" was assumed to

correspond to a heat flux level, q'ron := l 4 'o. The corresponding heat transfer coefficient9

is,

I -

9F DI'
h,! = aT,as,rou + ATns,ron (5.1.4 -- 1)

31



_ _ _ _ _ _ _ _ _ __

I-

| where

bTea.ron n
Zij'
Cyl

.

i(2 ) - is,"
x= .

Ilg

5.1.5 Fully Developed Boiling

The fully developed boiling heat transfer begins at point E and erm be characterized

by Shah's correlation,' which is given in equation (2.1.31).

5.1.G ll'all Temp <rature

in order to use film temperature as the reference temperature for temperature-depen.

I
dent thermophysical properties, the wall temperature must be known for each of the above

three regimes. A straight forward trail and-crror method was used to find Tw as follows:

(1) compute the local (axial) bulk temperature from equation (5.1-3) for a given level

ofq";

(2) assume a wall temperature and then estimate the film temperature using equation

(5.1-2);

(3) (a)lf Tw < T,,,, use equation (2.1.1-4) to compute hsp and compute a revised

I
estimate for Tw;

(b)lf q" is less than q"rps use equations (5.1.3-2) through (5.1.3 8) to compute a

new estimate for Tw; or

(c)lf q" is greater than or equal to q"ron, use equation (2.1.3-1) to compute her(Z)

32
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and then equation (5.'t 1) to obtain a revised esthnate for Tw;

(4) corupare the revir,ed wall temperature to the assumed or previously computed wid!

temperatrue. If the difference is greater than a desired vidue,let the new wall temperature

equal to the assumed or previously computed wall temperature, suul then repeat step (3).

I
Once the local wall temperature is accurate enough, the locad (axial) heat transfer

coefficient is the last computed value of hip (for the case of boiling). See Appendix A.4 for

| instructions on how to run the computer programs used for the above procedure.

I
t

I

|

|

| .

|I

,

,
,
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I
5.2 NUMEltlCAL CONDUCTION MODEL

I
Based on the need of a data reduction capability for the freon-11 data, the governing

steady state energy equation, for thennn! conduction can be written as

k0 GT k D'T
g(rg;) + p g ., = 0 (5.2 - 1)

The governing equation will be wlved by dividing the scheinatic in figure 4.2.2 into

two donnains with two different sets of boundary conditions (also see figures 5.1 and 5.2)..

(a) Domain I (Insulation and Arabient;)

(1) at p = 0, OT = 0; (5.2 - 2a)
*

0+

(2) at p = n , DT = 0; (5.2 - 25)

(3) T(R2,p) = Tn-(p); (5.2 - 2c)

DT(R2'' p)| (4) h.[T(R2 , p) - Tw] + k = 0. (5.2 - 2d)
.

g,,

lIn condition (3), Tw(p) was measured experimentally _ (see Sinith and Doyd 301) and

I is the outside temperature of copper coolant channel.-

(b) Domain II (Copper and bulk fluid;)

I
(1) at p = 0, OT = 0; (5.2 - 2c)

09
DT

(2)afp=x,Of = 0; (5.2 - 2f)

34
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I
(3) k OT(Il1,9) = h(p)|T(R1,T)); and (5.2 - 2g)6- Or

I
(4) T(R2,p) = Tn-(p). (5.2 - 2h)I

I
M.1 Domain i

The tempe te profile in Domain I was determined by using the Gauss-Seidel iter-

ation technique A tne difference equations. This procedure has two major results: (1)

computation of tire temperature of the insulation first whole node (node (M+1J)in figure

5.2) which is adjacent to the outside copper surface; and (2) total heat loss to the ambient.

The computed nodal temperatures of the insulation are used as input for the difference

equations which are used to determine the temperature variation in Domain II (the cop-

per). These latter difference equations do not require iteration and were used to find the

inside wall temperature of the copper channel. The local (axial and circumferential) beat

transfer coefficient, h(p, ) was then computed using equation (11), where q"ims was

computed from the numerically computed temperatures from Domain II (figure 5.2) at

node number (1,j) and (2,j), using the thermal resistance between those nodes. For this

computation using equation (11) Te(r) was used and no attempt was made to define a

Ta(p, z).

The complete difference formulation for the interior and exterior nodes is contained in

Appendix D.3. All difference equations and all thermal resistance equations nre given in

Appendix B.3. TT(i,j), and T(i,j) represent the latest and previous estimates of nodal

35
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i

teinperatures, respectively for Dointin I. TT(i.j)is given by

ro+ ro.j4 i) r(d .j - 1 )

| TT(i,j) = 30Ln + g("iq''''+7"="'#I+I'CU''~";' ' ' (5.2 - 3)3 , 3 i
1cu,,) + rio,,-o + ncu,i> + nco,,-n

where ITT(i,j) - T(i,j)| must be < c for all nodes before convergence is assumed. For

Dornain I, convergence tdways occurred when c was 0.00001'C. The sainple conduction

finite difference analysis in Appendix C dennonstrated that there is a relationship between

e, and or,if adequate heat fhix balances are to be achieved. Froin those resiJts, e must be

less than 0.001'C and or must be less than 0.0001 m as a basis of further cornputations.

I
I

<

I
I

I
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Similarly, the nodal temperature estimates for T(i- 1,j) are determined from,

I T(i - 1,j) = T(i,j) - R(i - 1,j)( T(i + 1,j) - T(i,j)
R(i,j)

I + T(i,j + 1) - T(i,j) + T(i,j - 1) - T(i,j)) (5.2-4)-RC(i,j) RC(i,j - 1)

This equation can be used as a basis to write specific equations for the both the internal

and the boundary nodes.

The inside surface boundary temperatures (T(1,J)) are known * and are also the out-

side surface temperatures of Domain II (the copper channel). The interior nodal equations

for Domain I correspond to I = 2 to Af, J = 1 to N1, and are given as follows (see Figure

5.1):

(n) At p = 0,

T(1- 1,1 ) T(1+1,1) 9 9 T(T.2)
TR D = #(#-3''I

#(#'') ~ #C(I'i } ' N-O, i 2
R(I-1,1) Y R(1,1) Y RC(1,1)

(b) At 0 < p < r,

I
y) _ R(1-1.J) Y ~T(1+1,1) Y RC(1,3-1) Y RC(1,J)

T(I-1,J) T(1,J-1) T(1,1+1)
RO,1) ; and(5.2 - 0)7

R(1-1,J) Y R(1,J) Y RC(1,J-1) Y' RC(1,J)
-

(c) At p = r,;

T(1- 1,N1 ) T(1+1,N1) 9 T(1.N)
#I#'#'I ~ #Cl#'#IT(I, N1) #'#~3';"'I N-D.

Y R(1,NI) Y RC(1,N)R(1-1,N u

* The measured thermocouple data of Smith and Boyd 30) will be reduced in the presentl

work to produce local (axial and circumferential) variations in the heat transfer coefficient,

h(p,2).

I 39

-



..

. _ _ _ _ _ _ _ _ - - _ _ _ __

.
.

I
Similarily, the nodal equations for the outside surface of the insulation (i.e., I = M1;

see Figure 5.1) are,

(a) At p = 0

I
I T(M1,1) = }hhh + 2[<^j|fi) + TohmA

l
; (5.2 - 8)m}rn+ggh7;n+hmA

(b) At 0 < p < n,
_

A

T(M1,J) = lini9 + BMWih + %MWH + r h A; and (5.2 - 9)I TriXT|71 + TirrxrJITT + 7FCiUI 71 + hm A
, , ,

(c) At p = 4,

T(M1,N) = k$$$ + 2$$ + TohmA (5.2 - 10)., 2
.

mM3i) + RC(ATi~NT + hmA

The heat resistances in the above equations are for the: c

(a) Radial Direction,

A r'"'
.R(i,j) = k o, Ap(R + (1 - 0.5)); and (5.2 - 11a)

i 2

I (b) Circumferential Direction,

I
R(i)o"a

(5.2 - 11b)
I- RC(i,j) = k n,arin, ,

i

I
where arin, = L"$y!tl and ap = j.

40
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In the above equations, hw is given by Ozisikl421 as,

h m = he + hr, ushere . (5.2 - 12a)

'" ""
he = ; (5.2 - 125)D

Nuo = {0.0 + 0.3S7Rao [1 + ( )h]-0}2; an d, (5.2 - 12c)i

f hr = cr(Ts + T )(Te + T ). (5.2 - 12d)2 2

Before an iterative solution to the above equation is obtained, the assumed values of

T(3fl,j) are first to used to estimate hw. Then h and all other assumed (or previously

I computed) values of T(i,j) are used to compute the new wall' temperature (TT(i,j)),

where r varies from R + Argn, to R -2 2

5.2.2 Domain II

' I After the nodal temperature and heat transfer computations have converged, the

nodal temperatures, (TT(2,j) for Domain I (insulation) are used as necessary boundary

conditions for the Domain II (epoxy and copper * ) nodal temperatures at locations i = AI

I.
.

(i.e. r = R2 - Arcy) and j shown in Figure 5.2. Therefore, based on- the measured

- copper outside temperatures, T(3fl,j), and calculated inside insulation temperatures,

* For simplicity the epoxy is not shown in Figures 5.1 and 5.2. The difference equations
.

- are similar to those for copper.

- I 41
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TT(All + 1,j), the nodal temperatures * in the copper test section can be computed

directly without iteration. For the first internal node next to the outside boundary (i = AI)

of Domain 11, the nodal equations are:

- (a) At y = 0,

T(AI,1) = T(AII,1) + R(AI,1)(2 ( '}~ ( )

( RC(Afl,1)

T( AI1,1) - T( All + 1,1) Q

( R(AII,1) 1), (5.2 - 13a)+

(b) At 0 < p < x,

! T( AI, J) = T(AI1, J) + R( AI, J)( T( All, J) - T(M1, J + 1)
RC(AII, J)

T( All, J) - T(AII, J - 1) T( AII, J) - T(Afl,~J + 1)
RC(All, J - 1 RC(All, J)

T(AI1 + 1, J) Q
(5.2 - 135) 'an

R(All,J) LI
(c) At p = r,

( }~ (^' ' #)'

- T(AI,N1) = T(AII,N1) + R(AI,N1)(2 RC(AII,N)

--|' T( Afl, N1) - T( ail + 1,N1) - Q ), (5.2 - 13c)+
g(3f 3, g3) 7

* In order to conserve space and simplify notation, the nodal temperatures for the

copper in Domain II will be represented henceforth as T(i,j) using the notation of Figure

5.2.
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where the heating tape is considered to be tne internal heat source of total power, Q.

Further, the rernnining internal nodes for Domain II (i = 2 to M - 1, j = 1 to N1) have

the following difference equations:

I_- (a) At p = 0,

T(I,1) = T(I + 1,1) + R(I,1)( ( + 1,1) - (I+2,1)
R(I + 1,1)g

T(I + 1,1) - T(I + 1,2)); (5.2 - 14a)+2
gg(7+),3)

(b) At 0 < p < x,

I
')~ ( + ' #)

I- T(I, J) = T(I + 1, J) + R(I, J)( (' + R(I + 1, J)

T(I + 1, J) - T(I + 1, J + 1) + T(I + 1, J) - T(I + 1, J - 1)); an ( . - 45)
.

+ RC(I + 1, J) RC(I + 1, J - 1)

(c) At p = r,

T(I, N1) = T(I + 1, N1) + R(I, N1)( f' + 1' )~ (I + ' I)
R(I + 1, N1) _

+2 (I + 1, N1) - T(I + 1, N)). - (5.2 - 14c)
T

gg(f + ),g)
_

Similarly, the nodal equations for the first full nodes (i.e. at r = R1 + Ar ,) adjacentco

g inside boundary of Domain II.are:

(a) At p = 0,

I
T(1,1) = T(2,1) + R(1,1)( ( ' R(2,1)( ' ) + 2 ( 'RC(21)('));(5.2 - 15a)

)- }~
,

.I.
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(b) At 0 < p < r,

T(1, J) = T(2, J) + R(1, J)( ( ' }~ ('}
j

T(2, J) - T(2, J + 1) T(2, J) - T(2, J - 1)); and, (5.2 - 155)RC(2, J) RC(2, J - 1)

(c) At p = r,

I.
T(1, N1) = T(2, N1) + R(1, N1)( T(2, N1) - T(3, N1)

R(2, N1)

T(2, N 1) - T(2, N)). (5.2 - 15c)+2 RC(2, N)

Finally, the circumferential heat transfer coefficient was computed from the difference

equations for the nodes on the inside boundary (i.e., r = R1, or i = 1) and are given by:

| (a) At p = 0,

2 (1,1)-7'(i .2) , T(i,1)-T(2,)T

h(1)AA = ##"p'
"U') -; (5,2 - 10a)

- Tb
.

(b) At 0 < p < r,

T(1,J)-T(2,J) + T(1,1)-T(1,J+1) Y T(1,J)-TO , J- 1)
R(1,1) R c(1,J) RC(1,1-1)qy g_ ; and, (5.2 - 165)T(1, J) - Th

(c) At p = r,

TO ,N1)-T't,N) 4 T(1,N1)-T(2,N1)9
#C"'#) #" '# ' )~

h(N1)AA = (5.2 - 16c).

T(1, N1) - Tb

where AA = or op.cep
_
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The form of the equations for the thermal resistances for the copper (Domain II) are

the stune as that in the insulation (Domain 1), except

I R(M 1, j ) = k, n, ^ ',j" + kc ,, ^ 'j"
R(M1)hp

(5.2.17).

The computer programs developed from the above difference equations for Domain I
.

and 11 are contained in Appendix B.2. Appedix B.1 contains a partially computed com-
. I.

puter program which can be used to compare with resultsI'd rom a theoretical conductionf

formulation of the problem in Figure 4.2 for the case where the insulation is perfect. Ap-

'

pendix B.3 contains a detail difference formulation of all above difTerence equations and

thermal resistances for Figure 5.1 and 5.2.

I

I
I'
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6. RESULTS

6,1 EXPERIMENTAL DATA BASE AND SUBCOOLED
FLOW BOILING PREDICTIONS

Flow boiling predictions were made of the local (axial) heat transfer and wall tem-

perature for both water and freon-11 for smooth tubes with a uniform heat flux, The

flow conditions for both fluids are summarized in Tables 0.1.1; and 0.1.2. Decause orien-
i

tation effects were unimportant for the water data, direct comparisons can be made'with

the " modified" correlation. However, orientations effects were important for the freon-11

data; and, so only qualitative comparisons can be made with that data. Tids work will be

Isummarized in a TSRC report "1 and technical paper.

The plots of the results were presented in the form of local heat transfer coefficient

versus net power generation ratio, and power versus the local wall temperture. The predic-

tions and the experimental data were compared, and standard deviations were tabulated

for each mass velocity of each fluid and for all the data for each fluid,

I

|

.

!

;I
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Table 6.0-1 Water Data Matrix (orientation unimportant)

I Flowrate Exit Pressure Inlet Temperature Location *
G (Mg/m 5) P (MPa) Tin ('C) Z (cm)2

*
4.4 1,66 20.0

*

13.3 1.66 20.0

*

20.0 1.66 20.0

*
24.9 1.66 20.0

*
31.5 1.66 20.0

*

4.6 0.77 20.0

*

13.5 0.77 20.0

*
26.9 0.77 20.0

*
36.0 0.77 20.0

* Axial Locations from the Inlet (cm): Z1 = 0.317, Z2 =

14.59, Z3 = 26.88

I Table 6.0-2 Freon-11 Data Matrix (orientation unimportant)

Flowrate Exit Pressure Inlet Temperature Axial
.

G (Kg/m s) P (MPa) Tin ( C) Location *2

Z (cm)
*

210.0 0.186 22.2

*
281.0 0.186 22.2 _

* 22 = 20.32, Z3 = 40.64, 24 = 60.96, 25 = 81.28, 26 =
101.60.

I

I
I

aI'

I.
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{ L1.1 1 Vat < r_flesults

f The results for water show that the iaitialidea of Boydl8J "J'l seems sound.. Both the

" initial" and the " modified" models have good agreement with the data. The " modified"

.I
model was expected to improve the agreement with the data by raising the predictions

in partial nucleate boiling region via an expanded approximation for the asymptotic limit

below OND. Improved predictions occured in many cases and can be varified by comparing,

on a one-to-one basis, Figure 0.1.1 through 0.1.0 (for P = 1.00 AfPa for Figures 0.1.1 to

0.1.3, and 0.77 AfPa for Figures 0.1.4 to 0.1.0) for " initial" model with the " modified"

model in Figures 0.1.7 through 0.1.12 (P = 1.00 AfPa for Figures 0.1.7 to 0.1.0, and

0.77 AlPa for Figures 0.1.10 to 0.1.12), respectively. These figures present h(2) as a

function of the power ratio, Q/Q2. In each case the comparison with the data seems good.

The results from these comparisons are summarized in Tables 0.1.1-1 through 0.1.1-4.

Both the percent and the actmd standard deviation for the predictions of h with respect

to the data are presented in the tables. The " modified" model has the best predictions

at P = 1.00 AfPa with an overall percent standard deviation (psd) of 12.5% compared to

13.7(7c for the " initial" model. In these cases,185 data points were used in the comparison.

However at a 0.77Af Pa exit pressure, the overall psd increased to 19.0% for the " modified"

model and that for the " initial"'model increased to 18.0% for 100 data r.oints. A more

classical representatioin of the comparisons is the power (or heat flux) as a function of the

wall temperature (or superheat). Similar comparisons were made for this representation.

This will be presented below.

I
For most cases, the predictions are best at the channel exit (i.e., 2 = 23 = 28.00 cm),
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and worse at other upstream locations.

As shown in most plots, presented for upstream locations (i.e. Figures 0.1.2,0.1.3,

6.1.5, 6.1.0, 0.1.8, 0.1.9, 6.1.11, and 0.1.12), the predictions are below the experimental

data. This is due primarily to: (1) the heat transfer being thermally developing at up-

stream locations, and (2) the limiting condition used to match the single-phase and the

partial boiling regoins must be replaced will a better estimate for the asymptotic limit.

Although the data is for a horizontal flow channel, the Froude number was very large so

that orientation effects were negligible. This latter point is also apparent from the above
i

comparisons when one notes that the predictions apply primarilly to flows where gravi-

tational effects are small. Had gravitational effects been consistently important, the data

I
would have been below the predictions.

I An examination of whether a better estimate for the asymptotic limit will result in

| better predictions of the wall temperature at a given heat flux can be made by comparing

" initial" and " modified" models in terms of the power (or heat flux) as a fuction of the wall

temperature (or superheat). These results for the " initial" model are contained in Figures -

G.1.13 through G.1.18, and the results for the " modified" model are contained in Figures

G.I.19 through G.I.24. The results are presented, as before, for P = 1.66 and 0.77 MPa. ;

Since the dataI25a"a281 were originally presentes in terms of h(:) as a function of a

dimensionless power ratio, the correspoding wall temperature was computed from Tw(:) =

T (:) + q"/h(:). A one-to-one comparison of the figures for each model (e.g., compare6

Figure 6.1.13 with G.1.19, Figures 0.1.14 with 6.1.20, etc.) reveals that in each case,

the " modified" model shifts, the predictions upwards towards the data for Tw. This

40
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Table 6.1-1 Heat Transfer Coefficient Percent (%)Deviation for the Water Predictions Using " Initial" ModelI (D = 0.3 cm).

Exit Pressure Pexit = 1,66 MPa
__

Flowrate G Location Z (cm) Number of
Data

2(Mg/m s) 0.317 14.59 28.66 _ points

I.
4.4 29.7 22.5 14.4 9/11/14

13.3 13.1 7.9 10.8 15/16/12

20.0 9.7 7.9 7.5 13/12/14 -

24.9 N/A 23.9 8.0 -/15/13

31.5. 8.9 15.1 6.3 14/15/12

I Pressure Drop No No Yes

Effect

- Percent Deviation 14.8 16.2 9.6 51/69/65
at Z

Overall Percent Standard Deviation: 13.7%
185

Exit Pressure Pexit = 0.77 MPa
4.6 30.2 10.4 17.2 15/19/15

13.5 12,7 -9.9 35.2 17/20/20

26.9 8.1 24.6 7.7 11/12/11
.

36.0 8.7 14.1 11.1 10/8/11

Pressure Drop No No Yes

I Effect

Percent Deviation 18.0 14.3 22.9 53/59/57

.I- at Z

Overall Percent Standard Deviation: 18.6% 169
g ___

|

:
y
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Table 6.1-2 Heat Transfer Coef ficient Standard (KW/m K) Deviation
for the Water Predictions Using the " Initial" Model (D = 0.3cm).

Exit Pressure Pexit = 1,66 MPa

Flowrate G Location Z (cm) Number of
i Data

'I (Mg/m s) O.317 14.59 28.66 points

4.4 6.6 10.9 5.6 9/11/14

- 13.3 16.7 8.7 2',2 15/16/12

20.0 10.2 12.2 11._0 13/12/14

24.9 N/A 49.7 14.5 -/15/13

31.5 23.7 36.4 15.0 14/15/12

Pressure Drop No No Yes

Effect

Standard Diviation 16.0 29.0 11.8 51/69/65
at Z

2

Overall Standard Deviation: 20.7 (KW/m K) 185

Exit Pressure Pexit = 0.77 MPa
4,6 13.4 3.4 17.3 15/19/15

13.5 11.3 7.4 11.5 17/20/20

26.9 8.8 23.1 11.6 11/12/11

36.0 13.0 29.3 20.1 10/ 8/11

- Pressure Drop No No Yes

Effect

Standard Deviation 11.5 15.1 14.7 53/59/57I at Z
2

Overall Standard Diviation: 13 9 (KW/m K) 169

I
"iI

I ,
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Table 6.1-3 Heat Transfer Coefficient Percent (%)Deviation for the Water Predictions Using the " Modified"

I Model (D = 0.3 cm).

Exit Pressure Pexit = 1.66 MPa

Flowrate G Location Z (cm) Number of
Data2(Mg/m s) 0.317 14.59 28,66 Points

.

4.4 17.5 20.6 16.6 9/11/14

13.3 19.3 5.0 9.2 15/16/12
_

20.0 7.9 4.6 5.9 13/12/14

24.9 N/A 21.1 6.7 -/15/12

31.5 11.9 11.1 4.1 14/15/12

Pressure Drop No No Yes

Effect

Percent Deviation 14.4 13.8 9.3 51/69/65

I at Z

Overall Percent Percent Deviation: 12.5%
185

Exit Pressure Pexit = 0.97 MPa
4.6 29.1 13.1 18.6 15/19/15

I 13.5 12.0 13.9 35.7 17/20/20

26.9 7.7 23.9 8.3 11/12/11

I 36.0 8.2 12.1 11.6 10/8/11

Pressure Drop No No Yes

I Effect

Percent Diviation 17.2 15.6 23.5 53/59/57
at Z

Overall Percent Standard Deviation: 19.0%
169

I
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Table 6.1-4 Heat Transfer Coef ficient(KW/m K) Standard Deviation

2

for the Water Predictions Using the " Modified" Model (D = 0.3
cm).

Exit Pressure Pexit = 1.66 MPa

Flowrate G Location Z (cm) Number of
2 Data

(Mg/m s) 0.317 14.59 28.66 Points

4.4 6.6 9.7 6.8 9/11/14

13.3 16.5 4.3 9.1 15/16/12

20.0 9.6 6.0 8.5 13/12/14

24.9 N/A 41.2 12.5 -/15/13

31.5 18.9 24.3 8.2 14/15/12

Pressure Drop No No Yes

Effect

E Standard Deviation 14.1 22.3 8.9 51/69/65

5 at Z
2

Overall Standard Deviation: 16.3 (KW/m K) 185

.I Exit Pressure Pexit = 0.77 MPa _

4.6 12.9 4.8 17.6 15/19/15

I' 13.5 10.5 12.4 13.6 -17/20/20

26.9 8.0 20.5 14.9 11/12/11.

I' 36.0 11.4 22.1 23.2 10/8/11

Pressure Drop No No Yes

I Effect

Standard Deviation 10.7 14.0 16.6 53/59/57
at Z

2

Overall Standard Deviation: 14.0 (KW/m K) 169
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dennonstrates that a more accurate itsymptotic liinit would ituprove the predictions in the
f

partiid !!OClente boiling Icgion.

For the " initial" model, the sosymptotic limit was assumed to occur at a widl temper-

ature, Tw = T,,, + ATomi, where AToun was computed using Bergles and Rohsenow

correlation and ranged from 7.4'C to 22.8'C for P,a, = 1.00MPa, and from 11.0'C to

35.8'C for P,,,, m 0.77 MPa. The improved results occuicd with the " modified" inode) by

requiring the asymptotic limit for the wall temperature to be the saturation temperature ,

I !

T,... This latter limit climinated the need to compute ATonn; and hence, the " modified"

| model does not require predictions of ONU.

Instead of being com trmt as was the case in Kandlikar's correlation, "a","b", and "m"

are varing in Doyd's correlations. These improved correlations result in both the slope and

the e.hape of the boiling curve changing not only with the power level, OND and FDD, but

also with the local bulk temperature, local quality, and wrai temperature as well. When

more of thet.c loced characteristics eue included, the accurrey imptrus-

In most practicid analyses, the underlying task is to predict local value of Tw. In

the above results, the predictions of Tw were nmde as a function of pom, mnas velocity,

_ | pressure, and local (nxitd) location. A sununary of the psd and the u .ard deviation

(sd) fot Tw is presented in Tables 0.15 and 0.10 for the ' initial" model and 7hbles 0.1-7

and 0.1-8 for the " modified" model. One obvious observation is that for both methods,

the psd for Tw is significantly smaller than that for h. The order of the magnitude of

the sd was 12.0 K. Although the results show improvements occurred with the " modified"

model, when compared with the " initial" model, they ciently show that there is a need for

60
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I StandardTable 6.1-5 Inside Wall Temperature Percent (%)
Deviation for the Water Predictions Using " Initial" ModelI (D = 0.3 cm).

Exit ressure Pexit = 1.66 MPa

Flowrate G Location Z (cm) Number of
Data

i(Mg/m s) 0.317 14.59 28.66 PointsI __
_,

4.4 4.3 5.6 1.6 9/11/14

13.7 5.3 2.2 2.6 15/16/12

20.0 2.4 2.5 1.8 13/12/14

24.9 N/A 6.8 1.9 -/15/13

31.5 4 .1_ 4.6 1.8 14/15/12

Pressure Drop No No Yes

Effect

Percent Deviation 4.1 4.6 1.9 51/69/65
at Z

overall Percent Standard Deviation: 3.6%
185

Exit Pressure Poxit = 0.77 MPa
4.6 6.5 2.4 1.9 15/19/15

13.5 3.1 2.2 1.3 17/20/20

26.9 1.4 2.7 1.7 11/12/11

36.0 1.5 3.1 1.7 10/8/11

Pressure Drop No No Yes

I Effect

Percent Deviation 3.9 2.4 1.5 53/59/57

I at Z

Overall Percent Standard Deviation: 2.7%
169

I

:I .

I
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Table 6.1-6 Inside Wall Temperature tA) Standard Deviation for
j
'

I the Water Predictions Using the " Initial" Model (D = 0.3cm).

Exit Pressure Pexit = 1.66 MPa

Location Z (cm) Number of
Flowrate G Data

i(Mg/m s) O.317 14.59 28.66 points
_

4.4 17.2 25.9 7.9 9/11/14

13.3 22.5 10.5 12.1 15/16/12

' 20.0 10.9 11.6 8.2 13/12/14
_

N/A 30.0 9.0 -/15/13
24.9

31.5 18.3 21.2 8.0 14/15/12

Pressure Drop No No Yes

Effect

Standard Diviation 17.5 20.4 8.8 51/69/65
at Z

| overall Standard Deviation: 16.3 (K)
185

Exit Pressure Pexit = 0.77 MPa
4.6 25.5 10.7 8.8 15/19/15

13.5 12.8 9.5 5.0 17/20/20

26.9 5.8 11.2 5.4 11/12/11

36.0 6.5 13.2 7.0 10/ 8/11

Pressure Drop No No Yes

Effect

Standard Deviation 15.5 10.5 6.5 53/59/57
at Z,

169
overall Standard Diviation: 11.2 (K)

I
I

ee

g

E
'

.
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I
I Inside Wall Temperature Percent (%) StandardTable 6.1-7Deviation for the Water Predictions Using " Modified"

I Model (D = 0.3 cm).

Exit Pressure Pexit = 1.66 MPa

Location Z (cm) Number of
Flowrate G Data

i(Mg/m s) 0.317 14.59 28.66 points

4.4 4.3 4.8 2.1 9/11/14

13.3 B.2 0.8 1.8 15/16/12

20.0 2.2 1.2 1.3 13/12/14

24.9 N/A 5.4 1.3 -/15/13

31.5 3.0 2.9 0.8 14/15/12

Pressure Drop No No Yes

Effect

Percent Deviation 3.4 2.7 1.7 51/69/65

I at Z

Overall Percent Percent Deviation: 3.0%
185

Exit Pressure Pexit = 0.77 MPa
4.6 5.6 2.9 2.2 15/19/15

I 13.5 2.7 3.2 1.6 17/20/20

26.9 1.2 2.1 1.3 11/12/11
'

36.0 1.0 2.1 1.7 10/8/11
i

Pressure Drop No No Yes
'

Effect

Percent Diviation 3.4 2.7 1.7 53/59/57
at Z

Overall Percent Standard Deviation: 2.7%
169

|
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Table 6.1-8 Inside Wall Temperature (K) Standard Deviation for
the Water Predictions Using " Modified" Model (D = 0.3 cm).

I Exit Pressure Pexit = 1.66 MPa -

Flowrate G Location Z (cm) Number of
Data

i(Mg/m s) 0.317 14.59 28.66 points

4.4 17.2 21.2 10.3 9/11/14

13.3 22.1 3.6 8.3 15/16/12

20.0 9.7 5.2 4.8 13/12/14

24.9 N/A 23.3 6.0 -/15/13

31.5 12.9 12.8 3.6 .4/15/12

Pressure Drop No No Yes

Effect

Standard Deviation 15.8 14.8 6.7 51/69/65
at Z

I Overall Standard Diviationt 12.9 (K) 185

Exit Pressure Pexit = 0.77 MPa
4.6 21.4 13.4 10.0 15/19/15

13.5 10.9 14.4 6.8 17/20/20

26.9 4.6 8.4 5.6 11/12/11

36.0 4.1 8.6 7.2 10/8/11

Pressuro Drop No No Yes

Effect

I Standard Deviation 13.0 12.1 7.5 53/59/57
at Z

overall-Standard Deviation: 11.0 (K)
169

'

I
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a snore accurate asy nptotic lignit for the partial nucleate boiling region its the heat flux

(ur power) decreases toward the single phase lirait.

A final set of comparisons were rnade with hicAdarns's water datal"1 using both the

" initial" and "rnodified" models. Figures 0.1.24-la and 0.1.241b show the cornparisons of

predictions with hicAdams's data for wall superheat and the heat transfer coefficient for

water. The heat transfer coefficient cornparison is presented in Figure 0.1.24 la, and the

boiling curve coruparison is presented in Figures 0.1.241b for the " initial" and " modified"

model respectively. The standard percent deviation is 17.3% for both the " initial" and the ,

" modified" models for the heat transfer coefficient. For his widely referenced boiling curve,

the standard percent deviation is 28.9% for both the " initial" and the " modified" inodels,

for nine data points. The experimental parameters for this comparison are: P,,,, = 00 psia,

v = 4 ft/acc, inlet subcooling 50*F, and a test section length of 3.75 in. The comparisons

show that the "initini" and " modified" models are identical for this case.
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I
|

| G.1.3 Frr on - 11 Re sulh

Ficon 11 comparison =. were inade with data produced by Smith arul 13oydl"'). The |
!

data sets involved a horizontal test section and included two flow rate levels, five axial

locations, and four circumferential locations with different enhancement, inlet e.ubcoolings

g and inside diameter. All data involved either unironuly or top-side heated tubes. Since

the models apply only within the nuciente subcooled bolling region, data in

I the saturation bolling region (9/92 21 or .r 2 0) will not be reduced, and all

predletions will be stopped beyond this region. Further, predictive comparisons

will be made with only the data from unifortnly test sections.

The heat transfer coeflicient behavior is quite different from that for water. In the

single-phase regime, its magnitude is abnost constant when the supplied power increancs.

However, after onset of nucleate boiling, the heat transfer coefficient inceases rapidly as

supplied nower increases. This behavior is due to the heat capacity sual latent heat dif-

ferences between Freon-11 and water. Both the heat capacity aunilatent heat of Freon 11

are much lower than that of water Therefore, freon 11 reaches saturation :nust faster and

has a short nucleate subcooled boiling region.

The heat transfer coefficient and wall temperature predictions were compared with

the data reduced by Smith and Boyd using the one-dimensiontd Thenmd llydraulic Model

(THM)l261. In the Inst part of this work, Smith's and Boyd's out ide wall temperature data

will be reduced using a more accurate two-dituensional finite difference approximation of

the top-side heated test section shown in Figure .l.2.
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I
0.1.3 A Freon - 1111 eat Transfe r Predictions

Comparison of the TilM data with predictions of the local (axial) heat transfer co-

eflicients for freon 11 are presented in: (1) Figures 0.1.25 through 0.1.29 for the " initial"

model, and (2) Figures 0.1.30 through 0.1.34 for the "snodified" model. It is essential to

note that since the predictive models neglect gtavitational effects, only qualitative com-

parisons can he inade with TIIM data which applies to a horizontal uniformly heated flow

channel. As noted with the cornparisons with the water data, the predictive models strictly

apply to thermally fully developed flows. Finally, the effect of pressure drop was neglected

and the saturation temperature at the exit pressure was used in all computations.

With the above in mind, comparisons of both tuodels show that the best agreement is

obtained with the data when most of the above conditions are not violated. This occurs at

the larger values of the axial coordinate, (2 = 25 = 81.28 cm, and 2 = 20 = 101.00 cm)

and higher mass velocities. This can be secu in Figures 0.1.28 and 0.1.20 for the " initial"

model, and in Figures 0.1.33 and 0.1.34 for the " modified" model. Poorer agreement was

| obtained at upstretun locations (2 < 81.2S cm) and at the lower mass velocity. 'The-

percent standard deviations and standard deviations for the predictions for freon 11 are

included in Tables 0.1-0 and 0.1-10 for the " initial" model, and Tables 0.1-11 and 0.1-12

for the " modified" model.

|-

87

| I-



I
Table 6.1-9 Heat Transfer Coefficient Percent (%) StandardDeviation for the Freon-11 Predictions Using " Initial" Model

I (D = 1.07 cm).

Exit Pressure Pexit = 0.186 MPa

Flowrate G Location Z (cm) Number of
"" ""

9/* 20.32 40.64 60.96 8_1.28 101.6

210.0 107.1 155.4 312.6 64.1 129.7 13x5

281.0 * 22.7 20.3 47.7 13.1 99.9 10x5

281.0 " 22.8 29.9 63.4 21.2 20.2 8x5
_

Pressure Drop NO Nu NO No YES

Effect

Percent Deviation 69.9 100.2 202.2 43.5 99.3 31x5

I at Z
155overall Percent Deviation: 114.6% _

I
2

Table 6.1-10 Heat Transfer coef ficient Standard Deviation (W/m K)I f or the Freon-11 Predictions Using " Initial" Moctel (D = 1.07 cm) .

-- _

Exit Pressure Pexit = 0.186 MPa _

Flowrate G Location Z (cm) Number of

I Data Points9!" #) 20.32 40.64 60.96 81.28 101.6

210.0 183.8 209.6 296.3 201.4 363.7- 13x5__

E 281.0 * 82.0 77.1 320.0 60.8 170.0 10x5

281.0 " 72.2 315.4 161.8 93.9 115.7 8x5

Pressure Drop NO NO NO NO YES

Effect

Standard Deviation 130.5 206.7 268.9 139.5 256.0 31x5
at Z

i

Overall Standard Deviation: 205.7 (W/m K) 155

I302 run number #RO'111.- Smith and Boyd*
** - Smith and Boyd(303 run number #R0423.

I
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I Standard
Table 6.1-11 Heat Transfer Coefficient Percent (%)Deviation for the Freon-11 Predictions Using " Modified" Model

I (D = 1.07 cm).

Exit Pressure Pexit = 0.186 MPa

Flowrate G Location Z (cm) 11 umber of
_ _

"" "
9** 20.32 40.64 60.96 81.28 101.6

210.0 121.9 170.9 307.9 65.3 88.0 13x5

281.0 * 22.8 20.3 47.7 13.1 99.9 10x5_

281.0 ** 22.8 29.9 63.4 21.2 78.8 8x5

Pressure Drop 11 0 11 0 14 0 11 0 YES

I Effect

Percent Deviation 79.0 109.8 199.3 43.2 78.8 31x5

at Z
155

Overall Percent Deviation: 113.5%

I t

Table 6.1-12 llent Transfer Coef ficient Standard Deviation (W/m gy
for the Freon-11 Predictions Using " Modified" Model (D = 1.07 cm) .

Exit Pressure Pexit = 0.186 MPa

I Location Z (cm) llumber of
Flowrate G "" "

20.32 40.64 60.96 81.28 101.69! "

210.0 189.3 202.2 261.9 173.7 172.6 13x5

281.0 * 82.0 77.1 320.0 60.8 175.9 10x5

281.0 " 78.2 315.4 161.8 93.9 115.7 8x5
'

Pressure Drop NO 11 0 11 0 !!0 YES

, I Effect
|

Standard Diviation 133.7 203.8 254.2 123.7 156.4 31x5

at Z:

overall Standard Diviation: 178.7 (W/m K)
155i

!303 run number #R0111.- Smith and BoydI *

I303 run number /R0423.** - Smith and Boyd

I
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0.1.3D Inside Wall Temperature Predictions '

_

Comparisons of the TIIM data with predictions of local inside wall temperature for

freon-11 are presented in: (1) Figures 0.1.35 through G.1.39 for the " initial" model, and

(2) Figures 0.1.40 through 0.1.44 for the " modified" model.

2For the higher flow rate, G = 281 Kg/m s, the best agreement with the data occurs

at the location near the entrance (2 = 20.32 and 40.04 cm), poorer agreement occurs at

I
the location near the exit of the channel (2 = 81.28 ar.d101.0 cm) for both models which

| can be seen in Figures 0.1.35 and 0.1.39 for " initial" model, and Figures 0.1.40 and 0.1.44

for " modified" model.

I-
2For the lower flow rate, G = 210 Kg/m s, the comparisons are just opposite. Through

out the comparisons, for the same flow rate and location, the " modified" model gives

better results than that of" initial" model. The percent standard deviations and standard

deviations for freon-11 are included in Tables 0.1-13 and 0.1-14 for " initial" model, and

Tables 0.1-15 and 0.1-10 for " modified" model.

I
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I Table 6.1-13 Inside Wall Temperature Percent (%) Standard
Deviation for the Freon-11 Predictions Using " Initial" Model
(D = 1.07 cm).I

_.

Exit Prergure Pexit =_0.186 MPa__
_

Flowrate G Location Z (cm) Number of
ata Points( 9/* "} 20.32 40.64 60,96 81.28 101.6

210.0 2.7 4.2 8.5 2.1 3.1 13x5

281.0 * 1.0 1.0 1.7 0.5 1.1 10x5

I 281.0 ** 0.7 1.6 1.8 0.9 0.6 8x5

Pressure Drop NO No NO No YES

I Effect

Percent Deviation 1.8 2.8 5.5 1.4 2.1 31x5

at Z

overa11 Percent Deviation: 3.1% 155
-

_

I
Table 6.1-14 Inside Wall Temperature (K) Standard Deviation for

.

the Freon-11. Predictions Using " Initial" Model (D = 1.07 cm).

Exit Pressure Pexit = 0.186 MPa

Flowrate G Location Z (cm) Number of
# # 8

' I 9!" " 20.32 40.64 60,96 81.28 101.6

210.0 8.7 14.0 31.3 7.0 0.3 13x5

281.0 * 3.1 3.1 5.5 1.6 3.7 10x5-

281.0 ** 2.1 4.9 5.9 - 3 .1 2.0 8x5

Pressure Drop NO No No No YESI Effect

Standard Deviation 5.8 9.4 20.2 4.8 6.9 31x5

I at-Z i

Overall Standard Deviation: 10.8 (K) 155

t301 run number #R0111.- Smith and Boyd*

I303 run number #R0423.** - Smith and Boyd
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Table 6.1-15 Inside Wall Temperature Percent (%) Standard
Deviation for the Freon-11 Predictions Using " Modified" Model
(D = 1.07 cm).

Exit Pressure Pexit = 0.186 MPa

-

Flowrate G Location Z (cm) Number of
ata Po M s

9!" " 20.32 40.64 60.96 81.28 101.6

210.0 2.5 3.5 6.6 2.0 2.4 13x5

281.0 * 1.0 1.0 1.7 0.5 1.1 10x5

281.0 ** 0.7 1.6 1.8 0.9 0.6 8x5 ,

Pressure Drop NO NO NO NO YES

Effect

Percent Deviation 1.7 2.4 4.4 1.4 1.7 31x5
'

at Z

Overall Percent Deviation: 2.5% 155

Table 6.1-16 Inside Wall Temperature (K) Standard Deviation for
the Freon-11 Predictions Using " Modified" Model (D = 1.07 cm).g

I Exit Pressure Pexit = 0.186 MPa

Flowrate G Location Z (cm) Number of

- I-
aa nts9!" " 20.32 40.64 60.96 81.28 101.6

-

210.0 7.9 11.4 23.1 6.6 7.9 13x5

281.0 * 3.1 3.1 5.5 1.6 3.7 10x5
j

281.0 ** 2.1 4.9 5.9 3.1 2.0- 8x5
4

Pressure Drop No NO NO NO YES

Etfact

- Standard Diviation 5.4 7.8 15.2 4.5 5.5 31x5
"

at Z

Overall Standard Diviation: 8.5 (K) 155
,

t301 run number #R0111.- Smith and Boyd*

I303 run number #R0423.** - Smith and Boyd
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7. CONCLUSIONS AND ILECOMMENDATIONS
_

The flow boiling models are presented for predicting the local heat transfer coefficient.

The findings may be summarized as follows:

(1) The flow boiling models can be used to evaluate the local heat transfer coefficient

and local inside wall temperature for most fluids. For the system with less important

gravitational effects, both heat transfer coefficient and wall temperature predictions are

quantitive. For the system with important gravitational effects, the wall temperature and

heat transfer coefficient pred:ctions are qualitative. The flow boiling models do not apply

in the saturation regime.

(2) The " Modified" model gives better predictions than the " Initial" model in the

nucleate partial boiling regime. The over-all percent standard deviation from the water

data is less than 10% for both models.

(3) Although the " Modified model" is more difficult to use, it is reconunended because

it appears to be independent of fluid and the ONB. The " Initial model" is restricted to

water and depends on ONB.

I (4) Additional observations and results are summarized in the regular progress reports

which are contained in Appendix D.

The ongoing work includes formulating the turbulent flow model and assessing critical-

heat flux models.
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APPEllDIX A.1

List of the program for generating pingle-phase curvo, O!!D curvo
and FDB cuve.I
* 1Hf CALCULA110W t's realt=1.f4Are

I * fird the point 0 ty using tr.N. 19 8 equ. 30

q heat flua, 0/(3.14*el), W/m.*
* ci stec i fic heat of water, J/kgC, 20C & 1.6(MP6

urdy' volt vl6cosity, kg/pe.*

I * kt thernet corductivity of water, W/nc.
* Pre Prerdtle rpJrder of water

li4bs enthalpy of water et esturation, J/kg.*

1129: enthalpy of water 6t 20C J/kg.*
* cigmatsurface tension of water

g pees flun kg/m e.*
* dainside dieneter of t ute, 9
* Re Reynolds roter L.ased on all flow as liquid.

I * hios heat transfer coefficient te t th only licpid, w/ec
* asters gaelity at the location where ist dipensionless
* Bos teolling nurntier,

real 1148, t * 29, k , g , h l o, h t p, h t pc . h t in, h t pni , h t pc 1
real h f d, I l148,h t pf, l,1
orent $ , f i l e * ' e s sen05. da t ' , e t e t ue e i rww i )
of en( 6,' ' * u ' a i men 06. de t ' , s t a t ue * ' new' )
oren( T, ' e t tren07.det 8, s t a tus s ine'w')
c$wn(1,1 s t n'allnp01.dat a,6tatuomiold')
ce4525.
u=0.0001309
rof=811.08
r eig= 8.312

1setis203.
fin =20.I k=.665
pr=0.9
(148 1928.51'1000.
IL148 856.9981000.0I 1129*83.660*1000.0
cigme=36.80*.001
d*0.30*0.01
swi6.6I reed (1,*)n
do 2 lui,n
read (1,*)p,3
geg*1000,

I es=3.14*#
ac m3.14*(d"2)/4.
lad *96.6

42*g* ( ll148 1129)* ec/(3.14*d* l)
ckp0.02*q2
q=0
write (*,*)'42s',q2*

do 10 Je1,40
q=q*dq

I =(1129*(q*es)/(g*oc))/1000,

I call tutk(itetb)
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twis?50
20 If1*0.50*(Twiatb)*Tb

catt prop (tit,c,cisma,u,pr,k,rof,tos)
catt proth(tb ub)

I catt proputtwi,uw)
Resg*D/u
f s1.0/((1.82* atop 10(te) 1.64)"2.0)
cio1.43.4*f

.I
c 2 11. 7* 1.8/(P r"0.333)
o c1* c 2*( t re "0.67).1.0)* (( f /8.0)**0.5 )
h t o* ( t e* P r/o)* ( f /8. ) * k /d* ( ( ub/uw)" 0. 00 )
h t oi s0.023* ( R e"0.8)* ( Pr"D.4 )* k /d
tws20.*q*((4.**)/(g*c*d)*i./hto)

* write (*,*)'Twie',tw1,e t w. 8, t w

write (*,*)8htoss',hto,' fs',f*
if (abs (Tw Tw1).gt.0.10) then

twistw
goto 20

endtf
* ffe(it*1w)/2.

1f =0.50*(Tw 1b)*Tb
write (*,*)* f f ilm=',1f

80 catt prop (ti,c,cigma,u,pr,k,rof,rog)
catt propw(tw,uw)

I cati propb(tb,ub)
Zrbag*c'd*0.25*(183./q 1./hto)
Zscog*d*(ll148 li29)/(4.*q)
Wr i t e( * , * )' Zrdw ' , Z rb, ' Zsco',2sc*

I s =0.463* (p"0.0234 )
tww=250.

70 0$=hto*(tww tb)
det t 0.556*((q5/(1082.*(p"1.156)))"s)
If (abs (delt.(tww 203.)).st.0.1) then
tww deLt*203.
wr i t e ( * , * ) ' t wwe ' , t ww, ' t b= ' , t b*

goto 70
endti
dettatww 203.
de t t e pr * ( ( $* c i gma* qs* ( 203 + 273.15 )/ ( 1148* k * r og ) )" . 5 )*

write (*,*)'dette',delt*

alsg*c'd//.*((183.+det t)/q 1./hto)
32=g*c'd/4.*(1/hto dett/q)
L a d= 96.6

Pentt 1.66
c1=0.97
c2=0.28
c3=6.13/s2

. I. c4=6.13* 1/r2
dPf o=3.72822*0.001*((g/1000.)"1.85)*(1.0 t/t)
ddac3* L + c4

cku=c3*(L r) c4
cPseb=dPf o*(c1*(t 3)*c2/c3*(exp(c3*(L Z) C4)))*

Pa*(Penit'dPstb)
write (*,*)* Pas',P*

* cati drop (pt,isati,1148,il148)
'_ | - * 1148a1148*1000
S * 14148=lL148*1000.

write (*,*)'16atis',Tsati*

write (*,*)'1148u',1148*

B o=4/(g* l148)
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I,

I 1

$t t oeh t o/(g*c ) .

l

tw3s?50,
100 tf 3 0.5*(tv tb)* tb i

I colt prop (tf 3,c ,ctsmo,u,pr,k,rof,rog) l

asters a'c/(hto*1148) i

se(es8g/(g*ac)*ll148*1129)/1148
dentsus s*l148/c 1

write (*,*)'ase,*,a deltsve',oettsu |I *

if (to.it.0.00003) then !

ftos).+46.*(Bo**0.5)
eise

I f bo=230.* (to" .5 )
endif
htpfehto/(1.0/fto+s/ aster)
tw=q/htpf*tb

I If ((ebs(tw tw3)).gt,0.10) then
tw3stw
goto 100
erdIf

deltsisq/hlo deltsu
delts2nq*(1./fto+a/ aster)/hlo dettsu
htpfahtc/(1./fto*a/ aster)

I datteradel1*c/1148
mordwaster+dast ar
t wet t ledeltsi+1sa t t
twall2*delts2+1sati

I wri t e(5,* )de t t si,q/ * 000,
write (6,*)deits2,q/1000,

"

wr i t e(7,*)delt ,q/1000.
10 continue

write (5,*)I write (6,*)
write (7,*)

2 continue
stopI end

subroutine drop (pi,Tsati,1148,lti48)I dieension p(10),ft10)
rest f (10),l t (10),1148,Il148
Integer j
data p/1.56,1.66,1.92,2,32,2.8,3.35,3.98,4.7,5.5,6.4/I data - t(1),t(2),t(3),t(4)/200,203,210,220/
data t(5),t(6),t(7),t(8)/230,240,250,260/
data t(9),t(10)/270,280/

data f(1),1(2),1(3),1(4)/1940.6,1928.5,1900.3,1858.3/I data 1 ( 5 ) ,1 (6 ) ,1 ( T)/1811. 7,1765. 4.1715. 2/
data 1(8),1(9),1(10)/1661.0,1604.8,1543.2/
data ll(1),11(2),11(3)/852.4,856.9,897.7/
data It(4),lt(5),ll(6)/943.7,990.3,1037.6/I data IL(7),1((8),ll(9),Il(10)/1085.8,1135.0,1185.2,1236.8/
do 5 kel,10<

if(p1.le.p(k)) then
-goto 4

I endtf
5 continue
4 isatist(k)*(pi p(k))/(p(k) p(k 1))*(t(k) t(k 1))

11486t(k)+(pi p(k))/(p(k) p(k 1))*(l(k) l(k 1))
il148all(k)+(p1*p(k))/(p(k) p(k 1))*(ll(k) it(k 1))
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I.

I return

erd

aWrout tre tutk(11,tb)
rest 11,itil),t(15)

Integer )
data f(i),1(2),1(3),1(4)/83.86,125.66,167.47,209.3/
data 1(5),1(6),1(7),1(8)/251.1,293.,334.9,376.9/

I date 1(9),1(10),1(11),1(12)/419.,461.,503.7,546./
data 1(13),1(14),1(15)/589.3,632.2,675.5/
data t ( 1 ), t ( 2 ), t (3 ), t ( 4 ) , t (5 ) , t ( 6)/ 20,30,40,50,60,70/
data t(7),t(8),t(9),t(10),t(11)/80,90,100,110,120/

I data t(12),t(13),t(14),t(15)/130,140,150,160/
do 9 kel,15
if (ii.(e.l(k)) then
Doto 3

I endif
9 continue
3 tbet(k)*(11 1(k))/(Itk) 1(k 1))*(t(k) t(k 1))

write (*,*)'llae',li,8 tbes',tb

I return

erd

a eroutine pr op( t f l c , c i pw.u,pr, k , r o f , tog)

I dimenolon b( 28 ) , 3 ( 28 ) , d( 28 ) , m( 28 ) , f ( 28 ), t ( 28 ) , q( 28 )

rest t(28),k
data t(1),t(2),t(3),t(4),t($),t(6)/20,30,40,50,60,70/
data t(7),t(8),t(9),t(10),t(11)/BO,90,100,110,120/

I data t ( 12 ) , t ( 13 ) , t ( 14 ) , t ( 15 ) /130,140,150,160/
data t ( 16 ) , t ( 17 ) , t ( 18 ) , t ( 19 )/170,180,190,200/
data t(20),t(21),t(22),t(23),t(24)/210,220,230,240,250/
data t(25),t(26),t(27),t(28)/260.,270 ,280.,290./

I data b( 1 ) , b( 2 ) , b( 3 ) , b( 4 )/ 4182. ,4179. ,4179. ,4181. /
data b( 5 ) , b(6 ) , b( 7 ) , b( 8 ) /4185. ,4191. 4198. ,4207. /
data b(9),b(10),b(11),b(12)/4218.,4230.,4244.,4262./
data b(13),b(14),b(15),b(16)/4282.,4306.,4334.,4366./
data b( 17) , b( 18 ), b( 19 ) , b( 20 )/4403. ,4446. ,4494. ,4550. /I data b(21),b(22),b(23),b(24)/4613.,4685.,4769.,4866./
data b(25),b(26),b(27),b(28)/4985.,5134.,5307. 5520./
data :(1),:(2),I(3),3(4)/73.78,71.23,69.61,67.93/
date :(5),3(6),3(7), (8)/66.19,64.40,62,57,60.69/I date :(9),3(10),3(11),3(12)/58.78,56.83,54.85,52.83/
date (13),3(14),3(15),3(16)/50.79,48.70,46.59,44.44/
date :(17),3(18),3(19),3(20)/42.26,40.05,37.81,35.53/
date :(21),3(22),3(23),a(24)/33.23,30.90,28.56,26.19/I data :(25), (26),3(27),3(28)/23.82,21.44,19.07,16.71/
data d(1),d(2),d(3',d(4)/iG02.,798.3,653.9,147.8/
data d(5),d(6),d(7),d(8)/467.3,404.8,355.4,315.6/
data d(9),d(10),d(11),d(12)/283.1,254.8,231.0,210,9/I data d( 13 ) , d ( 14 ) , d( 15 ) , d( 16 ) /194 .1.179. 8,167. 7,157. 4 /
data d(17),d(18;,d(19),d(20)/148.5,140.7,133.9,127.9/
deta d( 21 ) , d( 22 ) , d( 23 ), d( 24 ) /122. 4,117. 5 .112. 9.108. 7/
data d( 25 ) , d( 26 ) , d ( 27 ) , d( 28 ) /104. 8,101.1. 97. 5 ,94 .1/I data pn(1),pn(2),pn(3),pn(4),pn(5)/6.9,5.4,4.3,3,5,3./
data pn( 6 ), pn( 7 ) , pn( 8 ) , pn( 9) , m( 10 ) /2. 5 , 2. 2,1. 9,1. 7,1. 5 /
data pn(11),m(12),pn(13),pn(14),pn(15)/1.4,1.3,1.2,1.1,1./
data pn(16),m (17),pn(18) pn(19),pn(20)/1. 96,.93, 91,.89/

I data pn(21),pn(22),pn(23),pn(24)/.87,.86,.85 859/
' data pn(25),pn(26),pn(27),pn(28)/.866,.882,.902,.932/
data f(1),f(2),f(3),4(4),f(5)/.603,.618. 631, 643 653/
data f(6),f(7),f(8),f(9),f(10)/ 662, .67,.676, 681,.684/

I data f(11),f(12),f(13),f(14),f(15)/.687,.688,.683,.687,.684/
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data f(16),f(17),f(18),f(19),f(20)/.681,.677,.671 664,.657/
data f(21),f(22),f(23),f(24)/.648,.639. 628,.616/
date f(25),f(26),f(27),f(28)/.603 589,.574,.558/
date r ( 1 ) , r ( 2 ) , t ( 3 ) , r ( 4 ), r ( $ )/ 998. 2,995. 6. 992.1,988.1,983.3/
date r ( 6 ) , r ( 7 ) , r ( 8 ) , r ( 9) , r ( 10 )/978. 5,971. 8,966. 2,958. 8,951. 5 /

' I date r(11),r(12),r(13),r(14),r(il)/943.,935.,926.,917.,907./
data r (16), r (17), t (18 ), r ( 19), r ( 20)/897. ,887. ,876. ,865. ,853. /
date f(21),r(22),r(23),r(24)/840.,827.,813.,799./
date f(25),r(26),r(27),r(28)/764.,767.8,750.7,732.3/I date 4(i ) , q( 2 ), qt 3 ), q( 4 ), q( 5 ) / . 017, . 03, . 051, . 083, .13/
date q(6),q(7),q(8),q(9),qt10)/.198,.29,.42,.598,.826/
date q( 11 ) , q ( 12 ) , q( 13 ) , q ( 14 ) , q( 15 ) /1.12,1. 5 ,1. 97,2. 5,3. 3 /
date q(16),q(17),q(18),qt19),q(20)/4.1,5.2,6.4,7.87,9.6/I data q(21),q(22),q(23),q(24)/11.63,14.08,16.95,20.0/
date q( 25 ), q( 26 ), q( 27), q( 28 ) / 23. 72,28. 09,33.18,39.16/
do 7 k1*1,28

ff (tfl.(e.ttki)) then
goto 6
erdif

7 continue
6 cob (ki)+(tf t t(ki))/(t(k1) t(ki 1))*(b(ki) b(ki 1))I cismas:(ki)+(tfl t(kt))/(t(ki) t(ki 1))'( (kt) t(k1 1))

u=d(k1)+(tfl ttki D/(t(ki) t(ki 1))*(d(k1) d(ki 11)
Pr pn(ki)+(tfi t(ki))/(t(k1) t(L1 1))*(It)(k1) pn(k1 1))
kaf(ki)+(tft t(ki))/(t(ki) t(ki 1))*(f(k1) f(k1 1))I rofer(ki)+(tfl t(k1))/(t(k1) t(ki 1))*(rtk1) r(ki 1)$
rog*q(ki)+(tft t(ki))/(t(ki) t(ki 1))*(q(ki) q(ki 1))
cigma=cigma*0.001
u=u'0.000001I write (*,*)8ce',c,' cigman',cigma,' u=',u*

write (*,*)* pre',pr,' ke',k,' ref=',tof,' rogs',rog*

return
ene,
s h outine propw(ts uw)
dimension w(28),s(28)

I date w(1),w(2),w(3),w(4)/20.,30.,40.,50./
data w(5),w(6),w(7),w(81/60.,70.,80.,90./
date w(9),w(10),w(11),w(12)/100.,110. 120.,130./
data w(13),w(14),w(15),w(16)/140.,150.,160.,170./

I- data w(17),w(18),w(19),w(20)/180.,190 ,200.,210./
data w(21),w(22),w(23),w(24)/220.,230 ,240.,250./
data w(25),w(26),w(27),w(28)/260.,270.,280.,290./
data s(1),s(2),s(3),s(4)/1002.,798.3, 6 3.9,547.8/

I data s(5),s(6),s(7),s(8)/467.3,404.8,355.4.315.6/
data s(9),s(10),s(11),s(12)/283.1,254.6,231.,210.9/
data s(13),s(14),s(15),s(163/194.1.179.8,167.7.157.4/
data (17),s(18),s(19),s(20)/148.5,140.7,133.9,127.9/

I data s(21),s(22).s(23),s(24)/122.4,117.5.112.9,108.7/
dets s(25),s(26),s(27),s(28)/104.8,101.1,97.5,94.1/

-| do 3 m=1,28
.W If (ts.(e.w(m)) then

goto 4
endtf

I 3 continue-
-4 uw=s(m)+(ts w(m))/(w(m) w(m 1))'(s(m) s(m 1))

uw=uw*0.000001
return
end
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ad, rout tne propb(ts.ub)
dimension w(28),s(28)
date w(1),w(2),w(3),w(4)/20.,30.,40.,50./

I date w( 5 ), wt 6 ) , w ( 7) , w( B )/ 60. ,70. ,80. ,90./
date w( 9 ), w( 10 ), w( ii ), w( 12 )/100. ,110. 120. ,130. /
date w( 13 ) , w ( 14 ), w( 15 ), w( 16 )/140. ,150. ,160. ,170. /
date w(17), w( 18 ) , w(19 ), w( 20)/ i BD . ,190. 200. ,210. /

I date w(21),w(22),w(23),w(24)/220.,250.,240.,250./
date w(25),w(26),w(27),w(28)/260.,270.,280.,290./
dets 6 ( 1 ), s ( 2 ), e ( 3 ), s ( 4 )/1002. ,798.3,653.9,547. 8/
date s(5),s(6),s(7),s(8)/467.3,404.8,355.4,315.6/
date s(9),s(10),s(11),s(12)/283.1.254.8,231. 210.9/
date s(13),s(14),s(15),s(16)/194.1,179.6,167.7,157.4/
date s(17),s(18),s(19) s(20)/148.5,140.7,133.9,127.9/
data s(21),s(22) s(23),6(24)/122.4,ii?.5,112.9,108.7/
date s(25),s(26),s(27),6(28)/104.8,101.1,97.5.94.1/

do 3 nwi,28

I (f (ts.le.w(m)) then
goto 4
erdif

3 ctotinue
4 ub*strr)+(ts w(m))/(w(m) w(m 1))*(s(m).. m

ubeub*0.000001
return

erd

I
I
I
I
I
I
I
I
I
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I
APPEllDIX A.2

List of program for finding the intersections of single-phano
curvo, 011B curve and FDB curve.

* THIS PROGRAM l$ FOR COMPuflNG THE $1ATV5t$ At ONS, AND IDB

I DIMENs10N 11(80),12(80),13(80),01(60),02(80),03(60)
REAL 1C,fD,1t,0C,00,0L
OP( N (2,FILis'AtlNP01.DA18,$1ATU$s'OLD')
OPIN (3, fille' A MENO$.DAT',$1 ATU$s'OLD')
OPEN (4, f il t s ' A t ME N07.DA l 8, $1 ATUls 'OLD ' )

OPEN ($,f!Lt 'AtMIN06.DA18,$1ATU$s'OLD')
OPEN ($,f! Lie'AtlNP02.DAf',$1ATUS*'NEW8)
READ (2,*)N
WRift(8,*)N
00 5 Jet,N
READ (2,*)G,2
00 10 l=1,47

',48,J,' I =write (*,*)'J =

ktAD(3,*111(I),01(1)
READ (4,*)12(l),02(1)
RE AD(5,* )13(1 ),03(1)

10 CONilNul
Do 20 Kei,47

If ((11(K) T)(K)).G1.0.00) THEN

0010 100
(NDif

20 CON 11 nut

100 A*(T3(K 1) 11(K 1))/(11(K) 11(K 1) f 3(K)+f 3(K 1))
id=A*(13(K) 13(K 1))*13(K 1)
Bs(03(K) 03(K 1))/(T3(K) 13(K 1))

I. Od=Q3(K 1)+(8'(id T3(K 1)))
ofdb=1.4*Qd
DO 30 Mei,42
IF ((ofdb-Q3(M)).Lt.0.00) THEN

Cofo 200
(NDif

30 CONTINUE

200 C=(13(M) 13(M 1))/(03(N)-Q3(M 1))
ffdbac'(Qfdb 03(M 1))+13(M 1)
00 40 Ls1,47
If ((T2(L) 11(L)).Lt.0.00) THEN

Coto 300
ENDif

40 COWilNUE

300 D'(T2(L 1) f1(L 1))/(11(L) TI(L 1)+T2(L 1) 12(L))
fonb=(D*(T2(L) T2(L 1)))+12(L 1)I E*(02(L) 02(L 1))/(12(L) 12(L 1)),

Qorbs((Tonb T2(L 1))*E)+02(L 1)
WRITE (8,*)D,2
VRitt(8,*)1onb,0onb
WRlit(8,*)Tfdb,0fdb
UR11E(8,*)

5 COWTINUC

$ TOP

END

I
128



-- . .
. . _ _ _ _ _ _ _ _ _ - _ _ _ _ - _ _ _ _ _

I
APPEllDIX A.3-1

List of the program for calculating hont transfer results for
" initial" nodol.I

rest m, n, h t p, h l o, h t pc ) , h t pn) , h t pc , h t m. h t tp, h t pf , W MPP

I rest k,lti45,1129,1148,kg,1,pt,tt,li,bu
open( 9, f i l e = * e s een083. oe t ' , s t a t us e ' rww ' )
cgen( 21, f i l e ' a t qvs t wd . de t ' , s t a t use ' new ' )
open( 26, f i l e= ' a t m0753.de t ' , s t a t us * ' new ' )

I cyen( 2, f i l e = ' e : I r$42. de t ' , e t e t un a ' ol d ' )
cgen(5, f i l es ' e n det ent .de t ' , e t et us * ' old' )
cgen(4, f i l es i a s t net t .da t ' , tt s t ut.* 80td')
c$en( 6, f 1 L e e ' e s pr ed i c t .de t ' , s t a t un e ' new ' )

I read (4,*)1sett, ||148, (148, p

ce4525.
us0.0001309
uge0.00001582

I ks.665
k0:0.03812
pra0.9
ll14Balt148*1000.

I ti4Beli48*1000,

1129= 83. 0.6* 1000,

c i smn= 38.80* .001
d=0.30*.01
Led *96.6I read (2,*)ni

c nio2
do 55 joi,n1
read (2,*)g,I geg*1000,
es=3.14*d*:
ece3.14*(d**2)/4.
q2s g* (i t 148 1129)* ec /(3.14* d* L )I write (*,*)'q2=',42
rog=8.312
rol=998.2

re ed(2, * )c:e t t o,qonb
read (2,*)delte,qe
gonb=qonb*1000.
oesqe*1000.

I Read (5,*)lA
write (21,*)1A
write (6,*31A
Do 1000 INEW. 1, IAI Read (5,*)o02,HHDATA
q=002*q2
d.yqonb/11.
q=da*

I do 2 (=1,1
wr i t e ( * , * ) ' q= ' , q, ' 42a',42*

* cett prs (g,q,2,pz)
* cent drop (Pr,1seti,1148,il148)

I if(q .pe. gonb) then
go to 160
endlf
1 =(1129+(q*es)/(g*ec))/1000,

I iss=1
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I cett bulk (Is,tb)

tw1 250.
42 ff1 0.50*(twi Tb)*1b

cell prop (tit.c,cleme,u,pr k.rof erog)e

I cell pr c4b( t b,th)

cett pr ofa,(t wi,uw)
Re=g*d/u
f et.0/((i.82*etog10(Re) 1.64)"2.)

I cist.*3.4*f
c2:11.7* 1.8/(P r"D.333)
oest+c2*((Pr"0.67) 1.)*((f /8. )"0.5)
h|o1*(Re*Pr/o)*(f/8.)*6/d*((ub/ww)**0.00)
h | o= 0. 023* ( R e" 0. 8 ) * ( P r * * 0. 4 )* k /dI Tw 20.+q*((4.* )/(g*c'd)*1./hloi)
if (abs (tw Twi).gt.0.10) then
twistw
write (* *)'Re'',ReI *

goto 42
endtf
if=0.50*(tw 1b)*1b
cett pr op( t f .c.c l e"e.u,pt,k , rof , cog)I cell pr oib(t b,ub)

cett prc4w(tw,uw)
* cett flim(ti,li48,il148)

h1 o.0. 023* ( R e"0. 8 )* ( pr"0.4 )* k/dI h i ci s ( R e* P r /o) * ( f / 8. 0 )* k / d* ( ( ub/uw)" 0. 00 )
se(es*g/(g*ec)*ll148*1129)/1148
detts1*g/hlo1*A*l148/cs

twellindentsi*ftetiI Pe=Re*Pr
Wu=h t o1*d/k
$tsku/Pe
t wp=1welliI HHrPahlo1/1000.
write (9,*)Pe/100000,$t
write (26,*)q/42,hto1/1000.
IF (HLO.Lt.0.0) THEN

I WR i i t ( * , * ) ' HL ou l , HLO

(WDif
* q=q+(4
2 continue

I write (*,*)' EWD OF THE FIRST PART'

@=(ge gonb)/10.
q= q+ dq*

00 10 101

I 160 if(q .go. ge) then
go to 170
endti
16ss2

I do 10 (*1,1
p=1./(ge qonb)
na1. p*Qonb
serv * p* q

I. ppm *10000,

im1= int (m)
malmi/10000,
b=(ge qonb)/((dette"m)-(detto**m))

I a=qonb b'(det to**m)
pet.0/m

esse 10000,

im= int (m)
salm/10000.

130
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dett=((q a)/b)"a
* cent prs (g,q,r,ps)
* call drop (Ps,1ssti,1148,il148)

las(1129*(q'al)/(g'ac))/1000. '

call tutk(It.tb)
Tw2 250.

43 ff2=0.50*(tw fb)*1b
call pr op( t f 2, c , c i gne , u, pe , k , ro f , rog )
Reag*d/u
httpeq/(dett s*l148/c)
t w=20.+q*((4.* )/(g*c'd)*1./ht t p)
If (abs (Tw2 Tw).gt.0.10) then
Tw?siw
goto 43
endtf
wr i t e( * ,* )' t we * , t w*

t wedelt * tseti
1(*0.$0*(iv 1b)*Tb
write (*,*)' Ife',1f,' T We ' , t w*

I call prop ( t t ,c c i sme,u, pr, k , r of , rog)
* cett film (tf,1148,lti48)

metas*q/(g'ac) il14B+l129)/1148
twelladett*fssti
htM>=q/(dett m*l148/c)
Reag*d/u
Nuuhtpp'd/k
Pe=Pr*R4
St*Nu/Pe
write (9,*)Pe/100000.,$t
write (26,*)q/q2,htpp/1000.
Twp=Twell
HNPP=http/1000.
q=q*dq*

10 continue
w-Ite(*,*)' (ND OF THE $tCOND PAR 1'

* qaqo
qt nit ag2'0.8

* do 15 l*1,1
* q=q+dq
* coti pes (g,q, ,p:2
* catt drop (Ps,Tsati,li48,il148)

Go 10 101
170 iss=3

las(1129*(q*as)/(g*ac))/1000,

I ca|| tutk(ir,tb)
Tw3e250.

44 f f 3=0.50*(Tw3 1b)+1b
call prop (t f 3,c.cigma,u,pr,k,rof, tog)
call propb(tb,ub)
rett propw(tw3,uw)
Resg*d/u
f = 1. 0/(( 1.82* s t og 10 ( R e ) 1.64 )"2. )
c1*1.*3.4*f
c2=11,7*1.8/(Pr**0.333)
osci+c2*((Pr"0.67) 1.0)*((f/8.0)**0.5)
h l o= ( R e* P r/o) * ( f /8. 0 ) * k/d* ( ( ub/uw)* * 0. 00)
T ws p= 20. + q* ( ( 4. * * )/ ( g*d* c ) * 1. 0/h t o)
If (at4(Tw3 twsp).pt.0.10) then
tw3=twsp
goto 44
erdif
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I
I p(es*g/tp*ac) il148+1129)/1148

asters q'c/(hto*li48)
80*4/(g*l148)
If (bo.te.0.00003) then

I f to=1.446.*(to"0.$ )
eise

f to=230.*(to**0.5)
endif

I htpfehto/(1./fto+a/ aster)
h t o1:0. 023 * ( R e" 0. 8 )* ( pr * * 0. 4 ) * k /d
tw=20.+q*((4.*t)/(g'd*c)+1./htpf)

* If (abs (Tw Tw3).st.0.10) then

I.
* tw3=fw

goto. 44*
* erdif

45 ff=0.$0*(Tw ib)+Tb

I call prop (tf c,cigma,u,pr,k,rof,rog)
* call file (tt,1148,iti48)

as(as*g/(g'ac) il148+1129)/1148
* If (q.ge.qtmt) then

I goto 11*

endif*

Bo*g/(g* 1148)
If (80.tE. 0.00003) then

I fles i . + 46.* ( t o"0. 5 )
else

f tc 230.*(Bo"0.$)
endtf

I te=g*d/u
astare q'c/(hto*l148) .

!de t t 2*q* ( 1, / f bo* x/xs t e r )/h t o+ n* l i 48/c
Twell2*dett2*fsati
If(abs (Twelt2 tw).et.0.10) thenI Tw=1well2
goto 45
endti

htpfehto/(1/fbo+x/sster)
Nu=htpf*d/k
Pe Re*Pr
St sNu/PeI write (9,*)Pe/100000.,$t

*15 write (*,*)
1$ write (26,*)q/42.htpf/1000.

Twp= Twat t 2

HHPPahtpf/1000.
11 write (*,*)

101 CONilWUE
- 'WttfE(*,*)'END OF THE THIRD PART'

Twdatb+(q/(1000.*HNDATA))
- wr it e(21,* )1wp,q/1000000 ,1wd

Write (6,*)0Q2,HHPP
write (6,*)

I .1000 continue
$5 CONilNUE

* HERE YOU GO lil'wr i t e(* ,* )
stop

I end

subroutine prs (g,q,3,pa)
: rest 1148,il148,1,hto,k

c=4525.0
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I
I d=0.30*0.01

km.665
rof=861.08
rogn8.312

I c i smae38. 80* 0.001
1148 1928.51'1000,
u=0.0001309
Pr=0.9

I teeg*d/u
de t t * ( 8'c l er e* q' ( 203.+ 273.15 )/ ( 1148' k * r og ) )" .5 * pr
h l os .023 * ( e e"0. 8)* (pr * * 0.4 )* k / d
11eg*c*d/4.*((183.*delt)/q 1./hlo)

I 22=s*c'd/4.*(1/hlo delt/q)
L ad* 96.6
Penit:1.66
c1 0.97

I c2:0,28

c3 6.13/a2
c4*6.13* 1/32
dP f o= 3. 72822' 0. 001 * ( ( g/1000. )"1. 85 )

I.
dPseb'def o*(c1*(l t)+c2/c3*(exp(c3*(l a) c4)))
PtsPentt+JPscb
6# rite (*,*)'dpfoa',dpfo,' dpscba ' ,dps c b

return

g .-

subroutine 11tm(t1,1148,1|148)
dimension t(17)

I real i(17),tt(17),1148,IL148
integer j
data t(1),t(2),t(3),t(4)/50.,60.,70.,80./
data t(5),t(6),t(7),t(8)/90.,100. 110 ,120./
data t (9), t (10 ), t (ii ), t (12 )/130. ,140. ,150 ,160. /I data t(13),t(14),t(15),t(16),t(17)/170.,180.,190.,200,,210./
data f(1),1(2),1(3),1(4)/2382.7,2357.9.2333.,2308.1/
data 1(5),1(6),1(7),1(8)/2283.1.2256.9,2229.7,2202.3/
data 1(9),1(10),1(11),1(12)/2173.7,2144.9,2114.8,2082.5/I data 1(13),1(14),1(15),1(16)/2049.9,2014.9,1978.5,1940.6/
data l(17)/1900.3/
data 1t(1),1L(2),11(3),1L(4)/209.3,251.1,293.,334.9/
data ||(5),1t(6),1t(7),1L(8)/376.9,419,1,461.3,503.7/I data 1 t ( 9),1 L (10),1 L (11 ),1 L (12 )/546. 3,589.1,632. 2,6b .5/
data (L(13),lt(14),lt(15),Il(16)/719.1,763.1,807.5,852.4/
data !L(17)/897.7/
do 5 k=1,17I If (ti.Le.t(k)) then
goto 4
endif

5 continueI 4 1148=l(k)+(tt t(k))/(((k) t(k 1))*(f(k) l(k 1))
It148stL(k)*(11 t(k))/(t(k) ttk 1))*(il(k) il(k 1))

1148al148*1000.
IL148st|148*1000.I return

end

I stbroutine twilk(11,tb)
rest 11,1(20),t(20)
integer j
data 1(1),1(2),1(3),1(4)/83.86.125.66,167.47,209.3/

I data 1(5),1(6),1(7),1(8)/251.1,293.,334.9,376.9/
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I date f(9),1(10),1(11),I(123/419.,461.,503.7,546./
data 1(13),1(14),1(15),l(16)/589.3,632.2,675.5,719.1/
data 1(17),1(18),1(19),1(20)/763.1,807.5,852.4,897.7/
data t(1),t(2),t(3),t(4),t(5),t(6)/20,30,40,50,60,70/

I osta t(7),t(8),t(9),t(10),t(11)/80,90,100,110,120/
data t(12),t(13),t(14),t(15),t(16)/130,140,150,160,170/
data t(17),t(18),t(19),t(20)/180,190,200,210/
do 9 k*1,20

if (it.(a.l(k)) then
goto 3
endtf

9 contitue
3 ttat(k)+(ll l(k))/(l(k) l(k 1))*(t(L) t(k 1))

write (*,*)'lles',ti,' tb= e 8, t b*

return
eruf

subroutina prop (tft,c,cisma,u,Pr,k,rof,rog)
dimension b(28),3(28),d(28),m(28),f(28),r(28),q(28)
rest t(28),k

I data t(1),t(2),t(3),t(4),t(5),t(6)/20,30,40,50,60,70/
data t(7),t(8),t(9),t(10),t(11)/80,90,100,110,120/
data t(12),t(13),t(14),t(15)/130,140,150,160/
data t(16),t(17),t(18),t(19)/170,180,190,200/

I deta t(20),t(21),t(22),t(23),t(24)/210,220,230,240,250/
deta t(25),t(26),t(27),t(28)/260,270,280,290/
data b( 1 ) , b( 2 ) , b( 3 ) , b( 4 ) /4122. ,4179. ,4179. ,4181. /
data b(5),b(6),b(7),b(8)/4185.,4191.,4198.,4207./

'I data b(9),b(10),b(11),b(12)/4218.,4230.,4244.,4262./
data b(13),b(14),b(15),b(16)/4282.,4306.,4334.,4366./
data b(17),b(18),b(19),b(20)/4403.,4446. 4494.,4550./
data b( 21 ) , b( 22 ), b( 23 ) , b( 24 )/4613. ,4625. ,4769. ,4266. /
data b(25),b(26),b(27),b(28)/4985.,5134.,$307.,5520./I date :(1),3(2),3(3),3(4)/72.78,71.23,69.61,67.93/
date (5),3(6),3(7),2(8)/66.19,64.40,62.57,60.69/
data :(9),t(10),:(11), (12)/58.78,56.83,54.85,52.83/
data :(13),3(14),3(15),3(16)/50.79,48.70,46.59,44.44/
date :(17),3(18), (19),3(20)/42.26,40.05,37.81,35.53/
data :(21),3(22),3(23),3(24)/33.23,30.90,28.56,26.19/
date :(25),3(26),2(27),1(28)/23.82,21.44,19.07,16.71/
data d(1),d(2),d(3),d(4)/1002.,798.3,653.9,547.8/
data d(5 ), d( 6 ), d( 7), d( 8)/467.3,404. 8,355.4,315. 6/
data d(9),d(10),d(11),d(12)/283.1,254.5,231.0,210.9/
data d( 13 ) , d( 14 ) , d( 15 ) , d( I o )/194 .1,179. 8,167. 7,157. 4 /
data d( 17) , d( 18 ) , d( 19 ) , d( 20 ) /148. 5.140. 7,133. 9,127. 9/I data d( 21 ) , d ( 22 ) , d ( 23 ) , d( 24 )/122. 4,117. 5,112.9,108. 7/
data d(25),d(26),d(27),d(28)/104.8,101.1.97.5,94.1/
data pn( 1 ), m(2 ), pn(3 ), pn(4 ), pn( 5 )/6. 9,5. 4,4. 3,3. 5,3. /
data m(6),pn(7),pn(8),m(9),pn(10)/2.5,2.2,1.9,1.7,1.5/
deta pn( 11 ) , pn( 12 ) , pn( 13 ) , pnt 14 ) , pn( 15 ) /1. 4,1. 3,1. 2,1,1,1. /
data p(16),pn(17),pn(18),pn(19),pn(20)/1.,.96,.93,.91,.89/
data pn(21),pn(22),pn(23),pn(24)/.87 86,.85,.859/
data m(25), m(26),pn(27),pn(28)/. 866, .882, .902, .932/
data f(1),f(2),f(3),f(4),f(5)/.603,.618,.631,.643,.653/
deta f(6),f(7),f(8),f(9),f(10)/.662,.67 676,.681,.684/
data f ( 11 ) , f ( 12 ) , f ( 13 ) , f ( 14 ) , f ( 15 ) / . 687 688, . 683, . 687, . 684 /

.
data f(16), f(17), f(18),f(19), f(20)/.681, .677. 671, .664, .657/

' data f(21), f (22),f(23), f(24)/.648, .639, .628, .616/
data f(25 ), f (26), f (27), f(28)/.603, . 589, .574, .558/
data r (1 ), r( 2 ), r(3 ) , r ( 4 ), r ( 5 )/998. 2,905. 6,992.1,988.1,983.3/

_g data r ( 6 ) , r ( 7) , r ( 8) , r ( 9 ), r ( 10 ) / 978. 5,971. 8,966. 2,958. 8,951. 5 /
data r(11),r(12),r(13),r(14),r(15}/943.,935.,926.,917.,907 /'g
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date r(16),r(17),r(18),r(19),t(20)/897.,887.,876.,865.,853./
W date r ( 21 ), r ( 22 ), r ( 23 ), r ( 24 ) /840. ,827. ,813. ,799. /

date r ( 25 ) , r ( 26 ) , r ( 27), r ( 281/ 784. ,767. 8, 750. 7, 732. 3 /
deta q(1),q(2),at3),q(4),q(5)/.017,.03,.051,.083,.13/

I dats q(6),q(?),q(8),q(9),q(10)/.196,.29,.42,.598,.826/
date q(11),q(12),q(13),q(14),q(15)/1.12,1.5,1.97,2.5,3,3/
data q(16),qt17),q(18),q(19),q(20)/4.1,5.2,6.4,7,87,9.6/
date q(21),q(22),q(23),q(24)/11.63,14.08,16.95,20.0/

I date q( 25 ) ,q( 26), q( 27 ) ,q( 28 )/23. 73,28.09,33.18,39.16/
do 7 kisi,24
ff (tfl.(e.t(ki)) then
goto 6

-I endif
7 t cctirne
6 cab (k1)+(tft t(ki))/(t(ki)*t:ki 1))*(b(k1) b(k1*i))

cismaet(ki)+(tfl*t(k1))/(t(ki) t(ki 1))*(t(k1) 2(k1 1))

I u=d(k1)*(tff t(k1))/(t(ki) t(ki+1))*(d(ki) d(ki 1))
Frapn(ki)+(tfl t(ki))/(t(ki) t(ki 1))*(pn(ki)qn(ki.1))
kaf(ki)+(tfi t(ki))/(ttki) ttki+1))*(f(k1)*f(ki 1))
refer (kt)*(tft t(ki))/(t(ki) t(ki+1))*(rtkt) r(ki 1))

',
I rog=q(k1)+(tflat(ki))/(t(k1) t(ki+1))*(q(ki).q(kt 1))

cismanc igme*0.001
usu* 0.000001
write (*,*)'es',c,' cigmas',cigma,' u= ' , u*

I write (*,*)*pr ',pr,' ka',k,' refs',rof,' rege',rog*

return

end ,

subroutine prcow(ts.uw)
dimension w(28),s(28)
date w(1),w(2),w(3),w(4)/20,,30.,40.,50./

I date w(5),w(6),w(7),w(8)/60.,70.,80.,90./
data w(9),w(10),w(11),w(12)/100,,110.,120.,130./
date w(13),w(14),w(15),w(16)/140.,150.,160.,170./
date w(17),w(18),w(19),w(20)/180.,190 ,200.,210./

I date w(21),w(22),w(23),w(24)/220.,230.,240 ,250./
dets w(25),w(26),w(27),w(28)/260.,270.,250.,290./
date a ( 1 ) . s ( 2 ), s ( 3 ), s ( 4 )/1002. ,798. 3,653.9,547. 8/
data s(5),s(6),s(T),s(8)/467.3,404.8,355.4,315.6/
data s(9),s(10),s(11),s(12)/283.1,254.8,231.,210.9/

. I dote s(13),s(14),s(15),s(16)/194.1,179.8,167.7,157.4/
data s(17),s(18),s(19),s(20)/148.5,140.7,133.9,127.9/
dato s(21),s(22),s(23),s(24)/122.4,117.5,112.9,108.7/
date 6 ( 25 ) , s ( 26 ) , e ( 27), s ( 28 )/104 . 8.101.1,97. 5,94 .1/

do 3 m=1,28
-If (ts.le.w(m)) thenI goto 4
endif

3 cent t rue
4 uw s(m)+(t w(m))/(w(m) w(m 1))*(s(m).s(m 1))I uw=uw*0.000001

return
end

aerovtlne propb(ts,ub)
dimension. w(28),s(28)~
data w(1),w(2),w(3),w(4)/20.,30 ,40.,50./
data w(5),w(6),w(7),wt8)/60 ,70.,80.,90./
data w(9),w(10),w(11),w(12)/100. 110.,120.,130./
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dets w ( 13 ) , w ( 14 ) , w ( 15 ) , w( 16 ) /140. ,150. ,160. ,170. /
W date w(17),w(18),w(19),w(20)/iB0. iPO.,200. 210./

data w(21),w(22),w(23),w(24)/220.,230.,240.,250./
data w(25),w(26),w(27),w(28)/260.,270.,280 ,290./

I uta sti),s(2),s(3),s(4)/1002.,798.3,653 9,547.8/
data s(5),s(6),s(7),s(8)/467.3,404.8,755 4,315.6/
data s(9),6(10),s(11),s(12)/253.1.254.8,231.,210.9/
data s(13),s(14),s(15) s(16)/194.1,179.8,167.7,157.4/

I date 6(17),s(18),s(19),s(20)/148.5,140.7,133.9,127.9/
data s ( 21 ) , $ ( 22 ) , s ( 23 ) , s ( 24 ) /122. 4,117. 5,112. 9,108. 7/
data s(25),s(26),s(27),s(28)/104.8,101,1,97.5,94.1/

I do 3 swi,28
If (ts.le.w(m)) then
90to 4
endif

3 cont irmee
4 utas(m)+(ts w(n.))/(w(m).w(m 1))*(s(m).ste 1))

skeub*0.000001

I return
erd

I
I

I
,

|

I
I
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APPEllDIX A.3-2

List of program for calculating the heat transfor results forI " Modified" Model.

I real e, n,ht p, h t o,h t pc i , h t fril ,ht pe ,h t pn, h t tp,h t pf , Hl:PP ,13 f
rest k,il148,1129,1148,Lg,1,ps,ls,11,Nu
open(9, files'atqvstwd.dat',statusa'new')
ofen( 26, f i l es ' a n nm 0753. da t ' , s t a t us' ' tww ' )

I open(2, files'allrgC2.dat',statuse'old')
open(4,fliesia:Insti.dat',statuss'old')
0 Fen ( 5, f i l es ' a i da t ans . da t ' , s t a t us s ' ol d ' )
open( 6, f i l es ' a s pr ed i c t . da t ' , s t a t us e ' new ' )

I read (4,*)fsati, IL148, 1148, p
ce4525.
us0.0001309
ug=0.00001582

I ks.665
kg*0.03812
pr=0.9
l|140=11148*1000.

I 1148=1148*1000,
1129 83.86*1000,

cismo*38.80*.001
d=0.30'.01

I Led *96.6
rend (2,*)ni

.
c n1=2

do 55 Jet,n1

I read (2,*)p,r
geg*1000,
as=3.14*d*
ac = 3.14 * (d"2)/4.

I 42*g* ( f l148 1129)* ac/(3.14*d* l)
tognB.312
rol=998.2

I read (2,*)delto,qonb
read (2,*)delte,qe
gonb=qonb'1000.
genge*1000.

I Read (5,*)lA
write (9,*)lA
write (6,*)lA
Do 1000 INEWs 1, IA

I Read (5,*)QQ2,HHnATA
q=002*g2
@ qonb/11.

* q=da

I-
do 2 isi,1
write (*,*)'q*',q,' 42 ',q2*

* catt prs (g,q,t.pt)
- -. .- call drop (P2,1 sat 1,i148,il148)*

. if(q .ge. qonb) -then
- so to 160

endtf
Ir*(1129+(q*as)/(g'ac))/1000.
Iss=1

m,

I
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. . . . . .

call bulk (13,tb)

Twi'250.
42 ffi=0.50*(tw1 1b)'1b

call prop ( ti t .c c l one,u,pr,k , rof ,rog)
cell propb(tb,0b)
call propw(tw1 uw)
Reag*d/u
f e1.0/((1. 82'a t og10( R e ) + 1. 64 )* * 2. )

I cist.*3.4*f
c2:11.7't 8/(Pr**0.333)
osci'c2'((Pr**0.67)ai.)'((f/8.)**0.5)
h i ci e ( R e * P r /o)* ( f /8. )' k/ d'( ( ub/ ww )* * 0. 00 )

I hlo* 0.023* (R e* *0. 8 )* (Pr* *0.4 )* k/d
tw=20.*q'((4.*t)/(g*c'd)+1./hlet)
If (abs (Tw Tw1).st.0.10) then
twistw
write (*,*)'Re**,Re*

goto 42
endif
If (tv.ge.tseti) then
goto 160
enjif

If=0.50*(Tw 1b)*1b
call prop ( t t ,c.c i gma,u, pr,k, rof , rog)
call propb(th,ub)
cett propw(tw uw)
cell f ilm(t f,1148,Il148)*

h l o*0.023* ( R e* * 0.8 )* ( pr * * 0.4 ) * k /d

I h l ol e ( R e* P r/c )* ( f / 8. 0 )* k/ d' ( ( ub/ww )* * 0. 00 )
a*(es*g/(g*ac)*il148'1129)/li48
deltaisq/hlo1+a*l148/c
Twallindentsi+1 cati

I Pe=Re*Pr
Wush t o1*d/k
$tsNu/Pe
Twp=1welli
NHPPohto1/1000.

* write (9,')Pe/100000,$t
write (26,*)q/q2,hlo1/1000.
IT (HLO.LE.0.0) THEW

I WRifl(*,*)* HL0.se,yto
(NDif
q=q+dq*

2 continue
write (*,*)' END OF THE FIR $1 PAR 18

dq=(ge qonb)/10.
* q=c+dq

GO 10 101

I 160 if(q .ge. ge) then
go to 170
endif
las=2
do 10 i=1,1
ffonb=0.5'(tseti'tb)
twonbadet t D+t tati
catt pr op( t f onb, c , c t sma , u, pe, k , ro f , r og )

I call propb(tb.ub)
cett propw(tw1,uw)
Reag'd/u
f =1.0/((1.62*alogiD(Re) 1.64)**2.)
c1=1 +3.4*f
c2a11.7+1.8/(Pr**0.333)
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I
oec t + c 2*((Pr"0.67) 1. )* '(f /8. )"0.5 )
hicis(pe rr/o)*(f/8,)*k '((ub/uw)"0. 00)e

tworba t ssti+de t to
enhloi'(tset1*tb)
If ((q s).te.0.) then
goto 101 '

endtf
1 f=(1129+(ge*es)/(g*ec))/1000,
cell tutk(inf,tbf)

tuf dtet set 1*de t te
t f f dtwo.5 *( twfdtr*tbf)
call prop (t f f db,c,cigma,u,pr,k,rof, rog)

I Reag*d/u
fs1.0/((i.82*stog10(Re)- 1.)
c1*i.*3.4*f
c2=11.7+1.8/(Pr"0.333)
onc1*c2*((Pr"0.67) 1.)*(. r/8.)"0.5)
ht fdta(te tr/o)*(f/8.)*k/cf*((ub/ww)"0.00)a

se(es*ge/(g*ec)+lt148*l129)/li48
na t ors.ge*c/(hl f db* l148)
Bofage/(p*li48)
If (bof . Ie.0.00003) then

fle 1.*46.*(bof"0.5)
eIse

I f to=230.*(tnf **0.5)
endtf
If (tof.te.0.00003) then

gbo=23.*(tef**0.5)/ge

I e(se
gbo=115.*(bef"0.5 }/qe

ordif
that,/fto+a/xster

I ee=(ht f db/sh)/((1. * (h t f dt;*( twf db tbf )*gbo)/((sh* f bo)**2. )))
na(se*dette)/(qe e)
tn(qe e)/((dette"m))

write (*,*)'ma',m,' sh*',sh
wri t e(* ,* )' qa ' , q, ' sa',e,' t**,b

set./m
delt ((q e)/b)**m

* cett prs (p,q,t,pz)
* cett drop (Ps,Tsett,1148,il148)

1 =(1129+(q*es)/(g*ec))/1000,
coit tolk(II,tb)
Tw2=250.

43 if 2*0.50*(Tw2 Tb)+Tb
cell pr op( t f 2, c . c i gma , u, pt, k , r of , rog )
Reag*d/u
as(es*q/(g*ec)*lt148+l129)/1148
httpeq/(delt a*l148/c)
T w= 20. +q* ( ( 4.* * )/( g* c' d) + 1. /h t t p)

If (abstiw2 tw).st.0.10) then
Tw2=Tw

- goto 43
erdif
wr i t e(*,* ) * T ww= ' , t w

' *

- t w=det t+ t ssti
f f =0.50*(Tw ib)+Tb
write (*,*)' ife',1f,' TW* ' , t w*

cett prop (tf,c,cigma,u,pr,k,rof,rog)

I.
* cett film (tf 1148,il148)

x=(es*q/(g*ec) il148+1129)/1148
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I
I twelladett+1seti

http=q/(delt x*l148/c)
Ress'd/u
Nu=http*d/k

I Pe=Pr*Re
$ tsWu/Pe
write (9,*)Pe/100000,,$t*
wr i t e(26,* )q/q2,ht tp/1000.

I Twp=1 walt
HHPPohttp/iO00.
q=q* da*

10 cont true

I we l t c (* ,* )' (ND OF THE SECOND PAR 18

* q=qe
gletoq2*0.8

* do 15 t=1,1

I'
* q=q'dq
* call prs (g,q,s ps)
* call drop (Ps,1 set 1,1148,it148)

00 10 101

I 170 las=3
las(li?9*(q*es)/(g'ac))/1000.
call tut k(it,tb)

Tw3=250.
44 f f 3 0.50*(tw3 f b)+1bI cell prop ( t f 3,c ,ci g'ns,u,pr, k, rof, rog)

call pr opb(tb,ub)
call propw(tw3,uw)
Re'g*d/u

_ I f=1.0/((1.82*atog10(ke) 1.64)**2.)
c1=1.+3.4*f
c2a11.7+1.8/(Pr"0.333)
osc i +c2* ((P r** 0.67 3 1.0)* (( f /8.0)"0.5)I htos(Re*Pr/o)*(f/8.0)*k/d*((ub/uw)**0.00)
T ws ps 20. +q* ( ( 4. * z )/ ( c'd* c ) * 1. 0/h l o)
If (obstiw3 Twsp).pt.0.10) then
Tw3afwsp

I goto 44
endif

**(es*g/(g'ac) il148*1129)/1148

I xsters q'c/(hto*1148)
po*q/(g*l148)
If (bo.le.0.00003) then

f bo=1.+46.* (bo"0.5)

I eise
f bo= 230.* (bo"D. 5 )

endif
.

htpf hlo/(1./fbo+x/xster)
h t ol s o. 023* ( R e" 0. 8 ) * ( pr" 0. 4 )* k /d
T w= 20. + q* ( (4 .* )/ ( g'd* c )+ 1. /h t pf )

* if (abs (Tw Tw3).pt.0.10) then
* Tw3=Tw

I- goto 44*
* endif

45 ff=0.50*(1w Tb)+Tb
call prop (ti,c ,cigma,u,pr,k,rof,rog)

I' * call film (tt,1148,il148)
**(as*q/(p*ac) il148+1129)/1148

* If (q.ge.qtet) then
* goto 11

I endif*
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I
I to*4/(0*l148)

If (Bo.it. 0.00003) then
fle= 1.* 46. * (B o" 0.5 )

else

I f to=230.*(Bo**0.5)
endif
peng*d/u
a st e r * * q'c/(hlo* t i4 B)

I delt2 q*(i./f to*a/attsr)/hto*a*l148/c
twett2*delt?+1tati
If(abs (twat t2 tw).gt.0.10) then
Tw=1well!

I goto 45
erdif

htpf ahto/(1/f to*n/xster)

I Nushtpf*d/k
Pe=Re*Pr
$tsku/Pe
write (9,*)Pe/100000.,$t*

I *15 write (* *)
15 write (26,*)4/92,htpf/1000.

Twpaiwet|2
MHPrehtpf/1000.

I 11 write (*,*)

101 CONTIWut
WR11L(*,*)'[ND OF THE THIRD PAR 1'

Wr i t e(6,* )002, HHPP
t wda tt* (q/(1000.* HHD AT A))I write (9,*31wp,g/1000000., fwd

1000 continue
$5 COWilWUE

write (*,*) * HERE YOU CO lit 8I stop

erd

subroutine pts (g,q,t pt)I rest 1148, i t 148, t ,h t o, k
cm4525.0
d=0.30*0.01
k= 665

I ref=861.08
rog*8.312
cigma=38.80*0.001
1148s1928.51*1000,

I u=0.0001309
Prs 0.9
Reag*d/u
de t t =( 8* c i gma*q'( 203.* 273.15 )/( 1148'k* rog))" 5*pr

I h t o= .023* ( R e"0. 8)* ( pr "0.4 )* k/d.;

a 1 = g* c * d/4. * ( ( 183.+ de i t )/q 1. / h t o)
22=g*c*d/4.*(1/hto delt/q)
L=d*96.6
Penits).66
c1=0.97
c2:0.28
c3*6.13/12

I c4*6.13* 1/12
dP f o=3. 72822* 0. 001 * ( ( e /1000. ) * * 1. 85 )
dsctedPfo*(c1*(t t)*c2/c3*(exp(c3*(1 t) c4)))
Pa:Pexit+&seb
write (*,*)'dpfoa',dpfe,' dpscb=8,dpseb
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return

end

subroutine film (tt,1148,ili48)

I dimension t(17)
real l(17),il(17),1148,lL148
Integer J

deta t(1),t(2),t(3),t(4)/50.,60 ,70.,60./

I deta t ( 5 ), t ( 6 ), t ( 7) , t ( 8 )/90 ,100. ,110. ,120. /
data t ( 9 ), t (10) , t ( 11 ) , t ( 12 )/130. 140. ,150. ,160. /
data t(13),t(14),t(15),t(16),t(17)/170.,180.,190. 200.,210./
data 1(1),1(2),1(3),1(4)/2382.7,2357.9,2333.,2308.1/

I data ((5),1(6),1(?),1(8)/22&3.1,2256.9,2229.7,2202.3/
data 1(9),1(10),1(11),1(12)/2173.7,2144.9,2114.8,2082.5/
data 1(13),1(14),1(15),1(16)/2049.9,2014.9,1978.5.1940.6/
data 1(17)/1900.3/

I data 1L(1),1t(2),1((3),1|(4)/209.3,251.1,293.,334.9/
data 1 t (5 ),1 L ( 6),1 L ( 7),1 t ( 8)/376.9,419.1. 461.3,503.7/
data ll(9),it(10),ll(11),il(12)/546.3,589.1.632.2,675.5/
deta i t (13 ), I l(14 ), I L (15 ), Ii(16 )/ 719.1,763.1,807.5,852.4/

I data ll(17)/897.7/
do 5 ks1,17
ff (ti.le.ttk)) then
goto 4

I ervjl f
5 continue

4 1148sl(k)+(ti ttk))/(ttk) t(k 1))*(l(k) 1(k 1))
||148=1t(k)+(ti t(k))/(t(k) t(k 1))*(it(k) 1L(k 1))

I 1148el148*1000.
1i14Sel|148*1000.
return

end

I sd> rout ine bulk (li tb)
rent 11,1(20),t(20)
integer jI data f(i),1(2),1(3),l(4)/83.86,125.66,167.47,209.3/
data 1(5),1(6),1(7),1(8)/251.1.293.,334.9,376.9/
data f(9),1(10),1(11),l(12)/419.,461. 503.7,546./
data 1(13),1(14),1(15),1(16)/589.3,632.2,675.5,719.1/
data 1(17),1(18),1(19),1(20)/763.1,807.5,852.4,897.7/
deta t ( 1 ), t ( 2 ) , t ( 3 ), t ( 4 ), t (5 ), t ( 6)/20,30,40,50,60,70/
data t ( 7) , t ( 8 ), t ( 9 ) , t ( 10 ), t ( 11 )/80,90,100,110,120/
data t ( 12 ), t ( 13 ), t ( 14 ), t t il) , t ( 16)/130,140,150,160,170/I data t(17),t(18),t(19),t(20)/180,190,200,210/
do 9 k 1,20

if (11.te.l(k)) then
goto 3I endtf

9 continue
3 tb=t(k)+(11 l(k))/(l(k) 1(k 1))*(t(k) t(k 1))

write (*,*)'li=*',li,' t b== 8, tb*

I return

end

subroutine prop ( t f l . c , c i cma ,u, P r , k , ro f , rog )

I dimension b(28),3(28),d(28),pn(28),f(28),r(28),q(28)
real t(28),k

-data t (1 ), t ( 2 ) , t ( 3 ) , t ( 4 ) , t ( 5 ) , t ( 6)/20,30,40,50,60,70/
deta t(7),t(8),t(9),t(10),t(11)/80,90,100,110,120/

I. data t(12),t(13),t(14),t(15)/130,140,150,160/
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I
I date t(16),1(17),t(18),t(19)/170,180,190,200/

deta t(20),t(21),t(22),t(21),t(24)/210,220,230,240,250/
data t ( 25 ), t ( 26 ) , t ( 27 ), t ( 2B )/260,270,280,290/
data b( 1 ) , b( 2 ) , b( 3 ) , b( 4 ) / 4182. ,4179. ,4179. ,4181. /

I data b(5),b(6),b(7),b(8)/4185. 4191. 4198. 4207./
date b(9),b(10),b(11),b(12)/4218,,4230.,4244.,4262./
data b( 13 ), b(14 ), b( 15 ), b( 16 )/4282. ,4506. ,4334. ,4166. /
dets b(17),b(18),b(19),b(20)/4403.,4446.,4494.,4550./

I data b( 21 ), bt 22 ), b( 23 ), b( 24 )/ 4613. ,4685. ,4769. ,4866. /
data b( 25 ), b( 26), b( 27) ,b( 28 ) / 4985. ,5134. ,5307. ,5520. /
dets :(1), (2),3(3),3(4)/72.78,71.23,69.61,67.93/
date : ( 5 ) , 3 ( 6 ) , 8 ( 7 ) , 3 ( 8 ) / 66.19, f4 . 40,62. 57,60. 69/ ,

I date :(9),3(10),a(11),3(12)/58.78,56.83,54.85,52.83/
date (13),3(14),3(15), (16)/50.79,48.70,46.59,44.44/
date (17),3(18),3(19),*(20)/42.26,40.05,37.81,35.53/
dets (21),3(22),3(23),3(24)/33.23.10.90,28.56,26.19/

I date :(!$),3(26),3(27),3(28)/23.82,21.44,19.07,16.71/
date d(1),d(2),d(3),d(4)/1002.,798.3,653.9,547.8/
date d(5),d(6),d(7),d(8)/467.3,404.8,355.4,315.6/
data d(9),d(10),d(11),d(121/283.1,754.8,231.0,210.9/

I dato d(13),d(14),d(15),d(16)/194.1,179.8,167.7,157.4/
data d(17),d(18),d(19),d(20)/148.5,140.7,133.9,127.9/
date d(21),d(22),d(23),d(24)/122.4,117.5,112.9,108.7/
data d( 25 ) , d( 26 ) , d( 27 ) , d( 28 ) /104 . 8,101.1,97. 5. 94 .1/

I data in( 1 ) , gn( 2 ) , rn( 3 ) , go( 4 ) , rn(5 )/6.9,5. 4,4.3,3.5,3. /
data In( 6 ) , gn( 7 ) , gn( 8 ) , gn( V ) , rn( 10 ) / 2. 5,2. 2,1. 9,1. 7,1. 5 /
data in( 11 ) , Fn( 12 ) ,;n( U ) , rn( 14 ) , rn( 15 )/1. 4,1. 3,1. 2,1,1,1. /
date [n(16),;n(17),tn(18),pr.(19),gn(20)/1.. 96. 93,.91, .89/

I date in( 21 ) , rn( 22 ) , tn( 73 ) , rn( 24 ) / . 87, . 86, . 85, . 859/
date In( 25 ),in( 26 ) , rn( F7) , sn( 28 ) / . 666, . 682, . 902, . 932/
data f ( 1 ) , f ( 2 ) , f ( 3 ) , f ( 4 ), f ( 5 )/. 603, .618. 631, .643, .653 /
date f (6), f (7), f (8), f (9), f (10)/ .662, .67, .676, .681, .684 /

I data f(ii),f(12),f(13),f(14),f(15)/.687,.688,.688,.687 684/
data f ( 16), t (17), f (18 ), f (19), f ( 20)/ . 681, .677, .671, .664, .657/
deta f(21),f(22),f(23),f(24)/.648,.639,.623,.616/
dai |(25 ), f(26), f(27), f (28' /.603, .589, .5 74. 558//

), r ( 2 ), r ( 3 ), r ( 4 ) , r ( 5 ) /998. 2,995. 6,992.1,988.1,983. 3/dess .

date rt ,r(7),r(8),r(9),r(10)/978.5,971.8,966.2,958.8,951.5/
date r ( 1 ), r ( 12 ), r ( 13 ), r ( 14 ), r ( 15 )/943. ,935. ,926. ,917. ,907./
data r(16),r(17),r(18),t(19),r(20)/897.,687.,876.,865.,853./
data r ( 21 ), r ( 22 ), r ( 23 ), r ( 24 )/840. ,827. ,813. ,799. /

I- data r ( 25 ), r ( 26 ), r ( 27) , r( 28 ) / 764 . ,767. 8,750. 7,732. 3/
data q(1),q(2),q(3),q(4),q(5)/.017 03,.051,.083,.13/
data q(6),q(7),q(8),q(9),q(10)/.198,.29,.42,.598,.826/
date qt11),q(12),q(13),q(14),q(15)/1.12,1.5.1.97,2.5,3.3/f data q( 16 ) , q ( 17) , q ( 18 ) , q( 19 ) , q( 20 ) /4 .1,5 . 2,6. 4, 7. 87,9. 6/
date q(21),q(22),q(23),q(24)/11.63,14.08,16.95,20.0/'

date q(25),q(26),q(27),q(28)/23.73,28.09,33.18,39.16/
do 7 k1*1,24

ff (tft.le.t(ki)) then
90to 6
endif

7 continue
6 cab (kt)+(til ttki))/(ttkt) t(ki 1))*(b(k1) b(ki 1))

cigmas:(k1H(ifi t(h t))/(t(ki) t(kt.1))'(*(k1)* (k1 1))
u=d(ki)+(til t(k1))/(t(ki) t(ki 1))*(d(kt) d(61 1))
Pregn(ki)+(tfi t(ki))/(t(ki) t(ki 1))'(pn(k1)*pn(ki 1))
kaf(k1)+(tfl t(kt))/(t(ki) t(L1 1))*(f(ki) f(ki 1))
rofar(ki)+(tft t(ki))/(t(L11 t(ki 1))*(r(ki) r(ki+1))
ro9=q(kt)*(tfl t(kt))/(t(L1) t(kt 1))'(q(ki) q(k1*1))
e1oma.cioma*0.001
usu*0.000001
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I * wr i t e( * , * ) ' c e ' , c , 8 cismas ' ,c igma, ' u=',u

write (*,*)' prs',pr,' ks',k,' refs',rof,' rogs', tog*

return
erd

I
sd> rout ine propw(ts,uw)
dinension w(28),6(28)
data w(1),w(2),w(3),w(4)/20. 30.,40.,50./
data w(5),w(6),w(7),w(8)/60.,70.,80.,90./
data w(9),w(10),w(11),e(123/100.;110. 120.,130./
dets w( 13 ) , w( 14 ) , w( 15 ) , w( 16 )/140. ,150. ,160. ,170. /

I dets w(17),w(18),w(19),w(20)/180.,190.,200.,210./
data w(21),*e(22),w(23),w(24)/220.,230.,240.,250./
date w( 25 ), w( 26) , w( 27) , w( 28)/ 260. ,270. ,280. ,290. /
data s(1),s(2).s(3),s(4)/1002.,798.3,653.9,547.8/

I data s(5),s'6),s(7),s(8)/467.3,404.8,355.4,315.6/
data s(9),s(10),s(11),s(12)/283.1,254.8,231. 210.9/
data s ( 13 ) , s ( 14 ) . s t il ) , s ( 16 ) /194.1,179. 8,167. 7,15 T . 4 /
data s(17),s(18),s(19),s(20)/148.5,140.7,133.9,127.9/
data s(21),s(22),s(23),s(24)/122.4,117.5,112.9,108.7/I data s(25),s(26),s(27),s(28)/104.8,101.1,97.5,94.1/

I do 3 ..-1,2d
if (ts.le.w(m)) then
goto 4
endit

3 continueI 4 uwestm)+(ts w(m))/(w(m) w(m 1))*(ste) s(m 1))
uw=uw'O.000001
return
endI subroutine prorb(ts.ub)
dinensIon w(28),s(28)
data w(1),w(2),w(3),w(4)/20.,30. 40.,50./I data w(5),w(6),w(7),w(8)/60.,70.,80.,90./
date w(9),w(10),w(11),w(12)/100.,110.,120.,130./
data w(13),w(14),w(15),w(16)/140. 150.,160. 170./
data w(17),w(18),w(19),w(20)/iB0.,190.,200.,210./

I data w(21),w(22),w(23),w(24)/220.,230.,240. 250./
data w(25),w(26),w(27),w(28)/260.,270.,280.,290./
data s(1),s(2),s(3),s(4)/1002.,798.3,653.9,547.8/
data s(5),s(6) s(7),s(8)/467.3,404.8,355.4,315.6/-

I data s(9),s(10),s(11) s(12)/283.1.254.8,231.,210.9/
data s(13),s(14),s(15),s(16)/194.1,179.8,167.7.157.4/
data 6(17),s(18),s(19),s(20)/148.5,140.7,133.9,127.9/

. .

data s(21),s(22),s(23),s(24)/122.4,117.5,112.9,108.7/
data s(25),s(26),s(27),s(28)/104.8.101.1,97.5,94.1/

do 3 m=1,28

I if (ts.le.w(m)) then
00to 4
endtf

3 continue
4 V>=stm)*(ts w(m))/(w(m) w(m 1))*(s(m) s(m 1))

ub=ub*0.000001
return
end

I.
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| APPENDIX A.4

FREON-11 h!ODEL INSTRUCTION:

| (1) Picpare the input data file: INP01.DAT in format of:

18

I
G1,2(i)

G2,2(i)

......

......

Gn, 2(i)

Where n in the number of flowrate 2(i) is the location in unit of m, G1,G2, Gn

are the flowrates in unit of Afg/m S. In order' to run Freon-11 model for the different2

'

locations, one needs to chang 2(i) to the desired values.

| (2) Run program listed in Appendix A.1

As the result of Fil A.FOR, the single phase boiling data will be in file h!EN07.DAT,

FDD data will be in h!ENOO.DAT, and OND data will be in h!EN05.DAT. Note that

these three data files are ured for finding the computed values of heat flux and superheat

g at OND and FDB. As the output files of Fil A.FOR, they are also the input data files for

F11D.FOR.

(3) Run program listed in Appendix A.2

The output data file of F11B.FOR is called INP02.DAT in format of:
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I
fI

G1,2(i)

I
6Ts Ar,oNis.n , goNis,1

OTSAT,rD13,1 s 9FDil,1

G2, 2(i)

6 Tsar,oxn,2, gasin,2

ATsAr,rvn,2, 41'oin 2

......

. ....

I Gn, 2(i)

6 Tsar,osn,n, gono.n

ATsAr,I'on.n, grols,n

The data file INP02.DAT will be the input file for F11C.FOR.

I
(4) Run program listed in Appendix A.3-1 or 3 2

I
Tids program requires an additional disk in drive B, The final results will be installed

into drive B natned as hiX075P.DAT and h!ENOSP.DAT respectively. The hiX075P.DAT

and hiENOSP.DAT present the relations between the local heat transfer coefilcient to

the ratio of het power generation and Stanton number to Peclet number respectively for

location 2(i) and given flowrates.

I
I
I 1.

g
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I
APPEllDIX D.1

List of program IllSU.FOR and COPP.FOR for Froon-11 data reduction
in Domain I and Domain II.

(s) Draain ! Cw ester Programt

** PROGRAM FOR INSULAll0N CALCULA110N

REAL K,12,llN, A, A1, A2,hinf,hr,hin(30),LtN
DIMIN$10N R R ( 4 $ ),15 ( 30 ),1 f ( 30 ), h r r ( 30 ),0 L o( 30 )

DIM (NSION 1$$(30),ANG(30)
DCUBLE PRICl$10W D1(30,30),011(30,30),DR(30,30)
DOUBLE PRICI810N DRC(30,30)

Ort N( 1, F I L E e ' A l l kl1.D A18, $1 A10s e 'OLD ' )

I OPE N(2,FILt=' A Ik12.DA1',$1 ATUS='OLD')
OPIN(3,FILie'A:Asti.DAT',81ATU$s'WIW')

OPCN(4, Fills'Al(N$N.DA18,$1ATUSm'WIW')
OPEN($, f ilt s 8 All NC1.DA18, $1 ATU$a 8 htWS )
OPLN(6,FILP-'A Pott.DA1',51ATUS*'OLD')
OPIN(7, FILE *'At10Lt.DA18,51ATUS='NEW')

WRitt(*,*)'lkPUT NUM6tR OF Mt$Ht$ IN RADlAL DIREC110N '

READ (*,*)M

I WRitt(*,*)' INPUT NUMBER OF Mt$His IN CIRCV. DIRECil0N 8

READ (*,*)N
WR11[(*,*)'INPU1 THE ACCUkACY, t'

RfAD(*,*) [

READ (6,*)LLL
WRitt(7,*)M,N,t,LLL
READ (2,*)R1,R2,K,LIN
DO 101 mms 1,$
D0 100 list,LLL
RE AD(1,* )0,1 t n,11nf,1
READ (1,*)(18S(l), 1 1,4)
0=Q*(LEN/1.2192)

- I
s,11nfWRl1[(*,*)'Os',0,' ilnf a*

WRitt(*,*)('15(1)',15(1), ist,$)*

WR11[(*,*)'lla',Il*

11=0

N1sN41
M1sM+1

Drra(R2 R1)/M

I PHis3.1416/W
D*R2*2.
RR(1)sR18100.
RR(M1)=R2*100.

DO 44 Jai,N1
ANG(J)=180*(J 1)/N
IF (ANG(J).tt.4$) THIN

1$(J)*1$$(1)+(( ANG(.') 0)/(4$*0))*(185(2)*1$$(1))
ENDif
IF -(ANG(J).G1.45) THEN

1&(J)s15S(2)+((Al;G(J)'45)/(135*45))*(1$$(3) 15$(2))
ENDIF

IF- (ANG(J).G1.135) THtu
15(J)s185(3)+((ANG(J)*13$)/(180 13$))*(1ss(4) 1$$(3))
ENDIF

44 CONilNUt

I.
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I DO $ l=1,M1
DO 8 Jai,N1
Ditt,J)*1.1*11nf
Di(1,J)818(J)

I D11(1 J)*18(J)
8 COWilWUt
$ CohilWUE

I WRlit(4,*)
WR11E(4,*)
WRiff(4,*)* thPUT CHICK L151 FOR IkSULA110N PR00 RAM'

WRi f t (4,* )

I WRllt(4,*)

WR11E(4,*)' OU15|DE INSULA 110N RADIUS (R2): ',R2,8 m'

WRitt(4,*)' th51DE ik&ULA110N RADIUS (kih ' R1,' mi,

WRitt(4,*)* CONDUCilvlif 0F |WSULA110N (K):',K,' W/s* *

I WR i t t ( 4,* )
WRift(4,*)' AMBitN1 ftMPERATURE (finf): 8,finf,' K'
Wlit(4,*)* POWE R SUPPLitD TO 11$1 ttCil0N (0): ',0,' W'

WRift(4,*)* MIAGURED IW51DE IWSULAftou itMP. (f(1,J)) (K):'

I WRiit(4,*)(D11(1.J), Jai,N1)
WRlit(4,*)

WRitt(4,*)* NODE WLHttR IN RADIAL DIRECil0N (M1):8, M1

WR li t ( 4,* )' WODE WUMDER IN CIRCOMFittWilCAL DIRECil0W (W1):',W1

I WRiff(4,*)
Do 20 h2:2,M

| Rn(N2)RR(1)+(W2 1)*Drr*100.
20 CONilNut'

Do 10 JJai,M
J=M1 JJ
Do 15 Jisi,N
DR(J,J1)*Drr/(PHl*(R1+(J 0.5)*Drr)*K*LEN)I DR(J,W1)=Drr/(PHl*(R1+(J 0.5)*Drr)*E*LEW)
DRC(J.J1)*(phi *RR(J)/100.)/(K'Drr*LIN)
D R C ( 1, J 1 ) * ( P H I * R R ( 1 )/100. )/ ( K' 0.$* D r r * L E W )

DRC(M1.J1)*(phi *RR (M1)/100. )/(K*O.5*De r*LE N )

I 15 CON 11WUE

10 CONilNVE

',11,8 LOCA110N e ',MMwr i t e( * ,* ) ' POWE R LtyfL =

I 25 11 11+1
D0 30 11=1,M 1

lam 1 11
DO 35 J*2,NI A*PHl*R2
DitM1,1)=D11(M1,i)
Di(M1,J)=D11(M1,J)
Di(M1,W1)*D11(M1,N1)

I 01(1,1)=D11(1,1)
01(1,J)*D11(1,J)
01(1,N1)*D11(1,W1)

I ' Di(M),1)WRift(*,*)'Di(M1,1)* =
,

51*Di(M1,1)
Iff=0.$*(finf+51)

' 1ff,' 51 e ',$1WRlit(*,*)'1ff* a

I
,

CALL PROP (iff.Kair,Gama,Pr)
CALL HE A1(Kalt Cama,Pr,$1,1tnf,0.hinf,hr)
her(1)*hr
hin(1)* hint

I D11(M1,1 )*Di(M,1 )/DR (M,1 )* 2.*Di(M1,2 )/DR C(M1,1 )+1 t nf *h i nf * A* L E N

148

I
I '

. .



. _ _ _ _ _ .

I Dif(M1,1)=DTi(M1,1)/(1,/DR(M,1)+2./DRC(M1,1)+hinf *A*LE N)
* IF (Dif(M1,1).LE.11nf) THEN

Di(*1,1)el.1*Tinf*

* (NDifI ',Di(M1,1)',Dif(M1,1),' Di(M1,1)WilTE(*,*)'011(M1,1) =**

StaDT(M1,J)
Tff=0.5*(finf*ST1

I ',1ff,' $T e ' 11WRif E(*,* )'1 f f* = ,

CALL PROP (1f f,Kat r, Cams,Pr)
CALL HE AT ( K a l t, Came,P r ,51,f i nf ,D, h i nf,hr )

hrt(J)shr
hin(J)ahinf
Dif(M1,J)*DT(M,J)/DR(M,J)*Di(M1,J 1)/DRC(M1,J 1)
DTi(M1,J)=DTT(M1,J)*Di(Mi,J+1)/DRC(M1,J)+finf*hinf*A*LEN
YsLEN

I. D11(M1,J)=DTi(M1,J)/(1/DR(M,J)+1/DkC(M1,J 1)+1/DRC(M1,J)+hinf*A*Y)
* IF (Dif(M1,J).LE.finf) THEN

Di(M1, J)a l .1* T inf*
* ENDif

I ',Dif(M1,J)WRITE (*,*)'DTi(M1,J) **

$1=Di(M1,N1)
Tff=0.$*(Tinf*ST)

e,$18,1ff,' $1 eWRlit(*,*)'iff* a

I CAlt PROP (iff,Katr,Com.,Pr)
CALL HE A1 ( R e i r , Cama , P r ,51,1 t nf ,D , h i nf , hr )

hrr(N1)the
hin(N1)*hinf

I Dit(M1,N1)*Di(M N1)/DR(M,N1)+2.*Di(M1,N)/DRC(Mi,N)+11nf *hinf *A*LEN
DTi(M1,N1)*Dif(M1,N1)/(1./DR(M,N1)+2./DRC(M1,N)+hinf*A*LEN)

* IF (Dif(M1,N1).LE.finf) THEN

DT!N1,N1)=1,1*1Inf*
* ENDIF

Dif(1,1)=Di(1 1,1)/DR(l 1,1)+Di(1+1,1)/DR(1,1)
Dit(1,1)=Dif(1,1)+2.*Di(1,2)/DRC(1,1)

I DTT(1,1)=Dit(1,1)/(1./DR(l*1,1)+1./DR(1,1)+2. DRC(1,1))
DTi(1,J)=Di(1 1,J)/DR(1 1,J)+Di(l+1,J)/DR(1,")
DTT(I,J) ADIT (I,J)+Di(I,J 1)/DRC(I,J'1)+Di(1,1+1)/DRC(l,J)
Dit(1,J)=Dit(1,J)/(1/DR(I 1,J)+1/DR(1,J)+1/DRC(I,J 1)+1/DRC(1,J))
DTT(I,N1)*Di(I+1,N1)/DR(I 1,N1)+Di(l+1,N1)/DR(I,N1)

. I'. DTi(1,W1)*DTi(1,N1)+2.*Di(1,N)/DRC(1,N)
D11(1,N1)=DIT(1,N1)/(1./DR(1 1,N1)+1./DR(I,N1)+2./DRC(1,N))

35 CONTINUE

3D CONilNUE

00 40 11=1,M
1mM1'11+1
DO 4$ Js1,N1
IF ( AB5(DTi(1,J) Di(1,J)).CT.E) COTO 25

45 CONTINUE

40 CONTINUE

write (* *)' ITERA110N WMBER = * ,lf

WRITE (*,*)(hrr(J), Jai,N1)*

QL*D.
- DO 77 Js1,W1

QLO(J)=hin(J)*A*(Dif(M1,J) finf)*LEN
QLo(1)=hin(1)*A*(Dif(M1,1) Tinf)*D.5*LEN
QLO(N1)=hin(N1)*A*(DTT(M1,N1) Tinf)*LEN*D.5
QLlaQLO(J)I QLs0L+0L1

,
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77 CONTINUE

Preal Q.2. cot
closs=2.*QL

8,0 loss8,Preal,' LOS$ POWER *WRITE (*,*)'REAL POWER =*

E-
WRITE (5,*)0,Drr,Preat, TEN,oloss,2
WRifE(5,*)(i$(J), J 1,N1)
WRITE ($,*)(DIT(2,J), Jel,N1)

RR(1)=R1*100.
RR(M1).R2*100
DO 85 N3 2,M
RR(N3)=RR(1)+(N3 1)*Drr*100.

gL 85 CONTINUE

g WF:11E(*,*)(RR(N4), N4=1,M1)*

00 80 Jo1,N1
00 90 I=1,M1
WRITE (3,*)RR(I),DTi(1,J),I,J*

90 CONTINUE

80 CONT |NVE

100 CONiINUE
101 CONTINUE

STOP

END

SUBEOUTINE PROP (T1,Katr,Gama,Pr)
REAL Ka t r,Ga na, A(21),G(21),T(21),P(21),B(21)
DATA T(1),1(2),T(3),T(4),T(5)/10,20,30,40,50/
DATA T(6),T(7),T(8),T(9),T(10)/60,70,80,90,100/
DATA T ( 11 ) , T ( 12 ) T ( 13 $ ,1 (14 ) , T ( 15 ) /110,120,130,140,150/
DAYA T ( 16 ) , T ( 17 ) . T ( 18 ) , T ( 19 ) , T ( 20 ) /160,170,180,190,200/
DATA A(1), A(2), A(3), A(4), A(5)/24.87,25.64,26.38,27.10,27.81/I DATA A(6),A(7),A(8),A(9),A(10)/28.52,29.22,29.91,30.59,31.27/
DATA A(11),A(12),A(13),A(14),A(15)/31.94,32.61,33.28,33.94,34.59/
DATA A(14, A(17), A(18), A(19), A(20)/35.25,35.89,36.54,37.18,37.81/

-DATA G(1),G(2),G(3),G(4),G(5)/14.19,15.09,16.01,16.96,17.92/
DATA G(6),C(7),G(8),G(9),G(10)/18.9,19.9,20.92,21.96,23.02/
OATA G(11),G(12),G(13),G(14),G(15)/24.1,25.19,26.31,27.44,28.58/
DATA G(16),G(17),G(18).Ctif),G(20)/29.75,30.93,32.13,33.34,34.57/
DATA P(1),P(2),P(3),P(4),P(5)/.716,.713,.712,.710,.709/

I DATA P(6),P(7),P(R),P(9),P(10)/.708,.707,.706 705, 704/
DATA P( 11 ) , P ( 12 ) , P ( 13 ) , P ( 14 ) , P ( 15 ) / . 704, . 703, . 702, . 702, . 701/
DATA P(16),P(17),P(18),P(19),P(20)/.701,.700,.700,.699,.699/

T1=T1 273.15
e,T)VRITE(*,*)' 11 a*

IF (T1.LE.20.) THEN

20,T1 =
ENDIF

D0 10 L = .1,20

- I IF (T1.LE.T(L)) THEN

GOTO 11
ENDIF

10 CONT |NUE

11 Katr=A(L)+(il T(L))/(T(L) T(L 1))*(A(L) A(Lat))
Gama=G(L)+(T1 T(L))/(T(L) T(L 1))*(G(L) G(L 1))
PraP(L)+((T1 T(L))/(T(L).T(L 1)))*(P(L) P(L 1))
Kair=Cair/1000.

- Gama*Gama/1000000.
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5,Kal?, 8,Gama,' Pr s 8,PrWRITE (*,*)*Kalr 8 Gama e* =
.

M RETURN ,

END

' SUBRCJ11NE HEAT (Katri,Gamal,Prl,$T1,finfi,01,hinf,hr)
REAL K a t ri,Gamal,hr,he,hinf ,gra,Nu

8,gamai,' sti = ' stlwrite (*,*)'gamai* n ,

Beta 1=1./Tinft
grs=9.6
SIGMA =5.670E 8
hr=$1GMA*(ST1"2.+T inf1"2.)*(ST1+Tinf t)
Ra=(Beta 1*gra*( AB5($fi finf1))*(D1"3.))*Pr1/(Gama1**2.)

I U1 = (( 1. * ( ( D.599/Pr l )"(9. /16. )))"( 8. /27. ) )
',U1* WRITE (*,*)* U1 =

Nu= ( ( 0. 6+ 0. 387'( R a* * ( 1. /6. ))*U1 )"2. )
8,NuWRITE (*,*)* hu =*

| hes(Kair1*Nu)/D1
,

. 3 hinf=he+hr
WRITE (4,*)'hc- hr ninf'*

WRITE (4,*)he,hr.hinf*

I.
',hr8,he,' hr =WRITE (*,*)'hc* a

RETURN

END

,
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'

(b) Domain 11 Conputer Program
_

** PROGRAM FOR H.T. COEFFl. INSIDE OF COPPER.

REAL K,12,ilN,A,A1,A2, Kins,L1,LEN
DlHENSION RR(45),TS(30),TF(30),0V(30), Tins (30)
DOUBLE PREC1S10N Dh(45),DT(30,30),DTT(30,30),DR(30,30)
DOUBLE PRECIsl0N DRC(30,30),Dhh(30),DPre(30)
DOUBLE PRECISION DPrealB,DhavgA,DhavgM,Dia v0
DOUBLE PRECIS 10N DPres,DPPPA

OPEN(1, FILE ='AtlNC1.DAT',$1ATUS='OLD')
OPEN(2,FitE='AtlNC2.DAT',51ATUS='OLD')

OPEN(3, FILE ='A:AS41.DAT', STATUS ='NEW')
OPEN(4, FILE ='A !NSHC.DAT', STATUS ='NEW')
OPEN(5, FILE ='A AS43.DAT', STATUS ='NEW')
OPEN(6, FILE *'A 10LE.DAT', STATUS ='OLD')
OPEN(T, FILE ='A HAVL.DAT', STATUS ='NEW')

READ (6,*)M,N,E,LLL
READ (2,*)R2,R1,K, Kins,WOT,llN,G,L1
Ac=3.1416*(R1**2.)
AS=2.*3.1416*R2*L1/100.

- Tsat=41.65
N1=N+1

I'-
M1=M+1

00 101 MMel,5
D0 100 II=1,LLL

8.11,' - LOCATION = 8,MMWRITE (*,*)' POWER LEVEL =

READ (1,* )Qq, DR ins, Prea t , L EN ,Ql oss,2
READ (1,"(TS(l), l=1,N1)
READ (1,*)(Tins (l), !=1,N1)
IT=0
Q=Qq

Q1=Qq*6.,

12=ilN+(Q1*2/(10000.*G*Ac'L1))
CALL FLUID (12,Tb)

I IF (ib.GT.Tsat) THEN

Tb=Tsat
ENDIF

',TbWRITE (*,*)' FLUID TEMP =
00 11 J=1 N1
TF(J)=Ttn273.15

11 CONTINUE

WRITE (*,*)(TF(J),. J=1,N1)
Drr=(R2 R1)/M
PHl=3.1416/N
COUNT =WOT/(2.*R2* PHI)
A1= PHI *R1

A2=PH1*R1/2.
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- RR(1)=R1*100.
E RR(M1):R2*100.

WRITE (4,*)* INPbf CHECK LIST FOT COPPER PROGRAM'

I VRITE(4,*)
WRITE (4,*)
WRITE (4,*)* OUTSIDE COPPER RADIUS (R2): ' R2,' m',

WRITE (4,*)' IkSIDE COPPER RADIUS (R1): ',R1,' m'

I WRITE (4,*)* CONDUCTIVITT OF INSULATION (Kins): 8 ,K i nn , ' W/aK 8

WRITE (4,*)* CONDUCTIVITY OF COPPER (Kcop): 8,K,' W/n*' '

WRITE (4,*)' FLOWRATE Of FREON 11 (C): ' G,' Kg/m*m s',

VRITE(4,*)* POWER SUPPLIED TO TEST SECTION (Q): 8,0q,' W'

I WRITE (4,*)' REAL POWER CALCULATED (Preal): 8,Preal,' V'
VRITE(4,*)' INLET ENTHALPY AT Tin =22.2 C ',ilN,'KJ/Kg'

WRITE (4,*)' WIDTH OF THE HEAltkG TAPEt ' Wol,'m',

WRITE (4,*)' LENGTH OF THE TEST SECTION ' L1,' Cm',

I WRITE (4,*)* LOCAL 2 0F THE TEST SECil0N: ',2,8 cm8

WRITE (4,*)
-

I DO 5 !=1,M1
DO 8 Jal,N1
Di(1,J)*23.5+273.15
Di(M1,J)=TS(J)

I DTT(M1,J)=TS(J)
8 CONTINUE

5 CONTINUE

I Do 20 N2=2,M
RR(N2).RR(1)+(N2 1)* Der *100.

20 CONTINUE

00 10 JJej,M
J=H1 JJ
Do 15 J1=1,N1
P=1.0
IF (J1.EQ.N1) THENI Ps0.5
[NDIF
IF (J1.EO.1) THEN

P=0.5I ENDif
* P=1.0

DR(J,J1)*Drr/(PHI *P'(R1+(J 0.5)*Drr)*K*LEN)
DR(J N1)=Drr/(PHl*(R1+(J 0.5)*Drr)*K*LEN)-I DR(M1,J1)sDRins/(PH1*P*(R2+0.5*DRins)* Kins *LEN)
DRC(J,J1)=(PHI *RR(J)/100.)/(K*Drr*LEN)
DRC(1,J1)=(PHl*RR(1)/100.)/(K*0.5'Drr*LEN)
DRC(M1,J1)=(PHI *RR(M1)/100.)/((K*0.5*Drr+ Kins *0.5*DRins)*LEN)

-I 15 CONTINUE

10 C,0NTINUE

WRITE (*,*)(RR(J), Ja1,M1)*

* Do 1 K1=1,M1I Do 2 K2=1,N1*

WR I T E ( 4, * )D R ( K 1, K2 ),DR C ( k t , k2) , ' Ma',kt,' N=',k2*

*2 CONTINUE

* 1 CONTINUE

I 25 ITalT+1
Do 30 11=2,M
!=M1 11

QU(1)=Q* PHI*
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Qu(1)=0/(2.*N)
DD 35 Ja2,W

* DJ(J)=Q* PHI

.I=-.
C1=(D.5*wof)/(R2*(J 0.5)* PHI)
IF (C1.CE.D.5) THEN

* QU(J)=Q*C1* PHI
Qu(J)=Q'C1/(2.*W)
ENDif

.|' IF. (C1.CE.1.) THEN

g QU(J)=Q* PHI*

QU(J)r3/(2.*W)
ENDif

.I IF (C1.LT.D.) THEN

QU(J>=0.
ENDif

QU(N1)=Q' PHI*

.I
CN1=(0.5*wof)/(R2*N* PHI)
IF ( CN1.GE .D.5 ) THEN

QU(N1)=Q'CN1*PMI*

QU(N1)=Q*CN1/(2.*N)

I ENDIF

IF (CN1.CE.1.) THEN

QU(W1)=0* PHI*

QU(N1)=Q/(2.*N)
ENDIF

IF (C1.LT.D.) THEN

QU(N1)=0.
ENDif

4 Al= PHI *R1
-- A2= PHI *R1/2.

81=2.*3.1416*R2
- B2:2.*3.1416*R2

DT(M,1)=DTT(H,1)
DT(M.J)=DTT(M,J)
Di(M,N1)=DTT(M,N1)
DT(1,J)=DTT(1,J)

I' DT(1,1)=DTT(1,1)
DT(1,W1)=DTT(1,W1)
DT(1,1)=DTT(1,1)
DT(1.J)=DTT(1,J)

- I DT(1,N1)=DTT(1,N1)

DTT(M,1)=DT(M1,1)+2.*DR(M,1)*(Di(M1,1) DT(M1,2))/DRC(M1,1)

3 DTT(M,1)=DTT(M,1) DR(M,1)*Qu(1)

g DTT(M,1)=DTT(M,1)+(DR(M,1)/DR(M1,1))*(DT(M1,1) Tins (1))
DTT(M,J)=DT(M1,J)+0R(M,J)*(DT(M1 J) DT(M1,J+1))/DRC(M1,J)

- DTT(M,J)=DTT(M,J)+DR(M,J)*(DT(M1,J) DT(M1,J 1))/DRC(M1,J 1)
DTT(M,J)=DTT(M,J) DR(H,J)*QU(J)

- I DTT(M,J)=DTT(M,J)+(DR(M,J)/DR(M1,J))*(DT(M1,J) fins (J))
DTT(M,N1)=DT(M1,N1)+2.*DR(M,N1)*(DT(M1,N1) DT(M1,N))/DRC(M1,N)
DTT(M,N1)=DTT(M,N1) CR(M,N1)*QU(N1)

- D TT (M, N 1 ) =DT T (M , N 1 )+ ( D R (M , N 1 )/DR ( M 1, N 1 ))* (D T (M1, N 1) . T i ns ( N 1 ) )

; .

DTT(1,1)eDT(1+1,1)+2.*DR(1,1)*(CT(!+1,1) DT(1+1,2))/DRC(!+1,1)
.

DTT(1,1)=DTT(1,1)+0R(1,1)*(DT(!+1,1) DT(l+2,1))/DR(I+1,1):

DTT(1,J)=DT(!+1 J)+DR(1,J)*(DT(l+1,J) DT(1+1,J+1))/DRC(I+1,J)
DTT(1,J)=DTT(1,J)+DR(1,J)*(DT(1+1,J)aDT(I+1,J 1))/DRC(I+1,J 1)

I- -DTT(1,J)=DTT(1,J)+0R(1,J)*(DT(!+1,J) DT(I+2,J))/DR(1+1,J)
DTT(1,N1)=DT(1+1,N1)+DR(!,N1)*(DT(1+1,N1) DT(!+1,N))/DRC(1+1,N)
DTT(1,N1)=DTT(1,N1)+0R(1,N1)*(DT(I+1,N1) DT(1+1,N))/DRC(!+1,N)

f DTT(1,N1)=DTT(1,N1)+DR(1,N1)*(DT(1+1,W1) DT(!+2,N1))/DR(!+1,N1)
DTT(1,1)=Di(2,1)+2.*DR(1,1)*(DT(2,1) DT(2,2))/DRC(2,1)
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I DTT(1,1)=0iT(1,1)+DR(1,1)*(Di(2,1) Di(3,1))/DR(2,1)

DTT(1,J)*DT(2,J)+DR(1,J)*(D1(?,J) DT(2,J+1)}/DRC(2,J)
DTT(1 J)=DTi(1,J)+0R(1.J)*{DT(2,J) DT(2,J 1))/DRC(2.J 1)
DTT(1,J)*DIT(1,J)+DR(1.J)*(D1(2,J) DT(3,J)1/DR(2,J)

I DTT(1,W1)*DT(2,W1)+2.*DR(1,N1)*(Di(2,N1) DT(2,N))/DRC(2,N)
DTT(1,N1)sDTT(1,Ni)+DR(1,N1)*(Di(2,N1) 01(3,N1))/DR(2,W1)

35 CONTINUE

30 CONTINUE

DO 40 11:2,M
DO 45 Je2,N
!=M1 11
IF (CS(DTT(M,1) Di(M,1)).GT.E) GOTO 25I IF ( ABS (DT1(M,J) DT(M,J)).GT.E) GOTO 25
IF ( AB5(DTT(M,N1) Di(M,N1)).GT.E) colo 25
IF ( AB5(DTT(1,1) 01(I,1)).G1.E) COTO 25
IF ( ABS (DTT(1,J) Di(1,J)) GT.E) G010 25I IF (ABS (DTT(1,N1) Di(1,N1)).CT.E) colo 25
IF ( ABS (D1T(1,1) Di(1,1)).GT.E) GOTO 25 -

IF ( AB5(DTT(1,J) DT(1,J)).GT.E) COTO 25
IF (ABS (DTT(1,N1) DT(1,N1)).GT.E) COTO 25I 45 CON 11NUE

40 CONTINUE

VR I T E (* ,* )(01 T (1. J ), Jai,N1)
WRITE (*,*)(DTT(2.J), Ja1,N1)I WRITE (*,*)(QU(J), Jai,N1)*

* Do 22 J=1,N1
* IF (DTT(1,J).G1.(1 sat +273.15)) THENI * TF(J) Tsat

ENDIF*

* 22 CONTINUE

00 33 Ju',N
Dh(1)a2.*.oTT(1,1)*DTT(1,2))/DRC(1,1)
Dh(1',4 DTT(1,1) DTT(2,1))/DR(1,1)+Dh(1)
Dh(1)=Dh(1)/(DTT(1,1) TF(1))I Dh(1)= Dh(1)/(LEN*A1)
Dh(J)=(DTT(1,J) DTT(2,J))/DR(1,J)
Dh(J)=(DTT(1,J) DTT(1,J 1))/DRC(1,J 1)+Dh(J)

~

Dh(J)*(DTT(1,J) DTT(1,J+1))/DRC(1.J)+Dh(J)
-I Dh(J)=Dh(J)/(DTi(1,J) TF(J))

Dh(J)= Dh(J)/(LEN*A1)
Dh(N1)=(DTT(1,N1) DTT(2,N1))/DR(1,W1)
Dh(N1)*2.*(DTT(1,N1) DTT(1,N))/DRC(1,N)+Dh(N1)

I Dh(N1)sDh(N1)/(DTT(1,N1) TF(M1))
Oh(N1)e Dh(N1)/(LEN*A1)

33 CONT 1NUE

WRITE (*,*)' LOCAL H.T. COEFFICIENT 5'

I WR i f E(* ,* )(D h( J ), Jel,N1)

DPree=0.
.

DO 56 J9=1,N1
DPrea=DPrea+QU(J9)

56 CONTINUE

DPPPA=2.*DPrea-QU(1)-QU(N1)-QLoss

'

DPrealB=0.
E DO 66 Jal,N1

DPre(J) sal *LEN'Dh(J)*(DTT(1,J) TF(J))-
DPre(1)=Al*LEN'Dh(1)*(DTT(1,1) TF(1))*0.5*

.

DPre(N1)sA1*LEN'Dh(N1)*(DTT(1,N1) TF(N1))*D.5*
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'I DPrealB=DPrealB+DPre(J)
66 CONTINVE

DPreatBa2.*DPrealB DPre(1) DPre(N1)
* WR11E(*,*)' Q * ' 09,

' DPPPA,' POWER SUPPLIED TO COPPER'WRITE (*,*)'Preali* =
,

e,DPrea|8,8 POWER OBTAINED BY LIQUID'WRITE (*,*)'Preal2* .

Dh a vpH s ( D h ( 1 ) + 3. * ( D h ( 1 + N/4 )+ Dh ( 1 + 3 * N/ 4 ) ) + Dh ( N 1 ) ) /8.

I DT avg = (DT T (1,1 ) +3* (DT T (1,1 + N/4 ) +DT T (1,143* N/4 ))+DT T (1, N1))/ 8.
DhsvgA=DPrealB/(3.1416*R1*LEN*(Diavg Tb))
WRITE (*,*): AVERAGE H.T. COEFFICIENT (M) si, DhavgM

WRITE (*,*)* AVERAGE H.T. COEFFICIENT (A) s', DhsvgA*

* WRITE (*,*)* AVERAGE WALL TEMP. m ' Diavg,

PCWERs6.*Q
WRITE (7,*) POWER,DhavgM,Diave

I RR(1)=R1*100.
RR(M1)=R2*100.
Do 85 N3:2,M
RR(W3)RR(1)+(N3 1)* Der *100.

:I-
85 CONTINUE

WRITE (*,*)(RR(N4), N4=1,M1)*

DO 80 Ja1,N1
DO 90 tal,M1

WRITE (3,*)RR(I),DTT(I,J),1,J*

90 CONTINUE

80 CONTINUE

- DO 95 Jai,N1
WRITE (5,*)* HEAT TRANSFER COEFFICIENT'
WRITE (5,*)J,Dh(J)

95 CONTINUE

I 100 CONTINUE

101 CONTINUE

STOP

END

I subroutine FLUID (11,tb)
rest 11,1(15),t(15)

-3 data t(1),t(2),t(3),t(4)/10 ,16.,22.,28 /
data t(5),t(6),t(7),t(8)/34.,38.,42.,46./g
data t(9),t(10),t(11),t(12)/50.,54. 58.,70./
data t(13),t(14),t(15)/90.,110.,130./
data 1(1),1(2),1(3),1(4)/508.8,514.1,519.4,524.7/

I- data 1(5),1(6),1(7),1(8)/530.1,533.7,537.3,540.9/
data 1(9),1(10),1(11),1(12)/544.6,548.2,551.9,563.1/
data 1(13),1(14),1(15)/582.1,601.9,622.6/
do 9 k=1,15

. I__ goto . 3
If (11.te.l(k)) then

endtf
_

'

9 continue
.- ; 3 tbat(k)+(ll i(k))/(1(k) i(k 1))*(t(k) t(k 1))

return

erd

I
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I
-APPENDIX B.2

__

List of program EPOX.FOR for Froon-11 data reduction in Domain
II.

* PROGRAM FOR H.T. COEFFl. INSIDE OF COPPER.

I kiAL K,12,llN, A, A1, A2, Kins,L1,LEN
DIMENSIOk RR(45 ),16(30), T F (30),0U(30),T i ns(30), PH(30)
DOUBLE PREClllON Dh(45),Di(30,30),DTT(30,30),DR(30,30)
DOUBLE PRECISION DRC(30,30),Dhh(30),DPre(30),dtc1(30,30)

I DOUBLE PRECISION DPrealt,DhavgA,0bavgM,Diavg,drc2(30,30)
DOUBLE PREC1510N DPrea DPPPA

OPEN(1.F ILE= ' A !NC1.DAT ',sT ATUS='OLD')
OPEN(2,FILEm'AEP02.DAT',51ATus='OLD')

I OPEN(3, FILE ='B As31.DAT',ST Afus='WEW')
OPEN(4, FILE ='AtlNSHC.DAT',$1ATUS*'NEW')
OPEN(5,FILt='A:A$33.DAT', STATUS ='NEW')
OPEN(6, FILE ='A TOLE.DAT', STATUS ='OLD')

RE AD(6,*)M,N,E ,LLi.
READ (2,*)R2,R1,K, Kins,WOT,11N,G,L1
Ac=3.1416*(R1**2.)

I AS * 2.* 3.141C* R 2* L1/100.
Tsat=41.65
N1=N+1

M1=M+1

I DO 101 MM=1,5

D0 100 Il=1,LLL
',11,' LOCATION = * MMWRITE (*,*)' POWER LEVEL == ,

R E AD ( 1, * )Qq,DR i ns ,P r eal , LE N ,0l os s , Z

I READ (1,*)(16(1), !=1,N1)
RE AD(1,* )(T ins (l ), !=1,N1)
IT=0
Q=Qq

Q1=oq'6.

12=llN+(01*Z/(1000.*G*Ac'L1))
CALL FLUID (iZ,Tb)

I _IF (ib.GT.Tsat) THEN

Tb=Tsat
ENDIF

' Tb+273.15WRITE (*,*)' FLUID TEMP =* ,

'I Do 11 Jel,N1

T F (J )=1tr273.15
11 CONT!NUE

WRITE (*,*)(TF(J), J=1,N1)*

I Drr=(R2 R1)/M
PHl=3.1416/W
COUNT =WOT/(2.*R2* PHI)
A1= phi *R1

A2= PHI *R1/2.
RR(1)=R1
RR(M1)=R2

- WRITE (4,*)' INPUT CHECK LIST FOT COPPER ' PROGRAM'
WRITE (4,*)
WRITE (4,*)
WRITE (4,*)* CUTSIDE COPPER RADIUS (R2): 8,R2,8 m'

WRITE (4,*)' INSIDE COPPER RADIUS (R1): ',R1,' m'

I- WR I T E ( *,, * )' CONDUCTIVITY OF INSULATION (Kins): ' Kins,'W/tK',
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I
I WRITE (4,*)' CONDUCTIVITY OF COPPER (Kcop): ',K,' W/8* '

WRITE (4,*)' FLOWRATE OF FREON 11 (G): e,g,s KgMm s'
WRITE (4,*)' POWER SUPPLIED TO TEST SECTION (Q) ' 09,8 W',

WRITE (4,*)' REAL POWER CALCULATED (Preal): ',Preal,' W'

WRITE (4,*)' INLET ENTHALPY AT fin =22.2 C ',IIN,'KJ/K9'
WRITE (4,*)* WIDTH OF T HE HL|* : 'G TAPE: ' WOT,'m',

write (4,*)* LENGTH OF THE TEST SECTION: 8,L1,5 cm'

WRITE (4,*)* LOCAL 2 0F THE TEST SECil0N: 8,2,' cm'

WRITE (4,*)

00 5 l'1,M1

I 00 8 Jai,N1
01(1,J)=23.5+273.15
Di(M1,J)*TS(J)
DTT(M1,J)=T$(J)

I 8 CONTINUE

5 CONTINUE
_

00 20 N2=2,M

I RR(N2)=RR(1)+(N2 1)*Drr
20 CONTINUE

DO 10 JJal,M

I J=M1 JJ
DO 15 J1=1,N1
P=1.0
if ( J1.E Q.W1) THEN

I P=0.5
ENDIF
IF ( J 1.E Q .1 ) THEN

P=0.5

I ENDIF
P=1.0

DR(J,J1)=Drr/(phi *P*(R1*(J 0.5)*Drr)*K*LEN)
DR(J,N1)=Drr/(PHI *P*(R1+(J 0.5)*Drr)*K*LEN)
DR ( M 1, J 1 ) =DR i ns/ ( PH l * P'( R2+0.5*DR i na )* K i ns* LE N )I DRC(J,J1)=(phi *RR(J))/(K*Drr*LEN)
DRC(1,J1)=(phi *RR(1))/(K*0.5*Drr*LEN)
dec 1 ( ml , J 1 ) = 1. / ( 2.* dr (m) , J 1 )+ ( ph i * r r(m1 ) ) / ( .5 * k i ns* dr i ns ))

~

drc2(m), J1)=1./(2.*de(m,J1)+(rhi*rr(m1))/( 5*k* der))
-

I- dec(ml,jl)=1./(dec1(mi,J1)*dec2(m1,J1))
DRC (M 1, J 1 ) = ( P H I * R R (M1 ))/ ( ( K* 0.5 *D r r+ K i ns=0. 5'DR i ns )* LEN )*

15 CONTIhuf
10 CONTINUEI WRITE (*,*)(RR(J), J81,M1)*

Do i K1=1,M1
00 2 K2st,N1

WRITE (4,*)DR(K1,K2),DRC(ki,k2),' M=',ki,' N=',k2*

I 2 CONTINUE

1 CONTINUE

25 IT=lT+1

I- Do - 30 11=2,M
1*M1 11

Qu(1)=Q* PHI*

QU(1)=0/(2.*N)I DO 35 Js2,W
QU(J)=Q* PHI*

C1=(0.5*WOT)/(R2*(J 0.5)* PHI)
IF (C1.GE.O.5) THEN

I QU(J)=0*C1* PHI*
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| 'QU(J)=Q'C1/(2 *N)
W INDIF

IF (C1.GE.1.) THEN
* QU(J)=0* PHI ,

_

QU(J)=0/(2.*N).
- ENDif

IF (C1.LT.D.) THEN

QU(J)=D.

-I ENDif
QU(N1).Q' PHI*

CN1=(D.$*WOT)/(R2*N* PHI)
IF (CN1.CE.D.5) THEN

* QU(W1)=Q*CN1* PHI
QU(N1)=Q*CN1/(2.*N)
ENDif
IF (CN1.GE.1.) THEN

I * QU(N1)=Q* PHI
QU(N1)=0/(2.*N)
ENDif
IF (C1.LT.0.) THEN

_

QU(N1)=D.
. ENDif

4 A1= phi *R1

I A2= phi *R1/2.
Bl=2.*3.1416*R2
82=2.*3.1416*R2
DTT(M,1)=Di(M,1)
DTT(M,J)=DT(M,J)

' DTT(M,N1)=Di(M,N1)
DTT(1,J)=DT(I,J)
DTT(1,1)=DT(1,1)

I DTT(1,N1)=DT(1,N1)
DTT(1,1)=DT(1,1)
DTI(1,J)=DT(1,J)
DTT(1,N1)=DT(1,N1)

DT(M,1)=DT(M1,1)+2.*DR(M,1)*(DT(M1,1) DT(MI,2))/DRC(M1,1)-
DT(M,1)=CT(M,1) DR(M,1)*Qu(1)
Di(M,1)=DT(M,1)+(DR(M,1)/DR(M1,1))*(DT(M1,1) Tins (1))

I DT(M,J)=DT(M1,J)+DR(M,J)*(Di(M1,J) DT(M1,J+1)?/DRC(M1,J)
DT(M.J)*DT(M,J)+DR(M,J)*(DT(M1,J) Di(M1,J 1))/DRC(M1,J 1)
DT(M,J)=Di(M,J) DR(M,J)*QU(J)
DT(M.J)=DT(M,J)+(DR(M,J)/DR(M1,J))*(DT(M1 J) Tins (J))
DT(M,N1)=DT(M1,N1)+2.*DR(M,N1)*(DT(M1,W1) DT(M1,N))/DRC(M1,N)

- DT(M,N1)=DT(M,N1) DR(M,N1)*QU(N1)
~ DT(M,N1)=DT(M,N1)+(DR(M,N1)/DR(M1,N1))*(DT(M1,N1) Tins (W1))
DT(I,1)=DT(l+1,1)+2.*DR(1,1)*(Di(l+1,1) DT(l+1,2))/DRC(1+1,1)

: DT ( 1,1 )=D T ( 1,1 ) + DR ( 1,1 ) * (D T ( l + 1,1 ) D T ( l + 2,1 ) )/DR ( l + 1,1 )I Di(1,J)=DT(l+1,J)+DR(1,J)*(DT(,+1,J) DT(l+1,J+1))/DRC(1+1,J)
DT(1,J)=DT(I,J)+DR(1,J)*(Di(!+1,J) DT(l+1,J 1))/DRC(!+1,J 1)

.

Di(1,J)=DT(1,J)+DR(1,J)*(DT(l+1,J) 3T(1+2,J))/DR(1+1,J)
DT(1,N1)=Di(1+1,N1)+DR(1,N1)*(DT(l+1,N1)*DT(l+1,N))/DRC(l+1,N)

_

D T ( 1, N 1 ) =DT ( 1, N 1 )+DR ( 1, N 1 )* (DT ( l + 1, N 1 ) * D T ( l + 1, N ))/DRC( 1 + 1, N )>

DT(1,N1)=Dit!,h1)+DR(1,N1)*(DT(!+1,N1) DT(!+2,N1))/DR(!+1,N1)
DT(1,1)=DT(2,1)+2.*DR(1,1)*(DT(2,1) Di(2,2))/DRC(2,1)
Di(1,1)=DT(1,1)+0R(1,1)*(DT(2,1) Di(3,1))/DR(2,1)

.

DT(1,J)=DT(2,J)+DR(1,J)*(DT(2,J) DT(2,J+1))/DRC(2,J)
DT(1,J)=DT(1,J)+DR(1,J)*(DT(2,J) Di(2,J 1))/DRC(2,J 1)
DT(1,J)=DT(1,J)+DR(1.J)*(DT(2,J) DT(3,J))/DR(2,J)
DT(1,N1)=DT(2,N1)+2.*DR(1,W1)*(DT(2,N1) DT(2,N))/DRC(2,N) ~I Di(1,N1)=DT(1,N1)+DR(1,N1)*(6T(2,Ni) DT(3,N1))/DR(2,N1)
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35 CONTINUE

30 CONTINUC

DO 40 11=2,M

I. DO 45 Ja?,N
Im1 11

'IF ( ABS (DTT(M,1) Di(M,1)).GT.E) COTO 25
IF ( ABS (DTT(M,J) DT(M,J)).GT.E) GOTO 25

I IF (ABS (DTT(M,W1) Di(M,N1)).GT.E) GOTO 25
17 (AB5(DTT(1,1) DT(1,1)).GT.E) GOTO 25
IF (ABS (DTT(1,J) DT(1,J)).GT.E) GOTO 25
IF (AB5(DTT(1,N1) DT(I,N1)).GT.E) GOTO 25
IF (AB5(DTT(1,1) DT(1,1)).GT.E) 00To 25
IF ( ABS (DTT(1,J) DT(1,J)).GT.E) GOTO 25

-17 ( AB5(DTT(1,N1) DT(1,N1)).GT.E) COTO 25
.

45 CONTINUE
- 40 CONTINUE

WRITE (*,*)(DTT(1,J), Jal,N1)*

WRITE (*,*)(DTT(2,J), Jal,N1)*

WRITE (*,*)(Qu(J), Js1,N1)*

- RR(1)=R1*100.
RR(M1).R2*100.

I.
00 85 N3 2,M
RR(N3)=RR(1)+(N3 1)*Drr*100.

85 CONTINUE

WRITE (*,*)(RR(N4), N4si,M1)*

.

WRITE (5,*)0q.Drr,preal,Len,0 loss,Z
WRITE (5,*)(DTT(1,J), Jal,W1)
WRITE (5,*)(DTT(2,J), Jal,el)

100 CONT 1NUE

101 CONTINUE

',LLLWR I T E (* , * )' POWE R LEVELS =

STOP

I END

subroutine FLUID (11,tb)
rest 11,1(15),t(15)
data t ( 1 ), t ( 2), t (3 ), t ( 4 )/10, ,16. ,22. 28. /
data t(5), t(6), t(7), t(8)/34. 38. ,42.,46./
data t(9),t(10),t(11),t(12)/50.,54.,58.,70./
data t(13),t(14),t(15)/90.,110.,130./

8 . data f(1),1(2),I(3),1(4)/508.8,514.1,S9.4,524.7/
data 1(5),1(6),1(7),1(8)/530.1,533.7,53A3,540.9/

. .

date 1(9),1(10),1(11),1(12)/544.6,548.2.551.9,563.1/
data f(13),1(14),1(15)/582.1,601.9,622.6/

I- do 9 k=1,15
If (11.Le.l(k)) then
goto 3
endif

9 continue
3 ttet(k)+(il itk))/(i(k) 1(k 1))*(t(k) t(k 1))

return

endI
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APPENDIX B.3j

,

Nodal Equations Derivation.

I
The differential heat conduction equation in cylindrical coordinates can be expressed

as

I
D OT k O'T D'T OT

g g(rp) + ap2 + kr022 + (r = r$g @,3.1)k
/

Applying following assumptions:

(1) steady state

(2) temperature distributed in radial and circumferential directions

(3) constant heat conductivity

(4) no inner heat resouces

I (5) unit length in axial direction

| Equation (B.3.1) becomes -

krD'T OT k O'T
=0 (B.3.2)g7+y+p2

I
From Taylor series expension and using the notation in figure D.3.1,

I
|

_ T(i + 1,j) - T(i - 1,j)ST(i,j)
(B.3.3)

Dr 2br

I 62T _ T(i + 1,j)- 2T(i,j) + T(i - 1,j)
(B.3.4)

(ar)2Or2
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,

DT(i,j) _ T(i,j + 1) - 2T(i,j) + T(i,j - 1)
(B.3.5) -

ap2
-

(a.;)2

Inserting equations (B.3.3), (B.3.4), and (B.3.5) into equation (B.3.2),

I
_|- T(i + 1,j) - 2T(i,j) + T(i - 1,j) T(i + 1,j) - T(i - 1,j)

(Ar)2 26r

k T(i,j + 1)- 2T(i,j) + T(i,j - 1)
=0 (B.3.0)

r4 (Ap)2

where ri s the radius for the center of the "i" node.i

Equation (B.3.0) can be written in form of

T(i + 1,j) - T(i,j) + kri T(i - 1,j) - T(i,j) + T(i + 1,j) - T(i,j)'
(Ar)2 (37)2 - 2(Ar)

_T(i - 1,j) - T(i,j) k T(i,j + 1)- T(i,j) k T(i,j - 1) - T(i,j)
=0

2(Ar) rg (Ap)2 r4 (Ap)2

After combining the terms with similar coefficients of T(i+1,j), T(i-1,j), T(i,j +1),

I
and T(i,j - 1), the above equation becomes

2 )T(i + 1,j)- T(i,j) _ Ar)T(i - 1,j) - T(i,j)r

k(ri+
(Ar)2 2 (Ar)2 -

k T(i,j + 1)- T(i,j) k T(i,j - 1)- T(i,j)
=0

rg (Ap)2 rg (Ap)2

Then

- f T(i + 1, j) - T(i,j) T(i - 1,j) - T(i,j)

<ar)2 <arp
k(rg+ y ) k(r4- y)
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+ T(i,j + 1) - T(i,j) '+ T(i,j - 1) - T(i,j) =0 (B.3.7)r,p yp r,(a p),
k k

| After multiplying by (Arap) in equation (B.3.7),_
'

T(i + 1,i) - T(i,j) + T(i - 1,i) - T(i.i)
a, ar

&(r4+y)Ap &(rs- $ )a vg
+ T(i,j + 1)- T(i,j) + T(i,j - 1)- T(i,j)3 =0 (B.3.8)@ Vff

Equation (D.3.8) is the finite difference formulation for equation (D.3.2). The nu-

merator of each term in this equation is the temperature difference between the central

node, (i,j), and the neighboring nodes, (i + 1,j), (i - 1,j), (i,j + 1), and (i,j - 1). The

denominators are the heat resistances between the nodes just mentioned.

I
- ~ .~

\- (i+ ij)/ N

, h ' ~u' ,~), ./ N

y,'s/
,

- | / / / / N \.7m'y\ ci-w x <i.;_i3 3L / -Y T y \ N Na| / \- 'IN/ r;

y j--1

L
.

The beauty of this derivation is that it does' not only give the finite difference formu-

.

lation, but also gives the heat resistances. The four heat resistances in figure D.3 can be .

easily picked up from equation (D.3.8); i.e.,
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I Ar
R(i + 1,j) = k(rv + 3,)Ap ~ (B.3.9)

4

g-

I R(i- 1,j) = k(ri bt)Ap (B.3.10)
Ar

g

"' #R(i,j + 1) = '(B.3.11)

' #
R(i,j - 1) = kor (B.3.12).

.| When the convection boundary condition was applied, the heat resistance for inside

wall was (see figure B.3.2)

.

I 1
- (B.3.13)''

R(j) con, h(j)A(j) h(j)Riopn

Note that ago will vary when applying equation (B.3.13) to full node, half node, or

quarter node. The index, n, denotes this change for this respective nodes.

Few of current books have discussed formulation in cylindrical coordinates. Holmanill,-

Ozisik[21, and JaluriaI31 gave the same expressions for heat resistances and heat balance

equation, and the differencing equations from these books all agree with equation (B.3.C).
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I
APPENDIX C

In the present analysis, the sample applications and numerical solutions were necessary

in order to get: (1) verify the typical numerical difference equations and boudary conditions

needed for data reduction, (2) obtain estimates of the largest radial and circumferential

allowable numerical iteration tolerence which would result in acceptable accuracy. Based

on what has been learned from these sample applications, the final numerical procedure

was developed for the data reduction of wall temperature measurementsISC 34 made from

| the configuration shown in Figure 4.2.

Sample Application 1

The first sample problem involves a one-dimensional conduction numerical solution in

cylindrical coordinates, for given outside and inside surface temperatures. The purpose of

this applicatoin is to determine allowable tolerances and mesh sizes. The equation to be

solved can be written as:

The simple closed-form solution of this problem is:

I
T(r) = T(R )

gin f'
(C,2)i

,-
-

.

where:

| T-T1 2

inh
2nt

I
For a simple computation k was selected to be 100 W/mK.

For a one dimensional problem, the outside supplied rate of heat flow per unit length,

9" remains the same throughout the radial direction. The numerical " solutions should be9

constant for each pair neighboring nodes as well. Therefore, this equality of the computed
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- q" with the supplied q" will be the basis to check the accuracy. Equrdity of temperature is

usurdly not enough.I
The munerical and exact ternperature profiles are shown in figures C.1 to C.3 for

different node nuinbers and tolerances. In these three figures, tolerance are 0.1,0.05,0.01,

0.005 and 0.001 for 10, 30 and 60 nodes, respectively. In figure C.1, the tolerances do

not affect the accuracy very inuch for 10 nodes. For all cases, the computed temperatures

were almost identical to that for the exact solution. In figure C.2 with 30 nodes, the

temperature variations from the exact line were visable when the tolerance was large, e.g.

| 0.1, and 0.05. But, when the tolerance was reduced (below 0.01'C), the agreement between

the numerical temperatures and the exact ones was excellent. In figure C.3 with 60 nodes,

the temperatures deviated significant from the exact solution when tolerance was larger

than 0.05. Clearly, as the number of nodes increase, the tolerance must correspondingly

reduced.

_I
As is well known, the apperance of apparent accuracy in local muncrical temperatures

does not imply similar accuracy in local heat flux. In this same sample problem, one can

readily examine accuracy in the heat flux between each two nodes, because the heat flux

should be constant for all radii. Figures C,4, C.5 and C.7 are the heat flux distributions

fcr the three previously mentioned cases.

Figure C.4 shows the heat flux distribution between each two neighboring nodes in

10 nodes for tolerance 0.1, 0.05, 0.01, 0.005 and 0.001. The largest variaton in q" in

figure C.4 was about 4% which is much larger than the 0.1% for temperatures (Figure

C.5.1). As the number of nodes increases with constant tolerance, in figure C.5 (30 nodes)
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shows large variations in q' than that shown for 10 nodes in figure 0.4. This trend

becomes progressively werse as shown in figure C.6 (60 nodes). Therefore, when the

numerical temperatures are close to the exact solution, it does not mean that the q"

solutions are completely accurate. Only when the accuracy has been veried with respect

to both temperature and q' (and heat flux) can one be assured of acceptable solutions.

The result of this study is summatized based on a large mtmber compter runs in

I figure C.7. The cross-hatched area in Figure C.7 is the suggested tolerance range for a

- desived or selected number of nodes. The computational results were fitted and resulted

in the following exponential shown in figure C 7, which express the tolerance, e ('C), as a

function of N, the number of nodes:

e = 103.021N '88
(C.3)

The corresponding tolerance to a certain number of nodes will help to give not only

accurate temperatures but also local heat flux. In the latter cases, the suggested curve will

be used as a guide to choose the appropriate tolerances and mesh sizes for the numerical

I data reduction.

In the cases with large conductivity material or very small tube thickness and antici-

pated AT, the accuracy of the temperature and heat flux becomes even more important.

The reason for this is that the heat resistance, R = fj, is very small. Since i is very

large, the heat fhtx, which equals y, will be controlled by the factor of j, but, AT is

'

controlled by the factor of R. Hence, for these special attention must be given to both the

number of nodes and the corresponding tolerance.
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Sample Application 2

The second problem involves one-dimensonal radial heat transfer with known outside

surface temperature and heat flux. The solution will present the temperature, the heat

I. transfer coefficient inside the tube.

- The governing equation will be same as in Sample 1.

1d dT
g(rp) = 0 (CA)

_

The exact solution is identical to that for the previous sample problem; i.e.

T(r) = T(R )- (C.5)2

2nk

where, the rate of heat flow per unit length, q,, maintains constant between R and Rs.2

The governing equation can be presented in finite difference form as:

T(I + 1) - T(I) + T(I)- T(I- 1) (')*

R(I) R(I - 1)

Using the notation in figure 5.1 and 5.2, the boundary conditions are:

Assuming that we have AI + 1 nodes, T( AI + 1) will be known as T = 100*C. From2

equation (C.0), one can compute the temperature next to T(Af + 1), T(AI), directly since |

go and T( AI + 1) are known. After T(AI) has been computed, T(AI- 1) can be computed

directly from T(3I+ 1) and T( AI), and so on. Hence, the inside surface temperature, T(1),

can be obtained without iteration. Once T(1) is obtained, for known bulk temperature,

| the heat transfer coefficient can be obtained from

-

T(2) - T(1) T(1) - Tf
(C.7)=

R(1) 2r}uI
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I
Figure C.8 shows the temperature distribution in radial direction from numerical and exact

solutions. The numerical solutions are at node number of 10,20,30,40,50,00,70 and 80.

The largest temperature difference from exact solution is taken place at inside surface and

the value is 0.001 C, which is 0.001% tclative error compared with theoretical results. As0

mentioned in sample application 1, accurate temperatures do not always mean that the

solutions are ideal. The heat flux must be cheched also to verify the overall accuracy.

It took long time to figure this phenomena out, because the temperatures were sought

of accurate, but heat fluxes had large variations to exact solution. This indicates the

problems. One of the reason was that the problem consisted small thickness and large

conductivity, which made the temperature difference from outside surface to inside surface

extremely small. Therefore, the temperater must be accurate enough in order to get

accurate heat flux. The question is that is 0.001% accurate enough? The answer is not

for this particular problem. After many times of checking carefully with the FORTRAN

program, the question mark finally was turned to the digital computer.

The program for flgures C.8 and C.9 was in single precision mode which gave maximum

I six dicimal digits for any prtrameters given in program. The double precision mode, which

gives forteen decimal digits for parameter was used in the same program, so that the same

parameters were plotted to prove the idea. Figure C.10 shows the temperature distribution

in radial direction but in double precisoin mode. The temperatures do not have very much

difference in figures C.8 and C.10. Figure C.11 shows the same plot as figure C.9 but in

double precision mode for heat flux distribution. As it shows, the heat flux for numerical

results was same as the supplied heat flux which is 100W/m. Now, the temperature

I 170
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'I

solutions are accurate.

The results from Sample 2 can be expressed as that when small thickness and large

conductivity involved, the numerical accuracy is strongly affected by thickness and conduc-

tivity, In FORTRAN 77, the double precision may be employed for some cases. When the

condition is changed for different problems, other method should be developed to double

secure the physical accuracy of the numerical solutions.'

I

I
I
I
I
I

I
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!
| Sununary:

I
This is the third performance report for our subcooled flow boiling

| model assessinent imd development. The objectives of this research is to

improve our present ability to predict both local heat transfer and the crit-

ical heat flux (CllF) in the subcooled flow boiling regime for the case of

uniformly heated coolant channels. Although water is presumed to be the

I primary fluid, comparisons may be with data for other fluids.

During this funding period, more emphasis has been placed on local

| predictions of heat transfer using the " patched" model referred to in item

g #3 of part I of the milestones. This model will be referred to here after as

the " modified model" (MM). This emphasis involved: (1) MM development,

and (2) data reduction model development (DRMD). The MM development

I included model: (1) wvelopment, (2) implementation, (3) comparison, and

(4) verification. The DRMD is an additional task which was found necessary

I to be added to the Part I milestones (local heat transfer),
i

I
I
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I
I PROGR ESS:

I As our work progressed, we have found it necessary to alter the previ-

| ously subinitted milestones. This becarne obvious when work began on itein

#4,7,9, and 10 of Part I of the hiilestones. In these items, the preliminary

correlation and the hih! were to be compared with data other than but

including the 0.77 h1Pa water data, which were used in comparisons sum-

I matized in the last progress report (April 28, 1992). However before the

rationale for the need of the DRh1D in discussed, some results associated

| with hihl development will be suunnarized,

g The hihl development is a continuation of efforts to refine and inun-

prove the "new (preliminary)" correlation (NPC) discussed in the last pro-

gress report. The worst agreement between predictions and the data wes

I
noted to be in the partial nucleate boiling regime. The need for the h1M

resulted from an attempt to improve and possibly simpify the NPC Al-

I though there was an improvement in the overall accuracy, the improvement

| amounted to less than 1.01 However, these results show that the basis

g or premise for making the improvement was sound and should result in

greater improvement. The h1M provides an approximation for the asymp-

totic limit. However, the scope of the present contract does not allow for

I
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finding the "true" limit. If additonal funding becoines available, this "true"

asyinptotic liinit condition can be deterinined. This should result in ad-

ditional innprovcinents in the predictive accuracy inn the partial nucleate

boiling region and possibly wider applicability of the correlation to other

fluids. Presently, the MM ernploys a " patching" condition which approx-

I ituates the "true" asymptotic liinit. This was accoinplished by requiring

the transition froin single-phase to partial nucleate boiling to occur when

the wall temperature reached the saturation teinperature. In particular,

g the following conditions were required by the NPC but are not by the MM:

(1) the slope, in, of the subcooled boiling curve linearly increases with heat

flux in the partial nucleate boiling regime, (2) accurate prediction of the

onset to nucleate boiling (ONB) is essential, (3) in = 1.0 at ONI3, and (4)
_

in = 2.0 at the onset of fully developed boiling. In addtion, no arbitrary

| nssuinptions for the values of m were made as the heat fhtx changes for the

MM. Further, there are no empirical constants in the MM and the form of

the correlation appears to make it applicable to water and other fluids.g

As a result, the slope, m, for the MM will have a different non-linear

variation for different fluids in the partial nucleate boiling region. Prediction

of the ON13 is not needed for the MM. Finally, the lower aml upper limits

I- ISG

I
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I
! of m will vary from fluid to fluid, and will also be related to the flow and

fluid thermodynamic specifications.

g The h!h! correlation parameters for the partial nucleate boiling region

have a specified, closed-form relationship with: (1) the local heat flux, and

(2) the thermodynamic state of the fluid. Both the hihl and the NPC

I
re(ptire the flow to be fully-developed hydrodynamicallyy and thermally.

! Although this is a definite limitation, this limitation is less severe near

the exit of the channel where the greatest prediction accuracy occurs. If

| additonal funding becomes available the present correlations could likely

be ituproved by accouting for the flow development nature.g

The results show that although the hlh! is not simpler, it is based on

less nasumptions and has more accurate predictions of the heat transfer

coefficient in some cases than the NPC. The hih! has the potential to apply

I to many finids (with a preliminary Prandtl number range of 0.5 to 200),

but the NPC applies only to water.

| For the present, both correlations apply in the region where the Stanton

munber is less than 0.00G and the Peclet number is greater than 10% whichg
-

corresponds to high velocity and high subcooled flows. Thus far, compar-I
t

isons have been made for both models with 354 water data points at 0.77

I
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I
| MPa and 1 GG MPa. The MM had better accuracy, relative to the NPC,

of 12.5% compared to 13.5% at 1.00 MPa for 185 data points. However at

0.77 MPa the NPC had 18.6% and the MM 19.0(70 standard deviation.I
Comparisons of the NPC and Kandlikar's model with the water data

at 0.77 MPa showed that the NPC and the MM consistently have bet-

ter comparisons with the data. There are two basic reasons for this. First,
,

Kandlikar used the Dittus Boelter equation (DBE) for all single-phase com-

| putations. As reported in the literature, the DBE uses the bulk tempera-

ture as the characteristic temperature. Since the correlations for all regions

(partial nucleate and fully developed boiling regions) rely indirectly on a

single-phase correlation, all Kandlikar's predictions fall significantly below

the data. Finally, there are severe discontinuities in Kandlikar's correlation

I at ONU and the onset to fully developed boiling. These discontinuities do

not exist in either the NPC or the MM.

huproved predictions can he obtained with Kandliker's correlation pro-

| vided the DBE is modified by using the fihn temperature as the character-

istic tempertature. However, the discontinuities remain. The improvement'

in agreement results in most cases due to his correlation crossing the data at

a point. Of course, the predictions are " perfect" at the point ofintersection

I 188
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|I
with the data and " poor" elsewhere. By contrast, both the MM and NPC

| have the saine trends and curve slope variations as the data.

We are preparing to make additional comparisons with freon-11 data.

Preliminary comparisons with some freon data at 0.187 MPa showed favor-
i

able trends. Ilowever this data, and possibly other data which will be found

in the literature, was obtained from local measurement.s of the outside wall

I temperature. At a given axiallocation, investigators computed a circtunfer-

| entially averaged outside wall temperature. This averaged wall temperature

| was then used to compute inside wall temperature and heat transfer coef-

ficient using the total heat flux and fluid conditons. The accuracy of theg
resulting heat transfer data, based on this data reduction approach may not

always be acceptable especially if there are circumferential variations in the

! measured wall temperatures. Any heat transfer coefficient data must result

from accurate values of the inside wall temperature. Since it is not possible

| to measure this latter temperature, its' accurate determination may be pos-

| sible from the former by employing a finite-different formulation to relate

the two. This formulation is refered in this report as the data reduction

model development (DRMD).

As a result of the above noted deficiency in the way the freon-11 data

189
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was reduced, the DRh1D was added to the Part I milestones. This finite

g difference niodel will be used to accurately reduce and relate the outside

wall teinperature inensurernents to inside wall teinperatures and the heat

transfer coefficient. These indirectly measured heat transfer coefficients will ,

provide an innproved data base for freon-11, which we will be able to use !

I to inahe coinparisons with both the MM and NPC. The DRMD has been

! developed, progrannned, and is being implemented. Preliminary testing of
i

the routine is in process.

I
STATUS

I
The work is proceeding well. As noted above, our current progress

necessitated a change in the milestone for Part I. Another task had to be

added in order to complete tasks 4,7,9 and 10. This new task involved

developing a data reduction model. With this inclusion, greater emphasis

|| has been placed on part I of the milestones. All CHF correlations except
i

g Lee and Mudawar, and Vandervort have been obtained. A CHF data source

has been identified and will be requested.

As of now, no other additions are anticipated. Due to the above noted

addition, some of the original milestone tasks may have to be redistributed

100'
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Surninary:

This is the second performance report for our subcooled flow boiling

g inodel assessment and development. The objectives of this research is to

improve our present ability to predict both the critical heat flux (CIIF)

and local heat transfer in subcooled flow boiling regime for the case of

I
uniforntly heated coolant channels. Although water is presumed to be the

primary fluid, comparisons may be made with data for other fluids.

Because of many dimensionless parameters affecting local heat transfer

and contributing to aspects of CHF, we are proceeding with our assessment

of both ClIF and local heat transfer simultaneously. In these efforts, a grad-

unte student has been used to assist in the local heat transfer assessment,

and an undergraduate has been assisting in the CHF assessment.

Smnnmries of the milestones for both the local heat transfer and CHF

work are enclosed. The actual accomplishments compare well with the

anticipated work outlined for the local heat transfer assessment. However,

| our anticipated progress on CHF was hiunpered. This occurred because

more time than antIicipated was needed to work with the undergraduate

student. Nevertheless, a comparison of the work described below with the

milestones shows that all milestones were met.

<I 194
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'I
The literature survey is proceeding. An example of some of the innpor-

| tant work was noted in the last performance report. The literature survey

will include: (1) local and mean heat transfer correlations which may org

may not have a theoretical basis, (2) CHF phenomenological and empirical

correlations, and (3) supportive literature for model development.

The anticipated local heat transfer work (see item # 1,2, and 3 from

I the heat transfer milestones) was completed during this past funding pe-

riod. Using existing correlations where possible, much of our work Ims been

| devoted to developing a preliminary heat transfer correlation by match-

g ing the single-phase, partial nucleate boiling, and developed flow boiling

regimes. Comparisons, made with 180 data points for water at 0.77 MPa,

have resulted in an overall standard deviation of less than 14% We now

seek to compare this new (preliminary) correlation with a different pub-

I lished correlation by Kandlikar for the partial subcooled nucleate boiling

region. Comparisons will be made with other subcooled data and corre-

| lations if they are found in the literature. The present comparisons show

g that the worst agreement between the predictions and data is in the partial

nucleate boiling region. We will ne attempting to alter the present match-

ing conditions to improve the predictions in this region. We will also make

195
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!. .

local heat transfer predictions in the regious near the anticipated CliF so

| that any thermophysical paratnetric relationships can be identified.

The CIIP work has focused on a reexandnation and verification of

Cambill correlation (item #1 of the CIIF inilestones) for both very highg
-

heat flux levels and very large channel length to-diameter ratios. Based on

temperature-dependent properties, sample predictions at 1.00 MPa were

used as a basis to develop a computer program for CliF (item #2 of CHF

milestone) predictions. The preliminary interactive predictions agreed, ciua-

litatively, with data reported in the literature. We anticipated completing

g the CliF computer program based on Gambill's correlation. Ilowever, more

time than anticipated was needed for the sample prediction. After the pro-

gram has been completed, predictions will be used to make quantitative

coinparisons with available subcooled CHF data as well as other CHF cor-

relations. Additional work is proceeding to debug and test the program.

There may be a cost overrun up to this point. The main reason for

| this is as follows: We were able to identify two students (both undergrad-

g unte and graduate students) who we thought were capable and who would

benefit from this experience. We will attempt to make other adjustments

to compensate for any apparent overrun.
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I SUBCOOLED FLOW BOILING MODEL

ASSESSMENT AND DEVELOPMENT

I
I Performance Report: January 30,1992

g Project # NRC-04-91-3G4

'

Ronald D. Boyd
Honeywell Endowed Professor of Engineering and
Director of the Thermal Science Research Center

| P.O. Box 397
Prairie View Akh1 University

g Prairie View, Texas 77440

Phone: (409) 857-4811 or 4023

I RE: Performance Report #1: "Subcooled Flow Boiling hiodel Assess-

ment" .

I in accera ence ith your previous r e nie ,1,1 e m eub mitu n g a eu m m a1x

| of our work on contract NRC-04-91-364. The objectives of this work are to

make comparisons and assessments of boudocal heat transfer ima criucaly
heat flux for the subcooled flow boiling regime.

I
I
I
I
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| Summary:

.| Although there are numerous two-phase heat transfer and CHF correla-

| tions, many of these correlations are severely restricted to specific partuneter

ranges, fluids, and flow regiines.
g

After an initial review of the literature ami preliminary calculations,

we have chosen to use a combination of cor clations to examine the local

I heat transfer in the non-boiling and subcooled flow boiling regimes for a

uniformly heated circular coolant channel, luitial comparisons will be made

with data for water under conditions of high velocity and subcoaling, and

g with an exit channel pressure of 0.77 MPa.

Although comparisons with other local heat transfer correlations will be

made later, those correlations that are sununarized below are the ones that

I
we are including in our assessment computer program. For the single-phase

flow, we will use Petuhkov'slll correlation. The onset of nucleate boiling

(ONB) will be initially examined using the Bergles and Rohsenowi21 correla-

: . tion, but will later be compared with correlations by Frost and Dzakowiel21,

Davis and AndersonI31, and others. A simple matching criteria is being

used to describe the partial nucleate boiling region in terms of the ONB,

the point at which fully developed nucleate boiling occurs, and the slopes

I 199
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I
I of the boiling curves at these two points. Shah's work 41 is being used forl

| the fully developed flow boiling reginie. With these correlations, we shouhl

be able to reproduce the entire subcooled flow boiling curve.
g

As far as subcooled CHF is concerned, we are presently verifying pre-

vious assessinents which reconunended correlations by Gainbilll4 and Tong

for CHF in highly subcooled and high velocity flows. One of our students

is now exanlining Grunbill's correlation to verify CHF predictions and data

coinparisons at 0.77 MPa. Other correlations ruid data sets will be added

to this assessillent later.

We are also Iniddlig sollle efforts to loch at previo11s f11HdaIn011tal theo-

retica}}y-based Inodels, Which ulay provide insight in correhltion i!Dprove-

Illellt .I
I
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pp. 774-780.

4. hl. hl. Shah, "A Genatal Correlation for Heat Transfer During Sub-
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| 5. W. R. Gainbill, " Generalized Prediction of Burnout Heat Flux for
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|

:. APPENDIX E

2-D Numerical- Freon-11 Data Reduction with Epoxy Layer for. |

Uniformly-Heated Smooth Tubes.

I
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CASE #R0103 (EPOXY LAYER INCLUDED).
2-D REDUCTION ---- PREDICTIONS, Z = 20.32 cmm

500 - 2-D REDUCTION - - PREDICTIONS. Z = 40.64 cm-: 2-D REDUCTION - - PREDICTIONS, Z = 60.96 cm-
2-D REDUCTION PREDICTIONS, Z = 81.28 cm- .m
2-D REDUCTION PREDICTIONS, Z = 101.6 cm: m

:
: o ** a a

400 -

:
~

:
: ;p * A o au ny 300 - ogo

LJ v .~ #0 *A o A
- *I

oc - |1j^
h b ,Y ^

/

|/' ['f/O. - i

k
200k

- 4'l .m s
-

af,!//.i !
-

|/
- it

100 , ,4 o A
f

- 4a s
^: ,

-

O ,ii,iii,@(ii iiiiii;iii. iiii iiei i;iiiiiiiiig

280' 300 320 340 360 380

INSIDE WALL- TEMPERATURE (K)
~ Figure : 6.2.1 Inside Wall- Temperature Comparisons. for 2-D Reduced -
Data With Predictions for Case (RO103 (Epoxy Layer included).'
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CASE #R0111 (EPOXY LAYER INCLUDED).
2-D REDUCTION ---- PREDICTIONS, Z = 20.32 cm
2-D REDUCTION - - - PREDICTIONS, Z = 40.64 cm-

600 - m
2-D REDUCTION - PREDICTIONS, Z = 60.96 cm

2-D REDUCTION PREDICTIONS, Z = 81.28 cm- m
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Figure 6.2.2 Inside Wall Temperature Cornparisons for 2-D Reduced
Dcto With Predictions for Case JRO111 (Epoxy Loyer included).
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CASE #R0423 (EPOXY LAYER INCLUDED).
2-D REDUCTION ---- PREDICTIONS, Z = 20.32 cm-

800-- 2-D REDUCTION - - - PREDICTIONS, Z = 40.64 cm-
2-D REDUCTION - - PREDICTIONS, Z = 60.96 cm-
2-D REDUCTION PREDICTIONS, Z = 81.28 cm: m
2-D REDUCTION PREDICTIONS, Z = 101.6 cm
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INSIDE WALL TEMPERATURE (K)
' Figure 6.2.3 Inside Wall Temperature Comparisons for 2-D Reduced
Data With Predictions for Case #R0423 (Epoxy Loyer included).
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APPENDIX F

2-D Reduced Heat Transfer Data for 22 cases.
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'e 2-D Numerical Reduced Circumferential Heat Transfer Coefficients
(Epoxy Layer Included) for Case #R0103 (Freon-11)

2 PHI Q(2) Qt(2) hr hinf ib f(1,j) h(j)

em degree W W W/mC- C K W/wC

20.32 0. .00 .06 5.92 7.35 22.19 295.03 879682.20

20.32 45. .00 .06 5.92 7.50 22.19 301.18 29642.91

I. 20.32 90. .00 .06 5.92 7.48 22.19 299.50 933.47

20.32 135. .00 .06 5.92 7.38 22.19 298.15 831.22

20.32 180. 00 .06 5.92 7.29 22.19 296.83 40227.84

20.32 0. 3.35 .02 6.09 7.35 22.39 296.44 98902.97

20.32 45. 3.35 .02 6.09 7.24 22.39 298.39 8848.41

20.32 90. 3.35 .02 6.09 7.20 22.39 298.20 8581.98

20.32 135. 3.35 .02 6.09 7.28 22.39 298.18 14461.79

20.32 180 3.35 .02 6.09 7.38 22.39 296.37 99107.59

I 20.32 0. 13.07 .22 5.93 7.88 22.97 299.49 97472.84

20.32 45. 13.07 .22 5.93 7.96 22.97 306.76 16636.74

20.32 90. 13.07 .22 5.93 7.97 22.97 305.81 1142,47

20.32 135. 13.07 .22 5.93 7.92 22.97 305.48 14621.11

20.32 180. 13.07 .22 5.93 7.83 22.97 298.71 118740.50

20.32 0. 29.32 .50 5.95 8.32 23.95 304.78 94357.51

20.32 45, 29.32 .50 5.95 8.42 23.95 320.83 16839.75

20.32 90. 29.32 .50 5.96 8.42 23.95 318.35 1140.41

20.32 135. 29.32 .50 5.95 8.36 23.95 317.20 13834.37

.I 20.32 180. 29.32 .50 5.94 8.26 23.95 302.90 1119S4.00

20.32 0. 52.06 .88 5.96 8.68 25.31 311.92 90759.80 ,

20.32 45. 52.06 .88 5.97 8.78 25.31 338.94 16626.15

20.32 90. 52.06 88 5.97 8.79 25.31 334.72 1148.60I 20.32 135, 52.06 .88 5.96 8.72 25.31 332.74 13681.83

20.32 180. 52.06 .58 5.95 8.60 25.31 308.56 108898.30

20.32 0. 68.41 .95 6.34 9.05 26.29 317.46 76023.90

20.32 45. 68.41 .95 6.35 9.16 26.29 347.69 15272.36

- I 20.32 90. 68.41 .95 6.35 9.18 26.29 343.53 1152.94

20.32 135. 68.41 .95 6.34 9.10 26.29 342.00 13868.68

20.32 180. 68.41 .95 6.33 8.97 26.?9 312.53 102488.90

20.32 0. 47.51 .75 6.00 8.61 25.04 310.91 76375.39

-I_ 20.32 45. 47.51 .75 6.01 8.71 25.04 332.37 15192.16

20.32 90. 47.51 .75 6.01 8.72 25.04 329.59 1142.89

20.32 135, 47.51 .75 6.01 8.66 25.04 328.69 14064.18

20.32 180. 47.51 .75 6.00 8.55 25.04 307.52 103162.70

20.32 0. 40.23 .54 6.22 8.60 24.60 308.41 76947.06

20.32 45. 40.23 .54 6.23 8.70 24.60 326.52 15167.40

20.32 90. 40.23 .54 6.23 8,71 24.60 324.26 1148.02

20.32 135. 40.23 .54 6.22 8.65 24.60 323.58 14223.87

20.32 180. 40.23 .54 6.21 8.53 24.60 305.56- 1D4953.10

20.32 0. 29.52 .27 6.46 8.44 23.96 304.98 76994.53

20.32 45. 29.52 .27 6.46 8.56 23.96 318.34 14906.92

20.32 90. 29.52 .27 6.47 8.58 23.96 316.92 1144.20

20.32 135, 29.52 .27 6.46 8.51 23.96 316.69 14600.28

20.32 180. 29.52 .27 6.46 8.36 23.96 302.92 107579.20

20.32 0. 16.78 .29 5.87 7,97 23.20 300.88 78263.59

20.32 45. 16.78 .29 5.88 8.04 23.20 308.71 14683.41

20 32 90. 16.78 .29 5.88 8.06 23.20 308.05 1133.47

20.32 135. 16.78 .29 5.88 8.02 23.20 308.10 15269.52

20.32 180. 16.78 .29 5.87 7.94 23.20 299.73 111971.70

20.32 0. 9.92 .13 5.97 7.71 22.78 298.65 74847.03

20.32 45. 9.92 .13 ' 5.98 7.78 22.78 303.13 13996.34

20.32 90. 9.92 .13 5.98 7.80 22.78 302.89 1151.10
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I 20.32 135, 9.92 13 5.98 7.76 22.78 305.06 15808.97

20.32 18^. 9.92 .13 5.97 7.68 22.78 597.96 113947.80

20.32 0. 4.78 .05 5.97 7.34 22.48 297.01 75430.40

20.32 45, 4.78 .05 5.97 7.43 2L48 299.31 13900.52

I 20.32 90. 4.78 .05 5.97 7.45 22.48 299.20 1117.53

20.32 135. 4.78 .05 5.97 7.41 22.48 299.32 15794.56

20.32 180. 4.78 05 5.97 7.31 22.48 296.71 108860.40

20.32 0. 1.82 .02 6.02 7.28 22.30 296.04 71081.35

I 20.32 45, 1.32 .02 6.02 7.22 22.30 296.95 11233.21

20.32 90. 1.82 .02 6.02 7.20 22.30 296.91 3625.93
20.32 135, 1,82 .02 6.02 7.23 22.30 296.96 15138.20

20.32 180. 1.82 02 6.02 7.30 22.30 295.94 94540.46

I 20.32 0. .21 .10 6.14 7.79 22.20 295.62 19761.24

20.32 45. .21 .10 6.14 7.78 22.20 295.73 39563.09
20.32 90 .21 .10 6.14 7.78 22.20 295.73 32670.48
20.32 135. .21 .10 6.14 7.78 22.20 295.73 6494.22

I 20.32 180. .21 .10 6.14 7.79 22.20 295.62 19396.65

40.64 0. .00 .06 5.92 7.15 22.19 295.50 792018.80
40.64 45. .00 .06 5.92 7.29 22.19 298.39 19496.86

40.64 90. .00 .06 5.92 7.37 22.19 297.85 2128.28

I 40.64 135. .00 .06 5.92 7.49 22.19 297.01 141632.20

40.64 180. .00 .06 5.93 7.68 22.19 306.91 38265.25
40.64 0. 3.35 . 01 6.09 7.15 22.59 299.27 24509,89

40.64 45. 3.35 01 6.09 7.25 22.59 297.31 37989.55

I 40.64 90. 3.35 .01 6.09 7.23 22.59 297.51 5049.43
40.64 135, 3.35 .01 6.09 6.90 22.59 297.36 80556.30
40.64 180. 3.35 .01 6.09 7.31 22.59 303.12 34820.87
40.64 0, 13.07 .26 5.93 8.01 23.76 310.06 25132.81

I 40.64 45, 13.07 .26 5.93 7.94 23.76 302.58 31476.28
40.64 90. 13.07 .26 5.93 7.95 23.76 303.08 1834.97
40.64 135. 13.07 .26 5.93 8.05 23.76 302.27 94521.58
40.64 180. 13.07 .26 5.94 8.23 23.76 324.41 35897.38

I 40.64 0. 29.32 .60 5.96 8.47 25.71 327.65 24871.58
40.64 45, 29.32 .60 5.95 8.39 25.71 311.46 29899.90
40.64 90. 29.32 .60 5.95 8.39 25.71 312.08 1887.41
40.64 135, 29.32 .60 5.96 8.52 25.71 309.86 102279.50

I- 40.64 180. 29.32 .60 5.98 8.74 25.71 358.55 -36363.71
40.64 0, 52.06 1.03 5.98 8.85 28.42 350.60 24729.92
40.64 45. 52.06 1.03 5.97 8.75 28.42 323.19 28616.63
40.64 90. 52.06 1.03 5.96 8.73 28.42 323.37 1927.74

I 40.64 135. 52.06 1.03 5.98 8.88 28.42 318.70 113693.10
40.64 180. 52.06 1.03 6.01 9.15 28.42 402.05 36969.36
40.64 0. 68.41 1.17 6.36 9.28 30.35 366.16 24583.30
40.64 45. 68.41 1.17 6.35 9.16 30.35 331.34 27582.72

I 40.64 90. 68.41 1.17 6.34 9.13 30.35 330.75 1936.25
40.64 135. 68.41 1.17 6.36 9.30 30.35 323.99 121786.60
40.64 180. 68.41 1.17 6.40 9.60 30.35 430.03 -37334.68
40.64 0. 47.51 .91 6.02 8.81 27.89 345.91 24629.36

I 40.64 45. 47.51 .91 6.01 8.71 27.89 320.94 27801.81
40.64 90. 47.51 .91 6.01 8.69 27.89 320.64 2007.26
40.64 135. 47.51 .91 6.02 8.83 27.89 315.83 123356.80
40.64 180. 47.51 91 6.05 9.11 27.89 393.89 37461.64

- 40.64 0. 40.23 .68 6.23 8.81 27.01 338.21 24791.34

40.64 45. 40.23 .68 6.23 8.70 27.01 316.90 28286.24
40.64 90. 40.23 .68 6.22 8.69 27.01 316.70 2046.53
40.64 135. 40.23 .68 6.24 8.84 27.01 312.64 125955.60
40.64 180. 40.23 .68 6.26 9.11 27.01 379.60 37569.54I 40.M 0. 29.52 .38 6.47 a.69 25.73 327.31 24980.77
40.64 45. 29.52 .38 6.47 8.57 25.73 311.26 29007.27
40.64 90. 29.52 .38 6.46 8.55 25.73 311.25 2077.61

40.64 135, 29.52 .38 6.47 8.73 25.73 308.32 124936.90
'

40.64 180, 29.52 .38 6.49 9.02 25.73 358.77 37543.61
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40.64 0, 16.78 .36 5.88 8.12 24.20 314.06 24908.02
40.64 45, 16.78 .36 5.88 8.05 24.20 304.66 28971.18
40.64 90. 16.78 .36 5.88 8.04 24.20 304.72 2083.14
40.64 135. 16,78 .36 5.88 8.15 24.20 303.06 121817.90I 40.64 180. 16.78 .36 5.89 8.35 24.20 332.8'i 37414.97
40.64 0. 9.92 .17 5.98 7.86 23.38 306.52 24892.42
40.64 45. 9.92 .17 5.98 7.79 23.38 300.90 28995.62
40.64 90. 9.92 .17 5.98 7.79 23.38 300,95 2068.22
40.64 135. 9.92 .17 5.98 7.89 23.38 299.96 121570.50
40.64 180. 9.92 .17 5.99 8.08 23.38 317.85 37409.16
40.64 0. 4.78 .07 5.97 7.51 22.76 301.05 247'i3.75
40.64 45, 4.77 .07 5.97 7.44 22.76 298.18 38554.59

I. 40.64 90. 4.78 .07 5.97 7.44 22.76 298.26 6292.10
40.64 135. 4.78 .07 5.97 7.54 22.76 297.82 107804.70
40.64 180. 4.78 .07 5.97 7.71 22.76 306.70 36705.55
40.64 0. 1.82 ,01 6.02 7.15 22.41 297.60 -22359.56
40.64 45. 1,82 .01 6.02 7.19 22.41 296.57 23485.81
40.64 90. 1,82 .01 6.02 7.19 22.41 296.62 2678.93
40.64 135. 1.82 .01 6.02 7.07 22.41 296.47 87855.50
40.64 180. 1.82 . 01 6.02 6.87 22.41 299.93 35332.81
40.64 0. .21 .09 6.14 7.78 22.22 295.95 17559.35
40.64 45. .21 .09 6.14 7.77 22.22 295.72 20200.29
40.64 90. .21 .09 6.14 7.77 22.22 295.73 35785.76
40.64 135. .21 .09 6.14 7.77 22.22 295.70 48079.95

I 40.64 180. .21 .09 6.14 7.76 22.22 2 % .39 30160.14
60,96 0. .00 .11 5.92 7.56 22.19 294.93 *"""***

60.93 45. .00 .11 5.93 7.70 22.19 304.69 30051.64
60,96 90. .00 .11 5.93 7.67 22.19 301.75 923.26
60.96 135. .00 .11 5.92 7.56 22.19 299.31 5236.73
60.96 180. .00 .11 5.92 7.47 22.19 297.71 31385.78
60.96 0. 3.35 .03 6.09 7.33 22.79 298.37 51440.44
60.96 45, 3.35 .03 6.09 7.45 22.79 301.15 14086.23
60,96 90. 3.35 .03 6.09 7.44 22.79 300.56 755.72
60,96 135. 3.35 .03 6.09 7.35 22.79 300.17 7545.33
60.96 180. 3.35 .03 6.09 7.21 22.79 298.26 37394.50
60.96 0. 13.07 41 5.94 8.24 24.54 306.34 54179.50
60.96 45. 13.07 .41 5.95 8.30 24,54 316.77 14642.13
60.96 90. 13.07 41 5.95 8.29 24.54 3*.4.37 772.04
60.96 135. 13.07 .I 5.94 8.24 24.54 312.75 7699.98
60.96 180. 13.07 .41 5.94 8.17 24.54 305.58 41333.88
60.96 0. 29.32 .91 5.98 8.74 27.46 31b.82 56928.00
60.96 45. 29.32 .91 5.99 8.82 27.46 341.89 -15059.07
60.96 90. 29.32 .91 5.99 8.81 27.46 - 336.43 794.29
60.96 135. 29.32 .91 5.98 8.74 27.46 332.66- 7665.12
60.96 180. 29.32 .91 5.97 8.66 27.46 317.11 42939.23
60.96 0. 52.06 1.55 6.01 9.15 31.49 334.60 59478.86
60.96 45. 52.06 1.55 6.02 9.24 31.49 374.27 15494.62
60.96 90. 52.06 1.55 6.02 9.23 31.49 364.41 813.15
60.96 135. 52.06 1,55 6.01 9.14 31.49 357.41 7131.15
60.96 180. 52.06 1.55 6.00 9.05 31.49 332.20 41745.23
60.96 0. 68.41 1.80 6.40 9.60 - 34.37 345.79 57215.74
60.96 45, 68.41 1.80 6.41 -9.70 34.37 394.51 15433.84
60.96 90. 68.41 1.80 6.41 9.68 34.37 381.59 812.56
60.96 135. 68.41 1,80 6.40 9.59 14.37 372.10 6269.19

-60.96 180. 68.41 1.80 6.38 9.48 34.37 342.77 38085.71
60.96 0. 47.51 1.39 6.05 9.10 30.68 331.70 - 56868.05

~I
60.96 45. 47.51. 1.39 6.06 9.19 30.68 366.95 -15172.44
60,96 90. 47.51 1.39 6.06 9.18 30.68 358.23 804.13
60,96 135. 47.51 1.39 6.05 9.10 30.68 352.06 7113.83
60,96 180. 47.51 1.39 6.04 9.01 30.68 329.30 40778.91
60.96 0. 40.23 1.09 6.26 9.11 29.40 326.26 56711.75
60.96 45. 40.23 1.09 6.27 9.20 29.40 356.17 15058.52
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60.96 90. 40.23 1.09 6.27 9.19 29.40 348.99 804.13
60,96 135. 40.23 1.09 6.26 9.11 29.40 344.00 7400.38
60,96 180. 40.23 1.09 6.25 9.02 29.40 324.23 41591.89
60.96 0. 29.52 .69 6.49 9.02 27.50 318.55- 56166.87I 60.96 45, 29.52 .69 6.50 9.11 27.50 340.92 +14885.95
60.96 90. 29.52 .69 6.50 9.10 27.50 335.75 796.13
60.96 135. 29.52 .69 6.49 9.02 27.50 332.22 7641.8)
60.96 180. 29.52 .69 6.49 8.92 27.50 317.12 41773.21I 60,96 0. 16,78 .55 5.89 8.35 25.21 309.14 550?8.49
60,96 45. 16.78 .55 5.90 8.42 25.21 322.35 14648.37
60.96 90. 16.78 .55 5.90 8.41 25.21 319.41 780.20

60.96 135. 16.78 .55 5.89 8.36 25.21 2*7.46 7935.45

60.96 180. 16.78 .55 5.89 8.29 25.21 308.27 42178.07

60.96 0. 9.92 .29 5.99 8.09 23.97 303.69 53137.79

60.96 45, 9.92 .29 5.99 8.15 23.97 311.44 14294.03

60.96 90. 9.92 .29 5.99 8.14 23.97 309.80 767.48
60.96 135. 9.92 .29 5.99 8.10 23.97 308.73 8014.54

60.96 180. 9.92 .29 5.98 8.03 23.97 303.23 40931.89

60.96 0. 4.78 .13 5.97 7.72 23.05 299.68 5t>J91.39

60.96 45. 4.7s .13 5.98 7.78 23.0i; 303.61 14055.75

I 60,96 90. 4.78 .13 5.98 7.78 23.05 302.76 762.05
60.96 135, 4.78 .13 5.97 7.73 23.05 302.20 -7874.48
60.96 180. 4.78 .13 5.97 7.6/ 23.05 299.40 39892.47
60.96 0, 1.82 .01 6.02 6.88 22.52 297.08 51604.81

I 60.96 45. 1,82 .01 6.02 7.09 22.52 298.70 6394.24

60.96 90. 1.82 .01 6.02 7.08 22.52 298.37 8101.47
60,96 135, 1.82 .01 6.02 6.95 22.52 298.15 +7757.68

60.96 180. 1.82 .01 6.02 6.74 22.52 297.03 37464.55

I 60,96 0. .21 .09 6.14 7.75 22.23 295.90 30154.42

60.96 45. .21 .09 6.14 7.74 22.23 296.25 22120.95
60.96 90. .21 .09 6.14 7.75 22.23 296.08 13496.39

60.96 135. .21 .09 6.14 7.76 22.23 295.92 2365.52

I 60.96 180 .21 .09 6.14 7.77 22.23 295.82 11273.08

81.28 0, .00 .03 5.92 7.20 22.19 296.62 52796.25
81.28 45. .00 .03 5.92 7.26 22.19 298.15 15050.38

81.28 90. .00 .03 5.92 7.22 22.19 297.35 263.34

I 81.28 135. .00 .03 5.92 7.17 22.19 296.55 45108.11

81.28 180. .00 .03 5.92 7.21 22.19 298.19 25555.51
81.28 0. 3.35 .04 6.09 7.45 22.99 296.64 64327.65

81.28 45. 3.35 .04 6.09 7.42 22.99 297.34 12982.03

I- 81.28 90, 3.35 ,04 6.09 7.42 22.99 297.05 2384.64

81.28 135. 3.35 04 6.09 7.41 22.99 296.72 82652.97
81.28 180. 3.35 .04 6.09 7.36 22.99 298.47 33260.49
81.28 0. 13.07 .16 5.92 7.74 25.32 299.88 87549.53

I 81.28 45, 13.07 16 5.92 7.78 25.32 302.58 20212.57
81.28 90. 13.07 .16 5.92 7.77 25.32 301.36 665.88
81.28 135. 13.07 .16 5.92 7.78 25.32 299.98 119353.90

81.28 180. 13.07 16 5.93 7.85 25.32 306.56 35836.74

81.28 0. 29.32 .37 5.94 8.15 29.20 305.45 86510.40

| 81.28 45, 29.32 .37 5.94 8.19 29.20 311.31 20301.47

| 81.28 90. 29.32 .37 5.94 8.18 29.20 308.60 700.82

81.28 135, 29.32 .37 5.94 8.19 29.20 305.53 120906.80

I 81.28 180. 29.32 .37 - 5.95 8.28 29.20 319.53 35835.72

-81.28 0. 52.06 .65 5.94 8.48 34.55 312.43 100930.00
r

81.28 - 45, 52.06 .65 5.95 8.52 34.55 322.86 21230.51

81.28 90. 52.06 .65 5.95 8.51 34.55 318.12 800.72

| 81.28 135. 52.06 .65 5.95 8.52 34.55 312.80 128970.30
[

3 -- 81.28 180. 52.06 .65 5.95 8.62 34.55 336.57 36199.20

81.28 0. 68.41 .70 6.32 8.85 38.40 317.72 97508.93

81.28 45. 68.41 .70 6.32 8.90 38.40 330.84 21057.86

I 81.28 90. 68.41 .70 6.32 8.89 38.40 324.79 894.37

81.28 135. 68.41 .70 6.32 8.90 38.40 318.04 124749.80!

|
213

,

!
!

|I
;



81.28 180. e,8.41 .70 6.33 9.01 38.40 347.04 35877.70
81.28 0. 47.51 .57 5.99 8.45 33.48 311.26 91682.64
81.28 45. 47.51 .57 5.99 8.49 33.48 320.51 20653.24
81.28 90. 47.51 .57 5.99 8.48 33.48 316.24 823.53
81.28 135. 47.51 .57 5.99 8.49 33.48 311.47 119762.40
81.28 180. 47.51 .57 6.00 8.58 33.48 332.32 35654.71
81.28 0. 40.23 .39 6.21 8.42 31.77 308.91 87527.27
81.28 45. 40.23 .39 6.21 8.47 31.77 316.53 20408.82

I 81.28 90. 40.23 .39 6.21 8.45 31.77 312.96 813.61
81.28 135. 40.23 .39 6.21 8.47 31.77 305.94 122422.80
81.28 180. 40.23 .39 6.22 8.57 31.77 326.73 35825.68
81.28 0. 29.52 .16 6.45 8.21 29.24 305.43 86691.98

I 81.28 45. 29.52 16 6.45 8.27 29.24 311.17 20271.96
81.28 90. 29.52 .16 6.45 8.26 29.24 308.52 778.15
81.28 135. 29.52 .16 6.45 8.27 29.24 305.54 117190.00

81.28 180. 29.52 .16 6.46 8.41 29.24 318.84 -35553.79

I 81.28 0. 16.78 .23 5.87 7.86 26.21 301.27 78916.58
81.28 45. 16,78 .23 5.87 7.89 26.21 304.55 19518.54
81.28 90. 16.78 .23 5.87 7.89 26.21 303.05 724.89
81.28 135. 16.78 .23 5.87 7.90 26.21 301.35 1D9125.50

81.28 180. 16.78 .23 5.87 7.96 26.21 309.23 35143.20
81.28 0. 9.92 .10 5.97 7.59 24.57 298.87 79403.59
81.28 45, 9.92 10 5.97 7.62 24.57 300.86 19296,15

81.28 90. 9.92 .10 5.97 7.62 24.57 299.99 670.70

- I
81.28 135. 9.92 .10 5.97 7.63 24.57 298.99 102884.50
81.28 180. 9.92 .10 5.97 7.70 24.57 303.81 34806.38
81.28 0, 4.78 .03 5.97 7.23 23.34 297.33 44481.87
81.28 45. 4.78 .03 5.97 7.28 23.3i. 298.16 6493.79
81.28 90. 4.78 .03 5.97 7.27 23.34 297.75 8127.81
81.28 135. 4.78 .03 5.97 7.28 23.34 297.29 79211.08
81.28 180. 4.78 .03 5.97 7.35 23.34 299.64 32824.76
81.28 0. 1.82 .03 6.02 7.32 22.63 296.18 39496.79

I 81.28 45. 1.82 .03 6.02 7.29 22.63 296.53 17195.38
81.28 90. 1.82 .03 6.02 7.29 22.63 296.41 6861.82
81.28 135. 1.82 .03 6.02 7.29 22.63 296.27 43819.13
81.28 180. 1.82 .03 6.02 7.27 22.63 297.10 27420.98

I 81.28 0. .21 .10 6.14 7.78 22.24 295.73 225.28
81.28 45. .21 .10 6.14 7.78 22.24 295.73 36755.01
81.28 90. .21 .10 6.14 7.78 22.24 295.73 36732.13
81.28 135. .21 .10 6.14 7.78 22.24 295.73 505.48

~ I
8i.28 180. .21 .10 6.14 7.79 22,24 295.73 21.06

101.60 0, .00 .05 5.92 7.37 22.19 297.75 21573.40
_

101.60 45. .00 .05 5.92 7.40 22.19 298.93 4964.71
101.60 90. .00 .05 5.92 7.37 22.19 298.30 5078.45-
101.60 135. .00 .05 5.92 7.33 22.19 297.71 9128.72
101.60 180. .00 .05 5.92 7.32 22.19 298.08 5864.80
101.60 0. 3.35 .02 6.09 7.37 23.19 296.92 72535.50
101.60 45. 3.35 .02 6.09 7.30 23.19 297.84 1695.34
101.60 90, 3.35 .02 6.09 7.27 23.19 297.85 12504.24
101.60 135, 3.35 .02 6.09 7.29 23.19 297.94 9801.78
101.60 180. 3.35 .02 6.09 7.34 23.19' 297.27 33365.03
101.60 0. 13.07 .20 5.93 7.85 26.11 300.80 109428.10

I 101.60 45. 13.07 .20 5.93 7.89 26.11 304.48 15872.83-
101.60 90. 13.07 .20 5.93 7.91 26.11 304.21 1336.36
101.60 135. 13.07 .20 5.93 7.90 26.11 304.19 -6832.24
101.60 180. 13.07 .20 5.93 7.87 26.11 302.45 25604.10
101.60 0. 29.32 46 5.95 8.28 30.92 307.53 111389.80
101.60 45. 29.32 46 5.95 8.33 . 30.92 315.97 -17740.29
101.60 90. 29.32 46 5.95 8.34 30.92 314.45 1352.90

101.60 135, 29.32 46 5.95 8.32 30.92 313.40 1543.39

101.60 180. 29.32 46 5.95 8.30 30.92 311.25 14708.92I 101.60 0. 52.06 .79 5.95 8.62 37.61 316.59 104530.80
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101.60 45. 52.06 .79 5.96 8.67 37.61 329.90 17702.90
W- 101.60 90. 52.06 .79 5.96 8.68 37.61 327.17 1429.26

101.60 135. 52.06 .79 5.96 8.65 37.61 325.15 273.96
101.60 180. 52.06 .79 5.95 8.63 37.61 322.52 11432.28

I 101.60 0. 68.41 .88 6.33 9.02' 41.65 323.49 83699.03
101.60 45. 68.41 .88 6.34 v.08 41.65 339.36 + 16568.49

101.60 90 68.41 .88 6.34 9.08 41.65 335.89 1390.04
101.60 135. 68.41 .88 6.34 9.05 41.65 333.22 1861.59

I 101.60 180. 68.41 .88 6.33 9.03 41.65 331.08 7225.13
101.60 0. 47.51 .70 6.00 8.58 36.27 314.94 97915.66
101.60 45. 47.51 .70 6.01' 8.64 36.27 326.74 17155.46
101.60 90. 47.51 .70 6.01 8.64 36.27 324.45 1422.15

I 101.60 135. 47.51 .70 6.00 8.62 36.27 322.79 515.81
101.60 180. 47.51 .70 6.00 8.60 36.27 320.11 12628.60
101.60 0. 40.23 .50 6.22 8.58 34.13 311.77 106052.40

101.60 45. 40.23 .50 6.22 8.63 34.13 322.18 17461.16

'| 101.60 90. 40.23 .50 6.22 8.64 34.13 320.26 1431.11

3 101.60 135. 40.23 .50 6.22 8.62 34.13 318.92 -1520.83
101.60 180. 40.23 .50 6.22 8.59 34.13 316.17 15254.94

101.60 0. 29.52 .25 6.46 8.41 30.98 307.46 106334.00

I 101.60 45. 29.52 .25 6.46 8.48 30.98 315.20 16959.88

101.60 90. 29.52 .25 6.46 8.50 30.98 314.02 1416.41

101.60 135, 29.52 .25 6.46 8.47 30.98 313.30 3524.06
101.60 180. 29.52 .25 6.46 8.44 30.98 310.68 19311.95

I 101.60 0. 16.78 .28 5.87 7.96 27.22 302.36 103134.20

101.60 45. 16.78 .28 5.87 8.00 27.22 306.86 16212.42
101.60 90. 16.78 .28 5.88 8.01 27.22 306.35 1375.34
101.60 135. 16.78 .28 5.87 8.00 27.22 306.12 5604.94

I 101.60 180. 16.78 .28 5.87 7.98 27.22 304.19 23969.56
101.60 0. 9.92 .13 5.97 7.69 25.16 299.51 101303.90
101.60 45. 9.92 .13 5.97 7.74 25.16 302.16 15603.36
101.60 90. 9.92 ,13 5.98 7.75 25.16 301.94 1400.31

101.60 135. 9.92 .13 5.97 7.74 25.16 301.89 6868.87I 101.60 180. 9.92 .13 5.97 7.72 25.16 300.59 26906.38
101.60 0, 4.78 05 5.97 7.33 23.62 297.61 63252.71
101.60 45. 4.78 .05 5.97 7.38 23.62 298.75 1435.05
101.60 90. 4.78 .05 5.97 7.40 23.62 298.70 15652.10I 101.60 135. 4.78 .05 5.97 7.39 23.62 298.74 8324.49'

101.60 180. 4.78 .05 5.97 7.35 -23.62 297.97 29899.95
101.60 0. 1,82 ,03 6.02 7.29 22.74 296.27 54350.90

3 101.60 45, 1.82 .03 6.02 7.25 22.74 296.73 10718.71-

g 101.60 90. 1.82 .03 6.02 7.24 22.74 296.71 2296.05'

101.60 135. 1,82 .03 6.02 7.25 22.74 296.73 8384.00
101.60 180. 1.82 .03 6.02 7.28 22.74 296.40 30081.76

! g 101.60 0. .21 .10 6.14 7.78 22.25 295.73 233.99

i g 101.60 45. .21 .10 6.14 7.78 22.25 295.73 -38180.83

| 101.60 90. .21 .10 6.14 7.78 22.25 295.73 37920.21

101.60 135. .21 .10 6.14 7.78 22.25 295.73 7485.81

101.60 180. .21 .10 6.14 7.79 22.25 295.62 23924.27

i
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I
2-D Numerical Reduced Circumferential Heat Transfer Coefficients
(Epoxy layer included) for Case #R0111 (Freon-11)

2 PHI 0(2) QL(2) hr hinf Tb T(1,j) h(j)

cm degree W W W/mC- C K W/mC

20.32 0. .00 .01 5.90 6.86 22.19 295.45 533.94
20.32 45. .00 . 01 5.90 6.81 22.19 295.45 134801.60

20.32 90. .00 01 5.90 6.79 22.19 295.50 93593.68

20.32 135. .00 .01 5.90 6.79 22.19 295.55 5609.38
20.32 180. .00 .01 5.90 6.83 22.19 295.55 292.40
20.32 0. 5.50 .05 5.91 7.31 22.44 297.00 18983.28

20.32 45. 5.50 .05 5.91 7.35 22.44 297.56 7178.70

20.32 90. 5.50 .05 5.91 7.38 22.44 297.90 10547.88I 20.32 135. 5.50 .05 5.91 7.39 22.44 298.32 11968.22

20.32 180. 5.50 .05 5.91 7.36 2? 44 297.19 32144.95 .

20.32 0. 12.17 .11 5.94 7.60 22.74 298.78 16817.17 /

20.32 45. 12.17 .11 5.94 7.64 22.74 299.77 665.25

. I 20.32 90. 12.17 .11 5.94 7.68 22.74 300.67 1184.33

20.32 135. 12.17 .11 5.94 7.70 22.74 301.74 14150.05

20.32 180. 12.17 .11 5.94 7.66 22.74 298.91 42680.58

20.32 0. 21.28 .22 5.93 7.85 23.14 301.32 11016.85I 20.32 45, 21.28 .22 5.93 7.89 23.14 302.37 4540.86
20.32 90. 21.28 .22 5.94 7.95 23.14 304.32 1136.92

20.32 135. 21.28 .22 5.94 7.98 23.14 3D6.51 -14026.71

20.32 180. 21.28 .22 5.94 7.94 23.14 301.97 36466.56I 20.32 0. 28.13 .28 5.95 7.99 23.45 303.19 11759.54

20.32 45. 28.13 .28 5.95 8.03 23.45 304.68 3605.32
20.32 90. 28.13 .28 5.95 8.09 23.45 307.03 1122.30
20.32 135. 28,13 .28 5.95 8.1? 23.45 309.66 12707.68
20.32 180. 28.13 .28 5.95 C.09 23.45 304.47 30267.29
20.32 0. 32.84 .34 5.95 8.08 23.66 304.42 12320.47
20.32 45, 32.84 .34 5.95 8.12 23.66 306.24 3599.29
20.32 90. 32.8/ .34 5.96 8.18 23.66 309.04 1126.63

I 20.32 135, 32.84 .34 5.96 8.22 23.66 312.19 12928.76
20.32 180. 32.84 .34 5.96 8.18 23.66 305.97 31080.57
20.32 0. 39.41 .40 5.97 8.18 23.96 306.12 12247.76
20.32 45. 39.41 40 5.97 8.22 23.96 308.25 3860.18

I 20.32 90. 39.41 .40 5.98 8.29 23.96 311.66 1141.92
20.32 135. 39.41 .40 5.98 8.33 23.96 315.51 13317.73

20.32 180. 39.41 40 5.98 8.29 23.96 307.82 32865.05 ,

20.32 0. 48.29 .49 5.98 8.30 24.35 308.53 12511.53

I 20.32 45. 48.29 .49 5.98 8.34 24.35 311.21 3467.90
20.32 90 48.29 49 5.99 8.42 24.35 315.22 1143.09
20.32 135, 48.29 .49 5.99 8.45 24.35 319.77 -13042.58
20.32 180 48.29 .49 5.99 8.42 24.35 310.61 31980.54

I 20,32 0. 59.05 .61 S .W 8.43 24.84 311.51 12266,39

20.32 45, 59.05 .61 5.99 8.47 24.84 314.72 3441.95
20.32 90. 59.05 .61 6.00 8.55 24.84 319.55 1152.49
20.32 135. 59.05 .61 6.00 8.59 24.84 325.03 13244.38
20.32 180. 59.05 .61 6.00 8.55 24.84 313.61 33433.73
20.32 0. 65.21 .65 5.99 8.48 25.11 313.13 8790.96
20.32 45. 65.21 .65 6.00 8.52 25.11 315.50 5678.21

20.32 90. 65.21 .65 6.00 8.60 25.11 321.21 1168.75

I 20.32 135. 65.21 .65 6.01 8.64 25.11 327.57 13706.89
20.32 180. 65.21 .65 6.00 8.60 25.11 315.01 34301.45

20.32 0. 86.97 .86 6.01 8.67 26.09 318.80 8768.99
20.32 45. 86.97 .P6 6.02 8.71 26.09 321.90 5225.48

I 20.32 90. 86.97 .86 6.02 8.79 26.09 328.94 1232.59

20.32 135. 86.97 .86 6.03 8.83 26.09 336.93 14893.24

20.32 180, 86.97 .86 6.02 8.77 26.09 318.48 43780.35

40.64 0, .00 .00 5.90 6.80 22.19 295.55 3.80
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40.64 45. .00 .00 5.90 6.74 22.19 295.55 71216.82
40.64 90. .00 .00 5.90 6.74 22.19 295.55 71170.74
40.64 135. .00 .00 5.90 6.78 22.19 295.55 351.42
40.64 180. .00 .00 - 5,90 6.82 22.19 295.55 8.27

I 40.64 0. 5.50 .05 5.91 7.30 22.68 297.12 13018.81
40.64 45. 5.50 .05 5.91 7.33 22.68 297.46 7570.26
40.64 - 90. 5.50 .05 5.91 7.35 22.68 297.65 10113.16
40.64 135. 5.50 .05 5.91 7.36 22.68 297.88 6409.87
40.64 180. 5.50 .05 5.91 7.34 22.68 297.45 12723.05
40.64 0, 12.17 .11 5.94 7.59 23.28 298.89 17967.04
40.64 45. 12.17 .11 5.94 7.62 23.28 299.79 2556.38
40.64 90 12.17 11 5.94 7.64 23.28 300.12 1239.37
40.64 135. 12.17 .11 5.94 7.65 23.28 300.53 5937.81
40.64 180. 12.17 .11 5.94 7.64 23.28 299.68 12647.79
40.64 0. 21.28 .21 5.93 7.87 24.10 301.47 19530.41
40.64 45. 21.28 .21 5.93 7.90 24.10 303.16 2648.95
40.64 90. 21.28 .21 5.93 7.93 24.10 303.82 1216.90
40.64 135. 21.28 .21 5.93 7.94 24.10 304.63 6778.28
40.64 180. 21.28 .21 5.93 7.92 24.10 302.91 14530,19

40.64 0. 28.13 .29 5.95 8.05 24.71 303.30 42365.77

I 40.64 45. 28.13 .29 5.95 8.09 24.71 308.30 12696.57
40.64 90, 28.13 .29 5.95 8.09 24.71 306.93 1152.89
40.64 135. 28,13 .29 5.95 8.07 24.71 305.75 6446.24
40.64 180. 28.13 .29 5.95 8.07 24.71 306.46 2666.66
40.64 0. 32.84 .34 5.96 ,8.14 25.13 304.49 43140.23
40.64 45. 32.84 .34 5.96 8.18 25.13 310.29 12553.12
40.64 90. 32.84 .34 5.96 8.18 25.$3 308.84 1164.46
40.64 135. 32.84 .34 5.96 8.16 25.13 307.61 5531.58

I 40.64 180, 32.84 .34 5.96 8.16 25.13 308.24 1810.39
4 0.64 0. 39.41 .40 5.97 8.24 25.72 306.13 43564.90
40.64 45, 39.41 .40 5.97 8.28 25.72 312.97 12501.45

.

40.64 90. 39.41 .40 5.97 8.28 25.72 311.31 1188.25

.

40.64 135, 30.41 .40 5.97 8.27 a .72 309.93 5034.95
40.64 180. 39.4! 40 5.97 8.26 25.72 310.51 1144.77
40.64 0. 48.29 .49 5.99 8.36 26.52 308.01 49993.4e
40.64 45, 48.29 .49 5.99 8.41 26.52 317.04 13304.10
40.64 90. 48.29 49 5.99 8.41 26.52 314.98 1214.66

.

40.64 135, 48.29 .49 5.99 8.39 26.52 313.29 4549.74
40.64 180. 48.29 .49 5.99 8.39 26.52 313.71 265.86
40.64 0. 59.05 .60 - 5.99 8.48 27.48 309.68 61254.29
40.64 45, 59.05 60 6.00 8.54 27.48 321.71 +14358.69
40.64 59.05 .60 6.00 8.54 27.48 319.25 1264.68
40.64 s 59.05 .60 6.00 8.52 27.48 317.33 3591.62
40.64 180. 59.05 .60 6.00 8.51 27.48 317.26 1278.53

I 40.64 0. 65.21 .66 6.00 8.53 23.03 310.12 74315.69
40.64 45. 65.21 .66 - 6.00 8.60 28.03 324.61 15900.64
40.64 90. 65.21 .66 6.00 8.tio 28.03 321.36 1302.67
40.64 135. 65.21 .66 6.00 8.58 28.03 318.72 5256.46
40.64 180. 65.21 .66 - 6.00 8.57 28.03 319.31 299.99
40.64 0. 86.97 .89 6.02 8.74 29.95 315.15 73189.20
40.64 45, 86.97 .89 6.03 8.81 29.95 334.39 15788.33
40.64 90. 86.97 .89 6.03 8.81 29.95 330.09 1331.84
40.64 135. 86.97 .89 6.02 8.78 29.95 326.69 3392.08
40.64 180. 86.97 .89 6.02 8.76 29.95 325.64 3328,75

60.96 0, .00 .00 5.90 6.80 22.19 295.55 3.80
60.96 45. .00 .00 5.90 6.74 22.19 295.55 71216.82
60.96 90. .00 .00 - 5.90 6.74 22.19 295.55 71170.74I 60,96 135. .00 .00 5.90 6.78 22.19 295.55 351.42
60,96 180. .00 .00 5.90 6.82 22.19 295.55 8.27
60.% 0. 5.50 .07 5.91 7.27 22.93 296.61 38907.31-
60,96 45. 5.50 .07 5.91 7.33 22.93 297.01 22780.66I 60,96 90. 5.50 .07 5.91 7.44 22.93 298.25 711.66
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60.96 135. 5.50 .07 5.91 7.53 22.93 299.48 3490.27
60,96 180. 5.50 .07 5.91 7.56 22.93 300.15 -7279.04
60.96 0. 12.17 .15 5.93- 7.55 23.83 297.89 44923.43

- 60.96 45 12.17 .15 5.94 7.62 23.83 298.67 32664.07
60.96 90. 12.17 .15 5.94 7.77 23.83 301.68 786.58
60.96 135. 12.17 .15 5.94 7.88 23.83 304.69 7021.42
60.96 180. 12.17 .15 5.95 7.92 23.83 305.21 2764.24
60.96 0, 21.28 .30 5.93 7.82 25.05 299.67 52020.53
60.96 45. 21.28 .30 5.93 7.91 25.05 301.11 38190.45
60.96 90. 21.28 .30 5.94 8.09 25.05 307.08 558.68
60.96 135. 21.28 .30 5.95 8.24 25.05 312.94 2903.74
60.96 180, 21.28 .30 5.95 8.30 25.05 316.82 9342.21
60.96 0. 28.13 .34 5.95 7.95 25.97 301.30 55992.82
60.96 45. 28.13 .34 5.95 8.02 25.97 303.75 9600.18
60.96 90. 28,13 .34 5.96 8.15 25.97 307.68 450.61

.
60.96 135. 28.13 .34 5.96 8.28 25.97 311.?% 13670.44
60.96 180. 28.13 .34 5.97 8.37 25.97 322.17 -21037.644

60.96 0, 32.84 .40 5.95 8.03 26.60 302.2I 60392.28
60.96 45, 32.84 40 5.95 8.10 26.60 305.21 8756.35
60.96 90. 32.84 40 5.96 8.24 26.60 309.75 492.80

I 60.96 135. 32.84 .40 5.97 8.37 26.60 313.89 12673.08
60.96 180. 32.84 .40 5.98 8.47 26.60 325.96 20442.25
60,96 0. 39.41 .46 5.97 8.13 27.49 303.60 57425.71
60.96 45. 39.41 46 5.97 8.20 27.49 307.02 8888.62

I 60.96 90. 39.41 46 5.98 8.34 27.49 312.27 561.24
60.96 135. 39.41 46 5.99 8.48 27.49 317.11 11426.71
60.96 180, 39.41 46 5.99 8.57 27.49 330.23 19651.69
60.96 0, 48.29 .56 5.98 8.26 28.67 305.46 61163.54
60.96 45. 48.29 .56 5.98 8.33 28.67 309.98 7119.81
60.96 90. 48.29 .56 5.99 8.47 28.67 316.23 770.80
60.96 135. 48.29 .56 6.00 8.60 28.67 322.24 5092.11
60.96 180. 48.29 .56 6.01 8.67 28.67 332.61 14848.89

I 60.96 C. 59.05 .68 5.99 8.38 30.09 307.69 62014.92
60.96 45, 59.05 .68 5.99 8.46 30.09 313.30 6343.79
60.96 90. 59.05 .68 6.00 8.60 30.09 320.71 902.35
60.96 135. 59.05 .68 6.01 8.72 30.09 328.00 1529.65

I 60,96 180 59.05 .68 6.02 8.78 30.09 336.56 11227.54
60.96 0. 65.21 .74 5.99 8.45 30.90 308.98 62403.52
60.96 45, 65.21 .74 6.00 8.52 30.90 315.26 5679.47
60 *M 90. 65.21 .74 6.01 8.66 30.90 323.22 946.42
60.96 135. 65.21 .74 6.02 8.78 30.90 331.10 603.49
60.96 180. 65.21 .74 6.02 8.84 30.90 339.22 10041.25
60,96 0. 86.97 .99 6.01 8.64 33.77 313.91 52517.88
60.96 45. 86.97 .99 6.02 8.72 33.77 321.29 8361.55
60.96 90. 66.97 .99 6.03 8.87 33.77 332.50 1017.58
60.96 135. 86.97 .99 6.05 9.00 33.77 343.77 2578.95
60.96 180. 86.97 .99 6.05 9.06 33.77 350.05 6214.45
81.28 0. .00 .00 5.90 6.79 22.19 295.55 270.54
81.28 45. .00 .00 5.90 6.72 22.19 295.55 -62691.35I 81.28 90. .00 .00 5.90 6.69 22.19 295.60 52106.45
81.28 135. .00 .00 5.90 6.69 22.19 295.65 3824.45
81.28 180. .00 .00 5.90 6.75 22.19 295.65 195.72
81.28 0. 5.50 .05 5.91 7.22 23.18 296.51 116262.20
81.28 45. 5.50 .05 5.91 7.27 23.18 296.95 20169.83
81.28 90. 5.50 .05 5.91 7.35 23.18 297.40 14545.15
81.28 135. 5.50 .05 5.91 7.44 23.18 297.72 54146.52

81.28 180. 5.50 .05 5.91 7.5% 23.18 301.41 32302.63
81.28 0. 12.17 .11 5.93 7.48 24.37 297.59 613318.60

81.28 45. 12.17 .11 5.93 7.53 24.37 298.46 6866.15

81.28 90. 12.17 .11 5.94 7.63 24.37 299.43 89.84
81.28 135. 12.17 .11 5.94 7.75 24.37 300.06 67268.20I 81.28 180. 12.17 .11 5.94 7.87 24.37 308.37 34047.41
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I 81.28 0. 21.28 .21 5.93 7.73 26.00 299.07 940760.00

81.28 4%. 21.28 .21 5.93 7.79 26.00 300.71 4484.40
81.28 90. 21.28 .21 5.93 7.89 26.00 302.32 33.87
81.28 135. 21.28 .21 5.94 8.02 26.00 303.42 64997.89

I 81.28 180. 21.28 .21 5.94 8.15 26.00 316.93 33777.30
81.28 0. 28.13 .27 5.94 7.86 27.23 300.12 421988.40
81.28 45. 28,13 .27 5.95 7.92 27.23 302.32 2384.08
81.28 90. 28,13 .27 5.95 8.02 27.23 304.28 201.34
81.28 135. 28.13 .27 5.96 8.15 27.23 305.60 65530.11
81.28 180, 28.13 .27 5.96 8.29 27.23 322.25 33792.73
81.28 0. 32.84 .32 5.95 7.94 28.07 300,95 463205.70
81.28 45, 32.84 .32 5.95 7.99 28.07 303.49 1389.18
81.28 90. 32.84 .32 5.95 8.10 28.07 305.64 244.80
81.28 135, 32.84 .32 5.96 8.23 28.07 307.07 67500.44
81.28 180. 32.84 .32 5.97 8.38 28.07 326.15 33974.89
81.28 0. 39.41 .37 5.96 8.03 29.23 301.94 334968.90
81.28 45. 39.41 .37 5.96 8.09 29.23 304.92 329.57I 81.28 90. 39.41 .37 5.97 8.19 29.23 307.32 231.76
81.28 135, 39.41 .37 5.98 8.34 29.23 308.84 74878.55
81.28 180. 39.41 .37 5.99 8.49 29.21 331.97 34699.21
81.28 0. 48.29 .45 5.97 8.14 30.79 303.55 449547.50
81.28 45. 48.29 .45 5.98 8.20 30.79 307.11 3459.27
81.28 90. 48.29 45 5.98 8.30 30.79 309.43 190.10
81.28 135. it.?? .o 5.99 8.45 30.79 310.64 92508.07
81.25 180. 48.29 .45 6.00 8.61 30.79 339.59 36024.89
81.28 0. 59.05 .53 5.98 8.25 32.68 305.30 406370.40
81.28 45. 59.05 .53 5.98 8.31 32.68 309.68 7805.85
81.28 90. 59.05 .53 5.99 8.40 32.68 311.81 538.09
81.28 135. 59.05 .53 6.00 8.54 32.68 312.74 99725.13.I 81.28 180. 59.05 .53 6.01 8.70 32.68 344.41 36365.29
81.28 0. 65.21 .55 5.98 8.30 33.77 306.33 396222.20
81.28 45. 65.21 .55 5.98 8.36 33.77 311.06 9933.90
81.28 90. 65.21 .55 5.99 8.43 33.77 312.96 1357.66
81.28 135, 65.21 .55 6.00 8.55 33.77 313.94 80155.04
81.28 180. 65.21 .55 6.01 8.68 33.77 339.81 34702.79
81.28 0. 86.97 .74 6.00 8.50 37.59 310.31 731393.80
81.28 45. 86.97 .74 6.00 8.55 37.59 316.74 10285.28I 81.28 90. 86.97 .74 6.01 8.63 37.59 319.09 1495.47
81.28 135. 86.97 .74 6.02 8.75 37.59 320." 71723.79
81.28 180, fL5.97 .74 6.03 8.89 37.59 351 33796.36.

101.60 0, .00 .00 5.90 6.80 22.19. 295.55 6.43

I 101.60 45. .00 .00 5.90 6.75 22.19 295.55 71213.98
101.60 90. .00 .00 5.90 6.75 22.19 295.55 70806.90
101.60 135. .00 .00 5.90 6.79 22.19 295.55 11983.99
101.60 183. .00 .00 5.90 6.85 22.19 295.44 52233.18

I 101.60 0. 5.50 .06 5.91 7.2t 23.42 296.83 40707.53
101.60 45. 5.50 .06 5.91 7.32 23.42 297.01 55116.27
101.60 90. 5.50 .06 5.91 7.42 23.42 298.15 1502.02

101.60 135. 5.50 .06 5.91 7.48 23.42 299.36 18473.95

I 101.60 180. 5.50 .06 5.91 7.47 23.42 298.19 32391.92
101.60 0. 12.17 .12 5.93 7.55 24.92 298.22 169408.90
101.60 45. 12.17 .12 5.94 7.60 24.92 298.69 73452.66

101.60 90. 12.17 .12 5.94 7.71 24.92 300.97 1736.52

'I ' 101.60 180. 12.17 .12 5.94 7.78 24.92 301.28 19433.86
101.60 135. 12.17 .12 5.94 7.79 24.92 303.37 18300.40

101.60 0. 21.28 .23 5.93 7.80 26.96 300.00 595697.90

101.60 45. 21.28 .23 5.93 7.86 26.96 301.21 54391.45

I 101.60 90. 21.28 .23 5.94 7.97 26.96 304.72 1836.20
101.60 135. 21.28 .23 5.94 8.05 26.96 308.42 17654.85

101.60 180. 21.28 .23 5.94 8.04 26.96 305.30 27324.74
- 101.60 0. 28,13 .30 5.95 7.94 28.45 301.57 **********

101.60 45. 28.13 .30 5.95 7.99 28.48 303.20 43117.19
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101.60 90. 28,13 .30 5.95 8.11 28.48 307.38 1901.98
101.60 135. 28,13 .30 5.96 8.19 28.48 311.78 16805.77
101.60 180. 28,13 .30 5.96 8.19 28.48 308.22 24754.45
101.60 0. 32.84 .35 5.95 8.02 29.52 302.49 593244.90
101.60 45. 32.84 .35 5.95 8.08 29.52 304.56 38352.61
101.60 90. 32.64 .35 5.96 8.19 29.52 309.29 1910.15
101.60 135. 32.84 .35 5.96 8.28 29.52 314.28 16149.62
101.60 180. 32.84 .35 5.96 8.28 29.52 310.49 22210.72
101.'O 0. 39.41 41 5.97 8.11 30.96 303.78 375972.90
101.60 45. 39.41 41 5.97 8.17 30.96 306.16 42299.35 [

101.60 90. 39.41 41 5.98 8.30 30.96 311.71 1960.34 !

101.60 135. 39.41 .41 5.98 8.38 30.96 317.56 *15804.52
101.60 180. 39.41 .41 5.98 8.39 30.96 313.44 20368.17I 101.60 0. 48.29 .49 5.98 8.23 32.91 305.57 334970.20
101.60 45. 48.29 49 5.98 8.29 32.91 308.85 26737.44
101.60 90. 48.29 .49 5.99 8.41 32.91 314.63 2033.45
101.60 135. 48.29 .49 5.99 8.49 32.91 320.68 13069.92

I 101.60 180. 48.29 49 5.99 8.50 32.91 317.65 12395.02
101.60 0. 59.05 .57 5.98 8.34 35.28 307.59 264620.304

101.60 45. 59.05 .57 5.99 8.40 35.28 312.05 11065.19
101.60 90. 59.05 .57 5.99 8.50 35.28 317.30 2321.02
101.60 135. 59.05 .57 6.00 B.58 35.?8 322.64 10497.25
101.60 180. 59.05 .57 6.00 8.59 35.28 320.93 7706.84
101.60 0. 65.21 .61 5.99 8.40 36.63 308.63 247907.90
101.60 45. 65.21 .61 5.99 8.46 36.63 314.51 2619.03

I 101.60 90. 65.21 .61 6.00 8.54 36.63 318.75 2772.09
101.60 135. 65.21 .61 6.00 8.60 36.63 323.50 14931.77
101.60 180. 65.21 .61 6.00 8.58 36.63 318.23 29503.46,

101.60 0. 86.97 .79 6.01 8.60 41.42 313.36 328601.40
101.60 45, 86.97 .79 6.01 8.66 41.42 321.55 9117.41
101.60 90. 86.97 .79 6.02 8.73 41,42 325.49 3033.75 ,

101.60 135, 86.97 .79 6.02 8.77 41.42 330.08 14446.60 !

101.60 180. 86.97 .79 6.02 8.75 41.42 323.49 35323.45

I

I

I
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I 2-D Numerical Reduced Circumferential Heat Transfer Coefficients
(Epoxy Layer Included) for Case #R042(Freon-11)

2 FHI O(Z) Gl(Z) hr hinf Tb T(1,j) h(j)

em degree W W * W/mC- C K W/prnC

20.32 0. .00 .01 5.87 6.79 22.19 295.55 6.09
20.32 45. .00 .01 5.87 6.84 22.19 295.55 70882.84
20.32 90. .00 .01 5.87 6.84 22.19 295.55 70833.55
20.32 135. .00 .01 5.87 6.82 22.19 295.55- 339.47
20.32 1B0. .00 .01 5.87 6.77 22.19 295.55 2.01
20.32 0. 5.10 .06 5.88 7.27 22.42 296.43 30255.95
20.32 45. 5.10 .06 5.88 7.32 22.42 296.96 19772.09
20.32 90. 5.10 .06 5.89 7.40 22.42 297.88 13934.05

I 20.32 135. 5.10 .06 5.89 7.43 22.42 298.92 20247.14
20.32 180. 5.10 .06 5.88 7.39 22.42 296.84 73474.20
20.32 0. 12.04 .16 5.84 7.59 22.73 297.66 38157.66
20.32 45. 12.04 .16 5.84 7.65 22.73 299.04 7403.29
20.32 90, 12.04 16 5.85 7.73 22.73 301.23 1312.55
20.32 135. 12.04 .16 5.85 7.78 22.73 303.71 20978.57
20.32 180. 12.04 .16 5.85 7. 73 22.73 298.63 82843.27
20.32 0. 21.36 .23 5.91 7.80 23.15 299.28 42153.39
20.32 45. 21.36 .23 5.92 7.87 23.15 301.86 5344.23
20.32 90. 21.36 .23 5.92 7.98 23.15 305.36 1316.68
20.32 135, 21.36 .23 5.92 8.04 23.15 309.34 20612.37
20.32 180. 21.36 .23 5.92 7.98 23.15 300.94 81502.95

I- 20.32 0. 33.20 .36 5.93 8.03 23.68 301.57 44246.53
20.32 45, 33.20 .36 5.93 8.11 23.68 305.92 2750.52
20.32 90. .33.20 .36 5.94 8.22 23.68 310.76 1310.91
20.32 135. 33.20 .36 5.94 8.27 23.68 316.32 19710.84
20.32 180 33.20 .36 5.94 8.21 23.68 304.15 75049.91
20.32 0. 41.81 .35 6.06 8.08 24.06 303.53 405.58
20.32 45. 41.81 .35 6.07 8.15 24.06 303.13 36859.56
20.32 90. 41.81 .35 6.07 8.32 24.06 311.73 1348.62

I 20.32 135, 41.81 .35 6.08 8.43 24.06 320.96 21824.25
20.32 180. 41.81 .35 6.08 8.38 24.06 306.38 71511.81
20.32 0. 56.69 .49 6.08 8.35 24.73 305.38 48894.93
20.32 45. 56.69 .49 6.08 8.42 24. 73 313.12 4640.38

I 20.32 90. 56.69 49 6.09 8.51 24.73 316.71 1375.52
20.32 135. 56.69 49 6.09 8.54 24.73 321.09 13260.63
20.32 180. 56.69 .49 6.09 8.50 24.73 310.86 36213.27
20.32 0. 66.51 .59 6.05 8.44 25.17 307.07 48682.64
20.32 45. 66.51 .59 6.06 8.51 25.17 316.05 4962.55
20.32 90. 66.51 .59 6.06 8.59 25.17 319.96 1388.97
20.32 135. 66.51 .59 6.07 8.63 25.17 324.76 12902.50
20.32 180. 66.51 .59 - 6.06 8.59 25.17 313.31 35125.94
20.32 0. 79.19 .70 6.07 8.56 25.74 309.38 49790.19
20.32 45, 79.19 .70 6.07 8.64 25.74 320.44 - 6225.98
20.32 90. 79.19 .70 6.08 8.71 25.74 324.14 1401.17
20.32 135. 79.19- .70 6.08 8.74 25.74 328.69 11972.87
20.32 180. 79.19 .70 6.08 8.70 25.74 316.39 32996.77
20.32 0. 89.50 .77 6.07 8.64 26.20 310.75 54240,06

20.32 45. 89.50 .77 6.08 8.72 26.20 323.92 8030.68
20.32 90. 89.50 .77 6.08 8.78 26.20 326.75 1435.15

>.I
20.32 135. 89.50 .77 6.09 8.80 26.20 330.69 10541.67
20.32 180. 89.50 .77 6.08 8.76 26.20 318.53 29495.49
20.32 0. 112 7' '96 6.11 8.84 27.22 313.50 80513.00.

20.32 45, 112.24 96 6.12 8.93 27.22 336.41 14410.17
20.32 90. 112.24 .96 6.12 8.96 27.22 334.21 1466.89
20.32 135, 112.24 .96 6.12 8.94 27.22 333.43 4750.63
20.32 180. 112.24 .96 6.11 8.90 27.22 323.95 19380.37

.
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| 40.64 0. .00 .01 5.87 6.85 22.19 295.65 186.80

5 40.64 45. .00 .01 5.87 6.88 22.19 295.65 -49408.33
40.64 90, .00 .01 5.87 6.86 22.19 295.60 57202.54
40.64 135. .00 .01 5.87 6.83 22.19 295.55 6425.94

I 40.64 180. .00 .01 5.87 6.78 22.19 295.55 282.47
40.64 0. 5.10 .06 5.89 7.41 22.65 297.49 28808.59
40.64 45. 5.10 .06 5.89 7.42 22.65 298.57 12258.98
40.64 90. 5.10 .06 5.88 7.37 22.65 297.53 413.56

I 40.64 135. 5.10 .06 5.88 7.28 22.65 296.52 43278.36
40.64 180. 5.10 .06 5.88 7.26 22.65 296.84 11157.51 .

40.64 0. 12.04 .15 5.85 7.74 23.27 299.95 36685.62
'

40.64 45. 12.04 .15 5.85 7.76 23.27 302.82 18131.70
40.64 90. 12.04 .15 5.85 7.69 23.27 300.33 1204.07
40.64 135. 12.04 15 5.84 7.60 23.27 297.95 47301.76
40.64 180. 12.04 .15 5.84 7.57 23.27 298.61 10820.13
40.64 0, 21.36 .23 5.92 8.01 24.10 303.00 45476.03

I 40.64 45. 21.36 .23 5.92 8.04 24.10 309.19 20086.87
40.64 90. 21.36 .23 5.92 7.95 24.10 304.36 1253.15
40.64 135. 21.36 .23 5.91 7.82 24,10 299.76 53681.65
40.64 180. 21.36 .23 5.91 7.78 24.10 300.82 +10318.59
40.64 0. 33.20 .36 5.94 8.27 25.17 306.81 60869.13
40.64 45, 33.20 .36 5.94 8.31 25.17 318.32 +21560.43
40.64 90. 33.20 .36 5.94 8.21 25.17 310.06 1266.87
40.64 135, 33.20 .36 5.93 8.05 25.17 302.25 56404.48
40.64 180. 33.20 .36 5.93 8.00 25.17 303.77 9370.59
40.64 0. 41.81 .29 6.07 8.28 25.94 310.44 1385.39
40.64 45. 41.81 .29 6.07 8.26 25.94 310.58 -5491.64
40.64 90. 41.8) .29 6.07 8.19 25,94 307.43 1380.58
40.64- 135. 41.81 .29 6.06 8.12 25.94 304.22 23464.02
40.64 180. 41.81 .29 6.06 8.10 25.94 305.82 8396.38
40.64 0. 56.69 .56 6.10 8.67 27.27 313.25 72561.98
40.64 45, 56.69 .56 6.10 8.72 27.27 333.97 22617.58
40.64 90. 56.69 .56 6.09 8.59 27.27 319.92 1331.07
40.64 135, 56.69 .56 6.08 8.40 27.27 306.67 60449.72
40.64 180. 56.69 .56 6.08 8.34 27.27 309.29 10014.69
40.64 0. 66.51 .68 6.08 8.76 28,15 315.96 74016.91
40.64 45. 66.51 .68 6.08 8.81 28.15 340.10 22705.78
40.64 90. 66.51 .68 6.07 8.69 28.15 323.86 1349.64
40.64 135. 66.51 .68 6.06 8.49 28.15 308.56 59731.70
40.64 180. 66.51 .68 6.05 8.43 28.15 311.47 9508.46
40.64 0. 79.19 .80 6.09 8.88 29.26 319.29 75638.30
40.64 45. 79.19 .80 6.10- 8.94 29.26 347.69 22774.25
40.64 90. 79.19 .80 6.09 8.81 29.26 328,80 1378.69
40.64 135 79.19 .80 6.07 8.61 29.26 311.03 57190.29
40.64 180. 79.19 .80 6.07 8.54 29.26 313.92 7791.14I 40.64 0. 89.50 .90 6.10 8.97 30.17 321.66 78005.88
40.64 45. 89.50 90 6.11 9.03 30.17 353.49 22965.20
40.64 90 89.50 .90 6.09 8.89 30.17 332.46 1409.84
40.64 135, 89.50 .90 6.08 8.68 30.17 312.70 58170.79
40.64 180, 89.50 .90 6.07 8.61 30.17 315.75 7424.53
40.64 0. 112.24 1.11 6.14 9.12 32.17 323.94 99476.31
40.64 45. 112.24 1.11 6.14 9.19 32.17 365.08 23821.11
40.64 90. 112.24 1.11 6.13 9.06 32.17 340.82 1471.27
40.64 135. 112.24 1.11 6.11 8.86 32.17 318.21 48992,26
40.64 180. 112.i4 1.11 6.10 8.80 32.17 321.90 6739.80
60.96 0. .00 .01 5.87 6.85 22.19 295.65 2.06
60.96 45. .00 .01 5.87 6.89 22.19 295.65 -43569.31

I 60.96 90. .00 .01 5.87 6.89 22.19 295.65 43289.45
60.96 135. .00 .01 5.87 6.86 22.19 2^5.65 +8161.45
60.96 180. .00 .01 5.87 6.81 22.19 295.54 25778.46
60,96 0. 5.10 .08 5.88 - 7.35 22.88 296.94 22235.47
60.96 45. 5.10 .08 5.89 7.40 22.88 297.33 20015.58
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60.96 90. 5.10 08 5.89 7.49 22.88 298.78 1363.15
60.96 135. 5.10 .08 5.89 7.53 22.88 300.42 27249.69
60.96 180. 5.10 .08 5.89 7.47 22.88 296.59 301966.50

60.96 0. 12.04 .20 5.85 7.70 23.81 298.98 27642.84

I_
60.96 45. 12.04 .20 5.85 7.75 23.81 300.07 20485.70
60.96 90. 12.04 .20 5.85 7.86 23.81 303.74 1352.37
60.96 135. 12.04 .20 5.85 7.91 23.81 307.89 28113.96
60.96 180. 12.04 .20 5.85 7.84 23.81 298.03 410132.70

I 60,96 0. 21.36 .32 5.92 7.94 25.06 301.40 35079.16
60.96 45. 21.36 .32 5.92 8.02 25.06 303.62 19704.33
60.96 90. 21.36 .32 5.93 8.16 25.06 310.12 1399.95

60.96 135, 21.36 .32 5.93 8.22 25.06 317.50 28831.48

I 60.96 180. 21.36 .32 5.93 8.12 25.06 299.54 606050.90
60,96 0, 33.20 .51 5.94 8.19 26.65 304.66 44150.55
60.96 45. 33.20 .51 5.94 8.28 26.65 309.01 15235.26
60,96 90. 33.20 .51 5.95 8.44 26.65 318.87 1392.59

-| 60.96 135. 33.20 .51 5.96 8,51 26.65 330.16 -28584.14

g 60.96 180, 33.20 .51 5.95 8.39 26.65 301.89 604903.30
60.96 0. 41.81 .56 6.07 8.30 27.81 307.45 821.47
60.96 45. 41.81 .56 6.08 8.38 27.81 306.71 67140.24
60,96 90. 41.81 .56 6.09 8.61 27.81 322.34 1385.95
60,96 135. 41.81 .56 6.10 8.73 27.81 339.46 29447.32
60.96 180. 41.81 .56 6.09 8.61 27.81 305.02 378921.80
60.96 0, 56.69 .85 6.10 8.65 29.78 310.05 105204.60

:I
60,96 45. 56.69 .85 6.11 8.77 29.78 326.21 4775.60
60.96 90. 56.69 .85 6.12 8.90 29.78 336.08 1379.21
60.96 135. 56.69 .85 6.12 8.94 29.78 348.42 25240.49
60.96 180. 56.69 .85 6.11 8.80 29.78 308.12 347990.30
60.96 0. 66.51 1.00 6.08 8.74 31.07 312.52 104759.70

I. 60.96 45. 66.51 1.00 6.09 8.86 31.07 331.27 5220.84
60.96 90. 66.51 1.00 6.10 9.00 31.07 342.17 1390.45
60.96 135. 66.51 1.00 6.10 9.03 31.07 355.91 25106.94
60,96 180. 66.51 1.00 6.09 8.89 31.07 310.11 348992.70I 60.96 0. 79.19 1.19 6,09 8.87 32.75 315.20 111256.30
60.96 45. 79.19 1.19 6.11 8.99 32.75 337.51 5146.19
60.96 90. 79.19 1.19 6.12 9.14 32.75 350.71 1421.94
60,96 135, 79.19 1.19 6.13 9.17 32.75 367.37 25869.63I 60.96 180. 79.19 1.19 6.11 9.02 32.15 311.09 485937.00
60.96 0. 89.50 1.36 6.10 8.99 34.10 317.13 138559.40
60.96 45. 89.50 1.36 6.12 9.12 34.10 346.84 -8951.14
60.96 90. 89.50 1.36 6.14 9.25 34.10 358.62 1430.09

I' 60,96 135. 89.50 1.36 6.14 9.27 34.10 374.43 25170.76
60.96 180. 89.50 1.36 6.12 9.11 34.10 312.53 526987.40
60.96 0. 112.24 1.67 6.15 9.20 37.10 321.65 173907.70
60,96 45. 112.24 1.67 6.16 9.34 37.10 364.99 13785.21
60.96 90. 112.24 1.67 6.18 9.44 37.10 372.04 1405.45
60.96 135. 112.24 1.67 6.18 9.43 37.10 383.69 -21462.55
60.96 180. 112.24 1.67 6.16 9.29 37.10 322.38 228090.60
81.28 0. .00 .01 5.87 .6.80 22.19 295.55 287.17
81.28 45. .00 .01 5.87 6.85 22.19 295.55 62383.43
81.28 90. .00 .01 5.87 6.86 22.19 295.60 51898.61
81.28 135. .00 .01 5.87 6.86 22.19 295.65 3819.23
81.28 180. .00 .01 5.87 6.83 22.19 295.65 189.98

I 81.28 0, 5.10 .05 5.88 7.28 23.10 296.75 33664.98
81.28 45. 5.10 .05 5.88 7.31 23.10 297.09 6296.90
81.28 90. 5.10 .05 5.88 7.34 23.10 97.23 10982.75
81.28 135. 5.10 .05 5.88 7.37 23.10 297.33 25408.57
81.28 180. 5.10 .05 5.89 7.40 23.10 298.63 23852.31
81.28 0. 12.04 .14 5.84 '7.60 24.35 298.40 48728.44
81.28 45. 12.04 14 5.84 7.63 24.35 299.31 4779.46
81.28 90. 12.04 .14 5.84 7.66 24.35 299.64 1171.64

I 81.28 135. 12.04 .14 5.85 7.70 24.35 299.87 27385.33
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81.28 180. 12.04 .14 5.85 7.74 24.35 302.93 24630.20I 81.28 0. 21.36 .21 5.91 7.81 26.02 300.57 55245.42

81.28 45, 21.36 .21 5.91 7.84 26.02 302.16 5974.06
81.28 90. 21.36 .21 5.92 7.88 26.02 302.61 1328.18

' 81.28 135. 21.36 .21 5.92 7.93 26.02 302.92 30095.41

81.28 180. 21.36 .21 5.92 7.98 26.02 308.10 25358.15
81.28 0. 33.20 .32 5.93 8.04 28,14 303.43 59229.06
81.28 45. 33.20 .32 5.93 8.07 28.14 306.03 6465.37
81.25 90, 33.20 .32 5.93 8.11 28,14 306.76 1332.42I 81.28 135. 33.20 .32 5.93 8.17 28.14 307.29 26320.99
81.28 180. 33.20 .32 5.94 8.23 28.14 314.61 23955.83

81.28 0. 41.81 .36 6.07 8.20 29.65 305.33 67431.02
81.28 45 41.81 .36 6.07 8.24 29.65 308.84 7316.24I 81.28 90. 41.81 .36 6.07 8.29 29.65 309.74 1394.61

81.28 135. 41.81 .36 6.08 8.35 29.65 310.42 24023.39

81.28 180. 41.81 .36 6.08 8.41 29.65 318.94 22958.59
81.28 0. 56.69 .50 6.08 8.39 32.27 307.63 155996.20I 81.28 45, 56.69 .50 6.08 8.45 32.27 314.97 15098.77
81.28 90. 56.69 .50 6.D8 8.49 32.27 314.97 1569.51

81.22 135. 56.69 .50 6.09 8.53 32.27 314.84 26488.08
81.28 180. 56.69 .50 6.09 8.59 32.27 325.33 22807.49I 81.28 0. 66.51 .60 6.06 8.49 34.00 309.59 172266.50
81.28 45. 66.51 .60 6.06 8.54 34 M 318.55 16286.61
81.28 90. 66.51 .60 6.06 8.58 34,00 318.16 1634.68
81.28 135. 66.51 .60 6.07 8.62 34.00 317.66 27619.18
81.28 180. 66.51 60 6.07 8.68 34.00 329.50 22877.24
81.28 0. 79.19 .73 6.07 8.61 36.23 312.07 198030.40
81.28 45. 79.19 .73 6.08 8.67 36.23 323.46 -17557.90
81.28 90. 79.19 .73 6.08 8.71 36.23 322.55 1663.60

I 81.28 135. 79.19 . 73 6.08 8.74 36.23 321.54 28842.94
81.28 180. 79.19 .73 6.09 8.80 36.23 335.45 23007.73
81.28 0. 89.50 .81 6.08 8.69 38.04 314.05 199488.40
81.28 45. 89.50 .81 6.08 8.75 38.04 326.24 17197.16
81.28 90. 89.50 .81 6.09 8.79 38.04 325.46 1736.70
81.28 135, 89.50 .81 6.09 8.82 38.04 324.56 28079.14
81.28 180. 89.50 .81 6.09 8.88 38.04 339.56 22776.91
81.28 0, 112.24 1.02 6.11 8.85 41.65 316,74 424935.60

I 81.28 45, 112.24 1.02 6.12 8.93 41.65 334.47 19816.84
81.28 90. 112.24 1.02 6.12 8.97 41.65 332.97 1741.a9
81.28 135, 112.24 1.02 6.12 9.01 41.65 331.38 30752.79
81.28 180 112.24 1.02 6.13 9.08 41.65 351.51 23662.71

101.60 D. .00 .01 5.87 6.82 22.19 295.66 16106.69-
101.60 45. .00 .01 5.87 6.85 22.19 295.54 59720.03
101.60 90. .00 01 5.87 6.84 22.19 295.55 71099,11

101.60 135. .00 .01 5.87 6.82 22.19 295.55 341.50

I 101.60 180. .00 .01 5.87 6.78 22.19 295.55 2.02
101.60 0. 5.10 .05 5.88 7.24 23.33 296.32 -199482.70
101.60 45, 5.10 .05 5.88 7.28 23.33 297.01 -14936.05
101.60 90. 5.10 .05 5.88 7.30 23.33 297.03 13349.67

.| 101.60 135. 5.10 .05 5.88 7.31 23.33 297.06 24664.97
E 101.60 180. 5.10 .05 5.88 7.32 23.33 297.67 21846.39

101.60 0. 12.04 .13 5.84 7.55 24.89 297.21 110221.70
101.60 45. 12.04 .13 5.84 7.59 24.89 299.16 31145.57
101.60 90. 12.04 .13 5.84 7.63 24.89 299.33 2932.90
101.60 135. 12.04 .13 5.84 7.65 24.89- 299.53 22328.98
101.60 180. 12.04 .13 5.85 7.68 24.89 301.10 21898.29
101.60 0. 21.36 .18 5.91 7.74 26.97 298.51 99295.66
101.60 45. 21.36 .18 5.91 7.80 26.97 301.94 -35715.43
101.60 90. 21.36 .18 5.91 7.84 26.97 302.11 3375.08
101.60 135. 21.36 .18 5.92 7.87 26.97 302.30 29939.78
101.60 180. 21.36 .18 5.92 7.91 26.97 305.20 24415.97
101.60 0. 33.20 .28 5.92 7.96 29.60 300.41 103001.90
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101.60 45. 33.20 .28 5.93 8.02 29.60 305.57 35873.50I 101.60 90. 33.20 .28 5.93 8.06 29.60 305.66 3466.50

101.60 135, 33.20 .28 5.93 8.09 29.60 305.78 34497.99

101.60 180, 33.20 .28 5.93 8.13 29.60 310.25 25456.72

101.60 0. 41.81 .30 6.06 8.09 31.49 301.60 95035.72

101.60 45. 41.81 .30 6.07 8.16 31.49 307.78 37384.98

101.60 90. 41.81 .30 6.07 8.21 31.49 308.03 3797.85

| 101.60 135, 41.81 .30 6.07 8.25 31.49 308.35 30785.12

101.60 180. 41.81 .30 6.07 8.29 31.49 313.33 24370.01

I 101.60 0. 56.69 40 6.07 8.27 34.76 303.90 89824.38

101.60 45. 56.69 40 6.07 8.33 34.76 311.58 -42115.24
101.60 90. 56.69 40 6.08 8.37 34.76 311.46 5231.10

101.60 135, 56.69 40 6.08 8.40 34.76 311.51 28404.82I 101.60 180. 56.69 40 6.08 8.42 34.76 315.46 -21365.78
101.60 0. 66.51 .49 6.05 8.36 36.92 305.50 89667.69

101.60 45 66.51 49 6.05 8.42 36.92 314.22 42834.54

101.60 90. 66.51 .49 6.05 8.46 36.92 313.95 5560.65

101.60 135. 66.51 .49 6.06 8.48 36.92 313.86 32928.57

101.60 180. 66.51 49 6.06 8.51 36.92 318.58 22637.54
_

101.60 0. 79.19 .58 6.06 8.48 39.71 307.67 91538.20

101.60 45. 79.19 .58 6.07 8.54 39.71 317.77 42138.05

I 101.60 90. 79.19 .58 6.07 8.58 39.71 317.39 5721.01

101.60 135. 79.19 .58 6.07 8.60 39.71 317.24 30707.26

._ 101.60 180. 79.19 .58 6.07 8.62 39.71 322.16 21314.41

101.60 0. 89.50 .64 6.07 8.55 41.65 309.37 93088.86

I 101.60 45. 89.50 .64 6.07 8.61 41.65 320.10 -45473.25::
101.60 90. 89.50 .64 6.07 8.63 41.65 318.69 7314.75

101.60 135. 89.50 .64 6.07 8.64 41.65 317.48 72474.10

101.60 100. 89.50 .64 6.07 8.67 41.65 323.91 28710.95

I 101.60 0. 112.24 .79 6.10 8.74 41.65 313.30 494054.60
101.60 45. 112.24 .79 6.10 8.80 41.65 329.23 29401.35
101.60 90. 112.24 .79 6.10 8.79 41.65 324.50 3987.84

101.60 135. 112.24 .79 6.10 8.77 41.65 320.28 42764.21

I 101.60 180. 112.24 .79 6.10 8.77 41.65 325.05 17400.90

I
.

I
I
I
I
I
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