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ABSTRACT

This investigation was proposed to search for simple and inexpensive
but effective heat exchangers for the recovery of heat in water desalination
by evaporation through non-wettable porous membranes,

Aluminum was chosen as the material for constructing the heat exchangers.
Various fluted arrangements and one plate type arrangement were chosen to
increase heat transfer coefficients and conserve material. Equations correlating
the heat transfer coefficients to temperatures and flow rates have been suggest-
ed for estimating the overall heat transfer coefficient at different conditions.

The results of economic calculations indicate that the cost per unit
transfer area of the exchangers in this investigation may eventually be reduced
to a range of $ 0.60/ ftz to $ 0.36/ ft2 depending on the type of equipment.

The most promising results were obtained with aluminum plates sepa-
rated by aluminum sc;'eens which gave overall heat transfer coefficients of up

2 2
to 550 BTU/hr.ft° °F with a potential cost as low as $ 0.36/ft".
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NOMENCLATURE

2
A heat transfer area, ft
a, b constants
c capacity rate, BTU/hr. F
c constants
. 2

Coc price of screen, $/ft

op price of pipe, $/ft.

2

Cos price of metal sheet, $/ft
Cp specific heat, BTU/ lb.oF
D diameter, ft.
D 1’ D 9? De inside, outside, equivalent diameter, ft.
G mass velocity, lb/hr.ﬂ:2
G,N Grashof number

r  Gr )
h film heat transfer coefficient, BTU/ hr.ﬂ:2 °F
K Boltzmann's number
k thermal conductivity, BTU/hr.&t.°F
L length of heat exchanger, ft.
m, n constants
N number of channels
N Graetz number

Gz
N Prandtl number

Pr

Reynolds numbe

NRe eyn u T
N Stanton number
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Subscripts
a

b

Nusselt number

constant

total heat transfer rate, BTU/hr.

heat flux, BTU/ hr.ft2

constant

temperature, OR

temperature difference, OR

temperature, 0F

temperature difference, OF

inlet and outlet temperature of hot fluid
inlet and outlet temperature of cold fluid
overall heat transfer coefficient, BTU/ hr.oF ftz
velocity, ft/hr.

thickness, ft. |

flow rate, lb'/ hr.

3.14

viscosity, 1b/hr.ft,

density, lb/ ft3

based on arithmethic average
based on bulk temperature
at cold side

at hot side



inside channel
outside channel

based on wall temperature



I. INTRODUCTION

Heat exchangers are important to the economics of many processes
and operations where thermal energy is involved. One type of process where
heat exchangers are an important item is in thermal methods of water desal-
ination, where heat consumption is a major cost of production, and large
quantities of heat must be recovered with minimum loss of temperature. This
recovery of heat requires a large area for heat transfer and causes the heat
exchanger capital costs to increase rapidly as thermal driving forces and
heat costs are reduced toward the minimums.

One potential method of water desalination is that of evaporation
through non-wettable porous membranes from a hot saline solution through
a vapor filled porous membrane with condensation onto a colder fresh water
stream (1). This method includes a counter-current heat exchanger to recover
as much heat from the- fresh water as possible. This recovered heat is then
used to heat the salt water feeding the evaporator. One advantage of this
method is that both streams can be at nearly the same pressure and the strength
requirements of both heat exchanger and evaporator may be minimal. If the
low strength requirements permit the use of low cost but effective heat ex-
changers, then the capital costs can be reduced. Also, the system economics
permit the use of lower driving forces and net heat consumption. Another
economic factor involved in water desalination is the potential development of
numerous large-scale desalination systems, which could permit low-cost

mass production techniques on desalination equipment including heat exchangers.



This factor might justify the use of types of heat exchangers which arc pre-
sently considered unconventional.

For the above reasons, as well as the fact that porous-membrane
evaporators may be similar in construction and in some desired characteristics
to heat exchangers, this investigation was undertaken to obtain information on
two types of potential low-cost heat exchangers. The purpose of the investi-
gation was to develop operating models of these possible inexpensive exchangers,
obtain rough estimates of costs, and an approximate idea of their performance

in terms of heat transfer coefficients.



II. THEORY REVIEW
Studies in heat transport and heat exchange have been made extensive-
ly since the 18th century. In this section some of the theories and literature
concerned are reviewed and summarized briefly.

A, Heat Transfer Phenomena

When there exists a potential difference such as energy or concentration,
etc., between or among neighboring regions, this difference acts as a driving
force to reduce the difference by transporting the energy or mass from the
region at higher potential to that at the lower potential. Thus a local temper-
ature .variation will cause the transport of thermal energy from a higher.tem-
perature region to a lower temperature region. This transport of thermal
energy is accomplished either by one or all of the three modes, conduction,
convection, and radiation. All of these three modes of heat transfer are important
industrially and each finds application under different conditions.  The work
throughout this investigation has been carried out at moderate temperatures
and therefore the effect of radiation will not be considered since radiation is
significant in liquids only at high temperatures. ~

1. Conduction and Thermal Conductivity

In a solid body, the molecules are essentially confined to their positions
in the solid structure. The transfer of heat, thus, depends upon the exchange
of vibrational kinetic energy between the individual molecules. This process
is called conduction. In liquids and gases, the molecules are no longer con-

fined to a certain point but constantly change their position even if the sub-



stances are in a state of rest., Without bulk fluid currents, however, fluid
heat transfer is still classified as conduction. In a diclectric solid such as
solid metals, the transfcr mechanisms will also include transport by the
cloud of free electrons in addition to the lattice vibration (2).

Because each kind of transport is a result of the potential difference,
the transfer rate is proportional to this difference, the driving force, and a
rate equation is usually written in a manner as follows:

Driving force
Resistance (2-1)

Rate =

For unidirectional conduction the rate equation reads:
== .k
dA dX (2-2)

Similarly, for multidirection,

4 =-kv T ' (2-3)
These two equations are the well kﬁown Fourier's Law (4) of heat conduction
in the one dimensional form and three dimensional form. The constant k is
called thermal conductivity and is dependent upon temperature and the prop-
erties of the substance,

Bridgman proposed the following equation to estimate the thermal
conductivities of pﬁre liquids (5).

2/3

k = 2.80 (—E—) KV, (2-4)

Where N is the Avogadro number
V is the molal volume

K is Boltzman constant



VS is velocity of low frequency sound and is defined as

°» 3P 12
G (55))

The thermal conductivities of solids are much more complicated and have
to be determined experimentally because they depend on many factors such
as porosity, crystallite size, structure of the molecule and the metallic or
nonmetallic nature,
For pure solid metals, the following equation is applicable
k =L ke T

Where ke = the electrical conductivity

T = absolute temperature

L = Lorenz number

~2.45x 10.8 Volts2 deg C—2

This equation is the well-known Wiedermann-Franz and Lorenz equation (2).
2. Convection

Pure conduction in liquids and gases seldom occurs because of the proba-
bility of masses of the molecules moving under the influence of density differ-
ence and the resultant heat transfer is largely dominated by convection. In the
process of heat convection, thermal energy is transported by the movement of
streams carrying molecules of a higher energy content from regions of higher
temperature to regions of lower temperature, and vice versa. This process
is essentially restricted to fluid systems. The movement of the fluid streams
are produced either by the temperature gradient (density difference) or by

external forces. The former case is called natural convection and the latter

forced convection,



Heat Transfer Betwecen Solid and Flowing Fluid

Consider a fluid flowing in contact with a solid surface. The fluid
particles in the vicinity of the solid surface are restrained by the viscous
forces of the fluid and a thin film or boundary layer is thus formed over the
solid surface. In a laminar sublayer, heat is conveyed by conduction and
the effect of convection is insignificant. Sufficiently far from the solid sur-
face the conductive heat flow is then swamped by the effect of convection.
The thickness of the film depends on the properties of the fluid, including
the temperature and the velocity. The surface character of the solid is also
an important factor.

Film Heat Transfer Coefficient

Figure (2-1) shows the flow of heat from a phase boundary into a fluid
sufficiently extensive for convective currents to exist. The two different
transport processes operative give a fairly abrupt change in temperature
across the film. The curve ABCD represent the temperature change in
going from the surface to the bulk of fluid. AB represent the region where
conduction alone is operative, the thermal resistance is high and the temper-
ature gradient steep but constant. Farther from the surface, the effect of
convection increases gradually and both the thermal resistance and tempera-
ture gradient become lower as shown by the region BC. There is no obvious
point of demarcation which could be taken as the edge of the film and if we
extend AB to cut the zero gradient line through D at E, then the distance from

surface to E is defined as effective film thickness.
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Fourier's equation is given below for the film.

k
3= T(ay (2-5)

Where k = effective conductivity of the fluid
b = effective film thickness
At = temperature change across the film
If we combine the two properties, k and b, to yield h the heat transfer film
coefficient, or transmittance, then (2-5) becomes:
Q = hAtA
The above equation is the Isaac Newton equation, for convective heat transfer.

The film coefficient is a function of the physical properties of the
fluid flowing over the solid surface. Also the structure of the surface and
the mechanisms of fluid flow have significant effects on the coefficient,

The film coefficient can be correlated with physical properties by
stream parameters, either by mez;surements of the effective film thickness,
theoretical analysis, or dimensional analysis of the variables in the system.
Dimensional analysis is the usual method of obtaining correlations. It should
be noted that the effects of solid surface character are usually neglected
in correlation equations, this procedure can result in gross errors in some
cases. For example, the convective heat transfer coefficient in a circular
tube is a function of the following variables: tube diameter, distance from the
entrance, viscosity, density, heat capacity, thermal conductivity, and the
velocity of the fluid. Thercfore, the film coefficient of heat transfer is

usually correlated by equations including dimensionless groups of the above



variables, such as Prandtl number, Nusselt number, Reynolds number,

Stanton number, Graetz number, and others. These groups are defined as;

N -2Ve Reynolds number
Re u

N = Cpp Prandt]l number
Pr k

N = L Nusselt number
u k

_ Cp W

N Gz -k L Graetz number

N = h Stanton number
St Cp G

The most usual form of correlation is:

D b
) (— (2-6)

r

m
Nu = ¢ (NRe) (NP

w
D, . . . Koo
Where i is the ratio of diameter to the length of the pipe and L is the
w
ratio of viscosity of the fluid at bulk temperature to that at the solid surface
temperature. For tufbulent flow in a circular pipe the basic equation is:

_ m n
N, = ¢ (NRe) (Npr) (2-7

This equation is called Nusselt's equation. The constant ¢, m, and n have
been determined by many previous experimenters and have been shown to

vary slightly. W.H. McAdams (6) suggested

th - 0.023¢ D\;Q 0.8 Cpkp_t 0.4 2-8)

for heating and cooling of nonviscous fluids where Reynolds numbers are above
10,000, Prandtl number is between 0.7 and 100, and —II-')— is over 60 (8). Dittus-

Boelter (3) proposed

DV 0.8 C
T s e (o (R (2-9)
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Where ¢ = 0.0243, n = 0.4 for heating
¢ =0.0265, n = 0.3 for cooling

And A, P. Colburn modified equation (2-8) by changing 0.4 to 1/3 for heating.

_ 0.8 1/3
N, = 0,023, ) "~ () (2-10)

This equation is generally applicable for ordinary liquids, if the % is over
50 and the temperature drop is not excessive.

Another equation including the effect of viscosity was presented by
McCabe and Smith (7) as

_ 0.8 1/3 _p 0,14
N, = 0,023 (M, )" (Np )¢ y ) (2-11)

w
For heat transfer in other than circular tubes, different correlations have
been obtained for different shapes of channel. In smooth annuli, Wiegand (8)
recommended the equation below,

hD D G 0.8 Cpu .0.4
—= = 0.02 ) ( )
" 3 ( Wy T )y (p )

Where the subscript b indicates that the properties are evaluated at the bulk
temperature.

Equation (2-9) has been indicated as applicable in noncircular ducts
with moderate temperature differences (8). In laminar flow the forces con-
vection sometimes is more complicated due to the fact that the intensity of the
forced convection current is often not sufficient to damp out the natural con-
vection current and both may occur simultaneously. Furthermore, the effects

of f and % are also important. The equation

w
.14
h, D _ 5 WCp )1/3 L 0.1 2-12)
- k L m
w
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was derived by Sieder and Tate, and is used either inside or outside tubes (9).

The corresponding equation, called the Nusselt-type, is

h D
a DG CpuD1/3 p 0.14
= 1.86 (—— = -
- Tt A v (2-13)
w
For fluids of moderate viscosity, the viscosity factor £ is neglected, and
w
equation (2-12) becomes:
h D
a Cp W .1/3
= 92 (= -
» (£ ) (2-14)

Where ha is based on the arithmetic average of At. Equation (2-12) is applied
in the situation where the N Gz is greater than 13 and the wall temperature is
constant (15). If the temperature of the solid surface changes with length

the situation becomes more complex. In general it is satisfactory to consider
the wall temperature as constant. For Graetz number less than 13 the following

equation is used (7).

D 2 (-2 W 1/3 po1
k 7k L (2-13)

Chen, Hawkins, and Solberg(lo) presented a relation to predict the

arithmetic mean heat transfer in annuli for laminar flow,

0.45 0.5 Ho0.14 pe 0.4 P2 0.3 05

_ X 0.
Ny T RO ER)T ) G Ty g T en T 2

where Ky is based on the bulk temperature, and D1 and D2 are the diameters
of inner and outer walls of the annuli.
The heat transfer in the region between laminar and turbulent flow is

much different and it is difficult to establish a simple equation to predict the
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heat transfer coefficient in this region. The usual method is the graphical
method based on plotting the Colburn factor, jh, versus Reynolds number on
a log-log plot.

The Colburn factors are defined as:

' h cpp2/3 Kyo.1a D G-0.2
for turbulent flow iy = Cp G ( ) (”) = 0.023( u (2-17)
for laminar flow P = 1.85 D,1/3 N -2/3 2-18
I 85 (7)) (Ng) (2-18)

The relationship of Colburn factors versus Reynolds number in the transi-
tion region are then represented by curves between the Reynolds of 2,000 and
10,000,

B. Heat Exchanger Analysis

A heat exchanger is the equipment necessary for the exchange of thermal
energy between fluids at different temperatures. Heat exchangers usually can be
summarized into two general types: direct transfer type and storage type. In the
former type, the two fluids of either the same phase or different phases, ex-
changing the thermal energy are separated by a heat transfer medium and in the
latter the thermal energy of a fluid at a higher temperature is periodically trans-
ferred and stored in a large heat capacity element, and then picked up by a fluid
at lower temperature. In some cases, such as the cooling system of an automobile,
cooling water picks up heat and then releases this heat to air. Such a system may
be called a liquid coupled type although it essentially consists of two direct trans-
fer type heat exchangers.

Numerous kinds of heat exchangers have been studied and designed ac-

cording to the specific requirements of the situation. For example, small
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size and lightweight as well as efficiency arc required for heat exchangers
used in aircraft, special materials aré required with corrosive fluids, and
high heat flux rated heat exchangers are needed in gas turbine regenerators.

In industrial applications, the factors that determine the choice of
material and the design of heat exchangers in most cases are the economic
factors. The main purpose of this investigation is to try to find an inexpensive
and simple type of heat exchanger and to determine its applicability for a
specific process of water desalination.

The exchangers dealt with in this study are of the direct transfer type
and theories are reviewed for this type only.

The process of heat transfer in a direct transfer type heat exchanger
is as shown in Figure (2-1). There are three transfer steps; convectional
transfer between hot fluid and solid wall, conduction in the solid wall, and
convectional transfer -between solid wall and cold fluid. The total driving
force for the thermal energy transfer between thetwo fluids is the temperature

difference between the two separate fluids.

it

q - hi Ath

At

\'4

|

-h At
o ¢

-U A

where hi’ ho heat transfer coefficients the inside and outside of the wall.

I

At , At
C

b’ temperature drop across the hot side film (inside) and cold

side film (outside).
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At

temperature difference between the two fluids.

U overall heat transfer coefficient.

Il

In the case where the solid wall is thin and has a high thermal con-
ductivity, the thermal resistance existing in the solid wall, x/k is negligible
in comparison with that existing in the films, 1/ hi and 1/ ho, and the inside
diameter and outside diameter can be considered to be the same and an

equation relating the overall coefficient to the individual coeffients becomes:

1
- 4 9_
3 (2-19)

1 1

U h
o

The two streams will reach the state of thermal equilibrium only when the

streams are at the same temperature such that

t =t (2-20)

and &t = 0
By an energy balance, the heat transferred may be related to temperature
as follows:

dq = -Wh CPh dth

= dt
dq Wc CPc C

where flows and differentials are taken in the direction of the hot fluid flow.

d -
or th _ Wc CPc
dt, Wh Cpn

(2-21)

Considering a counter flow heat exchanger, equation (2-20) represents the

equilibrium line and equation (2-21) represents the operating line.
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If Ate is temperaturc difference between the two fluids entering the
heat exchanger and Ato represcnts the larger of the temperature rise of the
cold stream or the temperature drop of the hot stream, then the ratio of

Ato to Ate is defined as heat exchanger effectiveness.

Ato
E = 7Ay
e
t . -t
h1 'h2
= ift _ -t <t -t
thl - tcl c2 cl hl h2
th ) 1:cl
= ift -t >t -t 2-22
. i M2 "Y1 ” "1 " he (2-22)
hl el
or, C
UA min
g - t-exel-g— (1-3 ) ] (2-23)
min max
C
1_Cmin ex [_UA (1- min)]
C PLtoc C
max min max
as shown in reference (11),
where C = W Cp = is the capacity rate BTU/hr °F
C C the smaller capacity rate and larger capacity rate.

min’ “max
From the equation (2-23), it is obvious that we can increase the
effectiveness of a heat exchanger by the following methods: 1) increase the
transfer area A, 2) decrease the capacity rate ratio C_ / C , Or 3)
min/ max
increase the overall transfer coefficient U. Method (2) is unfavorable
because a decrease in the capacity ratio may relatively reduce the amount
of heat transferred. The efforts that people have made to improve the

effectiveness are either to increase the transfer area with minimum cost
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or to promote the transfer coefficient by increasing the Reynolds number,

roughness of the surface, and modifying the flow pattern,
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III. EXPERIMENTAL

A. Experimental Apparatus

Four simple heat exchangers have been tested in this investigation.
Three of them were of the double pipe type with the inner circular tube re-
placed by a channel of a cross sectional shape as shown in Figure (3-1), Figure
(3-2) and Figure (3-3). The fourth heat exchanger was a plate type with a
screen spacer between plates and is shown in Figure (3-4). The design and
construction of these exchangers were suggested in principle by the author's
advisor. The dimensions of the four exchangers are given in Tables (2-1) and
(2-2) .A

Heat Exchanger (E): Ease of construction and availability of materials

were important factors considered in setting up the equipment in this investigation.
Aluminum sheets with a thickness of 0.007 inches were used to construct the
main part of the heat exchangers and served as the transfer medium. Plexiglas
sheets 0.5 and 0.7 centimeter in thickness was applied to close both ends of the
exchanger. The inlet and exit lines were made of glass tubes. The diameters
of the tubes were 0.300 inches for inlet and 0.375 inches for exit. A small line
is‘connected to the top part of the inner channel to vent any inert gases released
from the flowing liquid. All these materials were held together with silicone
glue which is water repellent and temperature resistant. A plugged tube was
inserted in the second exchanger while three baffle disks were placed in the
third. The details of these exchangers are illustrated in Figure (3-1) through
Figure (3-4).

The shapes of the inner channel were chosento provide more transfer area
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Figure (3-1) Heat Exchanger I
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Figure (3-2) Heat Exchanger II
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Figure (3-3) Heat Exchanger III
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Figure (3-4) Heat Exchanger IV
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with less material used and space occupied. In the fourth exchanger, two
fine aluminum screens were placed between the plates primarily to separate
the plates. The exchanger was then clamped between two wooden boards to
keep the screen in contact with the aluminum sheets when pressure was applied
to force the fluid through the channels. The sketch is shown in Figure (3-5).
Data obtained on these exchangers are shown in Table (2-1) and Table
(2-2).
Pump (P): A centrifugal pump of 1/2 horse power was used to pump
the hot fluid. A by-pass line was installed across the pump for adjusting
the flow rate. The expected flow measurement accuracy was about 1 percent.
The variations in flow were approximately 2 percent.

Thermocouples ( TR 2, TR 3, TR 4, TR 5): Four thermocouples of

copper constantan were inserted separately into the tubes of each inlet and

exit of the heat exchanger. All thermocouples were precoated with silicone
glue to prevent the thermocouple from directly contacting the passing fluid.
The thermocouples were calibrated at the boiling point of water and the
deviations from the standard potentials were assumed to be a linear function
of the difference from the reference temperature, the room temperature. The
corrections were applied in the computer calculations on the raw data.

Heat Exchanger Fluid: The heat exchanger fluid was tap water in all

cases. Inspection of exchangers after use indicated negligible scale formation.
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TABLE 2-1

Description of Heat Exchanger I, II, I

Exchanger Number 1 2 3
Inner channel
length feet 1.395 1.250 1.250
perimeter feet 0.665 0.725 0.665
cross section area sq, ft. 0.0081 0.0035 0.00585
equivalent diameter feet 0.049 0.0197 0.035
Outside channel
length feet 1.441 1.355 1.415
perimeter feet 1.1556 1.000 1.082
cross section area sq. ft. 0.0101 0.0081 0.008
equivalent diameter feet 0.035 0.0322 0.0296
Total area for heat
transfer sq. ft. 0.930 0.729 0.847

Remark: The diameter of the plugged tube used in number 2 heat exchanger

is 0.045 feet.



TABLE 2-2

Description of Heat Exchanger IV

Area for heat transfer, sq.ft. 1.07x 0,291
Screen

wire diameter inch 0.011

no. of wires/in. width screen 16

thickness of screen inch 0.024

cross sectional area of screen* 0.000298
Net cross section area sq.ft.* 0.000283
Wet perimeter ft,* 1.325
Equivalent diameter 0.00085

* Based on screen cross section of wires parallel to flow
andone wire perpendicular to flow across the flow cross

section.
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Potentiometer (V): A potentiometer was used to measure the e.m.f. of

the thermocouples produced by the temperature difference between the two ends
of the thermocouple., The reference temperature was the room temperature
which was read on a mercury thermometer. The readings were in millivolts
and were converted to give the temperatures at the specific point measured.
Thermocouple readings corrected by calibration were accurate to 1 © F.

Container (R): A container was placed above the pump to furnish the
head of the suction line of the pump and to make up hot fluid.

Heat Elements (H): An electric heater was used to supply the heat

source. A burner was also used when the electric heat source was inadequate.
Insulation: Fiber glass was used for the purpose of insulation of the
heat exchanger and the tubes. A wrapping with aluminum foil was then
applied to cover the fiber glass. All parts of the equipment between tem-
perature measuring points were insulated. Heat losses were from the cold
fluid (outside) channel on the first 3 exchanger types and from both cold and
hot fluids on the 4th type. Estimated heat loss in 1 channel was less than 40
BTU/hr,

Miscellaneous: A thermometer was used to measure the room tem-

perature when the e.m.f. was read. A thermocouple selector was used for
convenience, A stop watch and a 1,000 c.c. graduated cylinder were used
to measure flow rates. A manometer was prepared and used with the fourth
exchanger to measure the pressure drops across the heat exchanger, within

approximately 0.05 in Hg.
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B. Procedures

The flow sheet of the experiment is shown in Figure (3-5). With the
by-pass opened, the pump was started to circulate the fluid and the heater
was turned on for heating. The by-pass and both inlets to the exchanger
were adjusted to obtain desired flow rates. When the system reached a
steady state, the potentiometer was standardized and the four e.m.f. values
were read. Room temperature was also recorded. Soon after that, both
flow rates were measured by collecting the volume of the fluid flowing in
a measured period of time.

These measurements of e.m.f. and flow rate were repeated once or
twice at the same conditions. In the fourth exchanger, the plate heat ex-
changer, the pressure drops of both sides were read in inch of Hg. The
burner was used to adjust the hot fluid near a specified temperature. The
temperature of the hot fluid and the; flow rates were alternatively changed to
secure data at different conditions. The e.m.f. data were converted into
temperatures and the overall heat transfer coefficients were then calculated.

C. Methods of Calculation and Assumption

1. Heat exchangers data

The total area for heat transfer was obtained by direct measurement
of the aluminum sheet transfer medium separating the two fluids. The areas
on both sides of the sheet were assumed to be the same because of the small

thickness compared to curvatures.
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Each fin was made of 1 inch width metal sheet with the proportion of
3.5 1 3.5 . . . . .
5 '3’ 5 Owing to the technique, the fins were not uniform and it was
difficult to obtain the cross sectional area of each channel by calculation.
For this reason, the cross sectional area was obtained by filling each channel
with water and dividing the net volume of water by the length of the channel.

The equivalent diameter of each channel was obtained by the calculation of

hydraulic radius. Or

D = 4 x cross sectional area
e perimeter

2. Water Properties

For convenience in calculating the heat transfer coefficients by computer,
the dependence of water properties on temperature have been approximated by
the following equations using least square techniques. The details of the
approximations are given in appendix A, The original data used for approxi-
mation were obtained from Compact Heat Exchangers by W. M. Kays and A.

¢
L. London, 195811?

Density lbs/ft:3

p = 64.81 -0.02212¢ - 60.15/t
Viscosity lbs/hr-ft
2
g =-0.29 + 216.4/t - 2194/t

Conductivity BTU/ft-"F

Il

2
k 0.425 - 7.37/t + 127/t

Specific heat BTU/lb-"F

Cp = 0,979 +0.00012t + 0,811/t
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Prandtl Number N = C u/k
Pr P

2
N = 1.15+624.5/t - 4658/t
Pr

o]
where t is in F and the range is from 320F to 2400F.

3. Calculation of Overall Heat Transfer Coefficient

The energy losses due to pressure drops across the heat exchangers,
were small and it was assumed they were negligible. In considering the process
as an isobaric process, the heat transferred across the medium was obtained’
by calculating the enthalpy change of each fluid from inlet to outlet.

= At =
Q Wh Cph th Wc CpC Atc

and

. Q9
U = TRag (3-1)

where W is flow rate in 1b/hr. Ath and Atc are the temperature change of
both fluids and Atc is the logarithmic mean of temperature difference between
the two flowing fluids.

Theoretically, the heat released ﬁ'om hot fluid must be equal to the
heat absorbed by cold fluid, but because of heat loss and error in measurement,
there exists some differences between the two quantities. The equation

Q = Wh Cph Ath

in the first 3 exchangers and
Q = Wc Cpc Atc
in the fourth exchanger were used to determine the heat transfer coefficient

because the fewer possibilities for errors existed with these described

equations, This was true because heat losses occurred from the outer cold
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channel in the first 3 types and from both channels in the fourth type. In ex-
changer 4, the heat losses were less from the cold fluid because of the lower
At from the room. The maximum cold side temperature minus room tem-
perature was about 7 0° ¥, and this existed at only 1 point in fhe exchanger.

D. Data and Results

All the data taken at different flow rates and temperatures and the overall
heat transfer coefficients are listed in Table 1 through Table 4, Appendix B.
The results and the calculation of individual heat transfer coefficients and

cost estimates will be presented in the following section.
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IV. DISCUSSION

As has been indicated previously, the object of this investigation was
primarily to find simple, inexpensive but effective heat exchangers which can
be used in the membrane-evaporation method for water desalination to obtain
the best heat recovery and reduce the net heat consumption to the minimum.
It is difficult to obtain accurate correlations of individual heat transfer coef-
ficients for this investigation because other information is needed, such as
wall temperatures, the end effects, and the temperature profiles of the wall
and both fluids. Some of the characteristics were not varied and prevented
the study of the effects of number and dimension of the longitudinal fins and the
effect of wetted perimeter and the perimeter available for heat transfer.
The work throughout this experiment emphasized the promotion of the heat
transfer coefficient and the reduction of the costs of heat exchangers. The
study of all the complex factors was beyond the scope and purposes of this
investigation. For this reason, the heat transfer coefficients are correlated
with flow rate and temperature only roughly by following the models used by
previous investigators and the other effects were not considered.

A. Applicability of Aluminum for Water Desalination Process

The fact that copper and its alloys have served as superior heat transfer
mediums for a long history may be changed by the development of aluminum and
its alloys in heat transfer engineering. The corrosion due to salt water on
many metals limits the applicability of these metals for the desalination of

sea water. This reduces the possibilities of producing fresh water by desal-
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ination at a commercial price for daily living. In their report, M. W. Wei
and E. T. Wanderer (12) indicated that the resistances of aluminum and its
alloys to salt water corrosion are satisfactory and the use of aluminum for
water desalination should be feasible. Other information from Alcoa (13)
indicated that the cost of fresh water produced by a thermal desalination
method will be greatly lowered by the utilization of an all-aluminum system.,
In light of these facts, the application of aluminum in membrane-evaporation
desalination should improve the economics of this method,

B. Correlation of Heat Transfer Coefficients

1. Approximation of Individual Heat Transfer Coefficients

The overall heat transfer coefficients calculated from equation (3-1)
were to be correlated as functions of thé fluid conditions. The propertieé and
dimensionless numbers of the fluids were evaluated at their average bulk
temperature, the arithmatic average of the inlet and exit temperatures of
each fluid.

One approximation was approached according to equation (2-7) and

equation (2-19).

hD m n

C - CNL) O, @

i _ 1.1 -

f} = b +h (2-19)
i 0

For rough approximation, with the first three exchangers, the para-
meters m and n were assumed to be the same for both channels but ¢ was

assumed different. This assumption was based on the fact that the heat transfer



33

surfaces on both sides are similar in geometrical shape and that the Reynold's
number is a function of the variables of flow rate and temperature and the
Prandtl number is a function of temperature only. The difference in parameter
C wés based on the fact that the ratio of perimeter for heat transfer to the total
perimeter was differentin each of the channels. The first assumption might also
be incorrect. However, the error in this assumption may be compensated more
of less by the parameter ¢. Thus, to correlate the overall coefficient rather
than the individual coefficients the effect of variations in m and n should be minor.
In the fourth exchanger both geometrical construction and perimeter for heat
transfer are similar on both sides; thus, the parameters are assumed to be

- the same on both sides of the transfer medium.

If equation (2-7) and equation (2-19) are combined,

D
= ( ), * o ), @D

. m n 1 m
ck (NRe) (NPr) ck (NRe) (Npr)

L
U

where i and o are subscripts for inside channel and outside channel. The para-
meters Ci and Co’ m, and n are then approximated by non-linear least squares
fitting and the results are listed in Table (4-1). From these results, a value
of 2/3 is taken for m and 1/3 for n. The rest of the parameters are chosen so
that the equations fit the data best with the above values of m and n, and the
modified equations become

For exchangers No. 1, No, 2, No. 3

B 2/3 1/3
Nu - ¢ (NRe) N pp) (4-2)
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For exchanger No. 4

0.4 -0.14
N

N =c(N N,,) (4-3)

u Re)
The values of ¢ for each channel of each heat exchanger and the standard
deviation of the errors for each heat exchanger by using equation (4-2) and
equation (4-3) are listed in Table (4-3).

Another similar approximation is based on equation (2-12) as follows:

hD p
— =8
k (NGz)

(4-4)

The values of S and p obtained by least square fitting are listed on Table (4-2).
An average value of p is taken as 0.45 for the first three heat exchangers and
0.31 for that of the fourth. Then the values of S for each channel and each
exchanger are again chosen and listed on Table (4-4) with the standard deviations

of equation (4-5) for the first three exchangers and equation (4-6) for the fourth

exchanger. For the first three exchangers

WD 0.45
PR (4-5)

For the fourth exchanger

hD 0.31
x50 *-9

The outside channels of the first three exchangers give similar results in Tables
(4-3) and (4-4) as expected. The unexpected negative exponent in Equation (4-3)
is probably due to experimental variations. With this type exchanger Prandtl

number apparently has little effect.



35

Table 4-1

Paramecters of Equation (4-1) by Least Square Fitting

Heat Exchanger Number 1 2 3 4
Ci 0.0115 0.056 0.076 0.344
Co 0.304 0.079 0.081 0.344
m 0.641 0.743 0.709 0.391
n 0.404 0.357 0.453 -0.136
) Table 4-2

Parameters of Equation (4~4) by Least Square Fitting

Heat Exchanger Number 1 2 3 4
Si 1.239  0.975 0.738 0.370
So 2.789 1.204 0.452 0.370

P 0.399 0.409 0.534 0.310
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Table 4-3

Values of ¢ of Equation (4-2) and (4-3) and the Standard Deviation of Each Heat Exchanger

Exchanger Number 1 2 3 4
Ci 0.18 0.10 0.14 0.34
C0 0.15 0.12 0.12 0.34
Standard Deviation of (UM—UE) 9.73 11.5 6.54 46.9
Table 4-4

Values of S of Equation (4-5) and (4-6) and the Standard Deviation of Each Heat Exchanger

Exchanger Number 1 2 3 4
Si 1.40 0.80 1.10 0.37
S0 1.00 0.90 1.00 0.37

Standard Deviation of (UM-UE) 9.56 10.9 11.4 52.4
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2. Comparisons of Measured Valued with Estimated Values

The comparisons of the measured overall heat transfer coefficients
UM calculated using equation (3-1) with the estimated values UE from equation
(4-2), (4-3), (4-4), and (4-5) are illustrated in Figure (4-1) through Figure
(4-4). The standard deviation of the differences from the estimated values of

U, U_,, are given in Tables (4-3) and (4-4). The standard deviations indicate

E’
little difference in reliability between equations (4-2) and (4-5) or between
(4-3) and (4-6).
3. Accuracy

The errors that could have occurred during the experiment include the
flow rate measurements and e.m.f. measurements. A change in suction head
to a centrifugal pump will cause a change of flow rate and thus temperature.
Temperature errors arise during the measurements of e.m.f. when the system
is not at stzady state. Error may also exist in the conversion of e.m.f. to

temperature by a plot which was used for calculations. Errors in temperature

were less than 1o F compared to temperature differences within streams as

o
low as 3.1 F.

The data in Appendix B show the difference between heat transfer based
on cold side calculations and heat transfer based on hot side calculations. From
these differences, it is estimated that the maximum error of overall heat transfer
coefficients should be within 15 percent.

There are some other factors which do not affect the measurement but

do induce variation in UM or in UE . These factors are those such as possible
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changes in cross sectional area and shape when the channels are not at the
same pressure, possible air collection in channels,and poor flow distribution.
The degree of these variations is difficult to estimate.

C. Cost Estimate

This estimate of the cost of these exchangers is based on equipment
and conditions similar to those used in this investigation. Material choice is
based on economics and known availability. The prices of materials were
obtained from a current catalog (14). Labor and accessory costs were based

on assumptions.

Type 1. For the type of number 1 through number 3 exchanger

Material Cost

Outside shell C xL
op
Transfer medium COS x2rDx L
Accessory items $4.00
Labor Cost $5.00
Total Cost (C_+2rDxC_ )xL +$9.00
op 0s

Total area 9x7Dx L

where COp is price per foot of aluminum pipe of diameter D
C is price per square foot of aluminum sheet and
0s

1. is the length of exchanger,
The perimeter of inner channel is assumed to be twice the perimeter of the

outside shell and thus the inner area will be twice the shell area.
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Assume a pipe of 0.02 wall thickness and 6 inches in diametcr is used
as shell and a 0. 019 thickness aluminum sheet is used as transfer medium.

Then, if the length is 12 feet,

= 0.425 = 0.22
Cop 3 Cos 3
Total cost = §$ 22.4
2
Total area = 38 feet
2
Cost/feet = $ 0.60

Type 2. For type of number 4 exchanger

In this type of exchanger, if many exchangers are installed together,
then 1/3 of the material can be saved. Let Coc be the price per square foot
screen, N be the number of channels and L and W are the length and width of
the exchanger.

Material Cost

Aluminum sheet ) Cos XLxWx @®N +1)

Aluminum screen Coc XLxWxN

Accessory items 1.0x N
Labor Cost $5.00+0.10x N
Total Cost $5.00+1.IN+C_ XLxW+(C +C YxWx

oS 0s oc
LxN

Total transfer area LxWx (N-1)

"C of screen of mesh 16 x 18 is $ 0.07. If an exchanger is 10 feet wide,
oc

12 feet long and 10 channels are chosen, then

i

Total Cost $390.4
2

Total Area = $1,080 ft

Cost/ft2 = $0.36



Increasing transfer area or N in each exchanger will reduce the first capital
cost per unit transfer area,

If we used the same amount of material as used in type 1 for construction
of a double pipe exchange, the total area available for heat transfer is 23.5 ft2
and cost per unit area is about $ 0.95. This first capital is much more than
that of either type 1 or type 2.

D. Applicabilities of the Tested Heat Exchangers

In the first three tested heat exchangers, the heat transfer coefficients
are about 1 x (N G Z)O' 12 times those obtained from circular tubes under the
same conditions of temperature and mass velocity, and those of number 4 are
4x (NGZ)_O' 02 times better than those of double pipe. These increases in heat
transfer coefficients and the reduction of first capital cost are accompanied
by the expenses of friction loss., It is difficult to conclude the advantages of
these exchangers over double pipe heat exchangers without sufficient information
concerning the pressure drop due to friction loss to compare the gain in recovery
of heat and loss in power. But it is apparent that the use of aluminum for heat
exchanger construction in membrane-evaporation method of water desalination
could potentially reduce exchanger first capital from $ 2.00/ ft2 (1) to $ 0.60/ ftz
in the first three tested exchangers and to $ 0.36/ ft2 in the number 4 exchanger.

Since costs of pumping liquids are usually minor cost items, it seems
likely that exchangers of the type of number 4 are the most promising due to
both a low capital cost and a high heat transfer coefficient. The only disad-

vantage would be a higher pressure drop through the exchanger, and the use of

shorter elements in parallel might reduce this disadvantage.
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V. CONCLUSIONS

From the results of this study, the following conclusions are drawn.

For use in desalination by evaporation through porous membranes and
possibly other uses, the first cost of heat exchangers may be reduced and heat
transfer coeificients may be improved by using heat exchangers similar to
those used in this investigation.

Two types of heat exchangers made from aluminum sheets 0.007 inch
in thickness have been fabricated and successfully tested at essentially atmos-
pheric pressure with water. The cost of such exchangers should be considerably
less than conventional heat exchangers.

A plate type heat exchanger with flat aluminum sheets separated by
aluminum screens appears to be the most promising type of exchanger studied

with respect to both cost and heat transfer coefficient.
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VI. RECOMMENDATIONS

For desalination by evaporation through porous membranes, further
studies are needed to determine the suitability of thin aluminum alloy
sheets with respect to corrosion. The most promising alloys should
also be determined.

Studies should be made on the effect of screen character on heat transfer
coefficient in the type 4 exchanger and on geometry effects in type 1,

2, and 3 exchangers,

The possibilities of using apparatus similar to those of this investi-

gation for membrane evaporator-condensers should be tried.
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Appendix A

Water Properties

This appendix includes the computer program and results of the

approximations.



1).

2).

3).

4).

5).

Density

p = 64.81 - 0,02212t - 60.15/t,
Average = percent deviation
Standard deviation

Viscosity

L = -0.29 +216.4/t - 2194/t
Average * percent deviation
Standard deviation

Conductivity

k = 0.425 - 7.37/t + 127/t2
Average * percent deviation
Standard deviation

Specific heat

Cp = 0.979 +0,00012t + 0.811/t

Average * percent deviation
Standard deviation

Prandtl number

N = - 1.15 +624.5/t - 4658/t>

Pr
Average * percent deviation

Standard deviation
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0.17

0.15

0.44

0.01

0.39

0.002

0.09

0.001

1.70

0.07
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151

1SPFCIFTIL HEAT
?VISCOSTITY
ALOONDUCTIVITY

4 JNENSTTY
S.PRANDTL NUMARER

DAHRLE PRECISTON T(20),X(20),2P(20),00(20),PIP(20)
NOYRLE PRECTISTIN A(20,200,H(20,22),P(20)

NNYRLE PRECTISINN AAPD(DS)

NAYRLFE PRECISTIION S1,S7,NA3S,SD,NSARY,STN, STDD

READIT,100) NLMD

FARMAT(215)

PEAD(1L1022) (T{I),1=1,NN)

ND=N+1

NI 1 TA=1,5

WRATTF({2,1572) IA

FARMAT(////4*PROPFRTY ', 15)

READ(I1,1722) (P{J)yJ=14ND)

FARMAT(8N1D . 4)

APPOOY IMATION
1.P=A+RT4+LC/T
DeP=A+RT [ JTh%k?

A, P=AB/THOC/ TX*%?

DY 1 JA=1,3

WRITF(3,153) JA

FOARMAT{/ /45X, tAPPRN, ', 15)

DY 54 K=1,4,ND

N'lyK)zl

W{4,K)=P([K)

50 7O (51,52,53),JA

W{24K)1=T(K)

W(3,K)=1/T{K)

50 TN 54

W(2,K)=T(K)

W(3,K)=1/T(K)%%2,

G TN S84

W{2,K)=1/T(K)

AL3,K)=1/7T(K) %%,

CONT INUE

NN 4 LL=1,N

NN 4 MM=1,NP

ATLL MM} =0

N7 5 T=1,N

N1 5 J=1,NP

DA 5 L=1,ND
ACTJ)=ACT, )40 {J, L)W (T,L)
COANT INUF

CALL EMILY({A,NyNP,X)
W2TTE(3,18) (X{T1),1=1,3)
FORMAT(/ /45Xy YA= T, N14.5,"
W2TTE(3,151)

3I=1,N14,5,"

C=',N14.5)

ENRMAT({/ /15X, '"TEMDT (AX,"TRYE P',6X,'APP D! ,AX,?? ERR?)

S1=C
S2=0



NN A L=14ND
POLL)I=X{ 1Y +X{2)VRW{2, 1 Y+ X{R) &P (3, L)
NPLLY=P{L)-PP (1)
S1=ST1+DP{L}%NP(L)
PADLL)="P (L )%10C./P(L)
S?2=S2+NARSH{PNP(L))
ARTTELR,157) T(L).P(LY,P2{1),PNP{L)
150 FNRMAT(17X,4N12,4)
£ CTONTTINUE
STNN=S1/7(NN=-NP)
STN=0SNIT(STON)
AAPPLIAY=S2/ND
WRITF13,154) AAPD{JA),STD
154 ENRMAT(/20X, YAV F3=4,012,4,/20%,'ST DE=Y,N12,.4)
1 CANTINUE
SThP
END
SUBRNYTINE EMTLY{A,N,NP,X)
NOYRLE PRECISTION A(20,20),X(10MN)
NN=N=-1
Ny @27 T=14NN
nn a7 M=71,NN
J=M+1 .
IS{ALTI,T)Y JEQ. L) GO T 920
R=ACT,TI/A(T, )
nn a28 | =1,NP
ALYt Y=A{d L)Y -A{T,L)*%*R
A28 TANTINUE
Q27 CONTINUE
J=N-1
NJ 940 I=1,4
M=N-T
L=NP-1
S'IM=n
N a5%5 K={,N
X (NI=A{NJNPY/AINLN)
55 SUM=SUIMEX{K)xA(M,X)
9470 X{M)I={A[M,NP)=SUM}/A(M,M)
RETURN
“ND
/DATA

IIPUT: N TUMBE OF CON3TANT
UD WUMBER OF DATA
P(I) TEMPEZATURIS
P(J) JAT3 PROPR-TIES
OUTPUT: <(I) COITAIT3;1,B,C
ITD STAIDA D DAVIATION



Appendix B

Data and Results

Data taken throughout the investigation and the calculated overall
heat transfer coefficients are listed in Table 1 through Table 4. A computer
program used to convert e.m.f. and to calculate overall heat transfer co-

efficients is also included,
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11

gnn

[
N

171

CNPHAQDE LING . T,

VIMENSTIN FHROIAD) ,FLOLTAN ), FH4I1AD) IS L1AN) ,FMF(5)

NTMENSIIN TREIC), T(IN), THA(I O ), TEALLDD) yNSH(1NP)

FTMENSTIIN NSOLICT ), VHIL™Y ), vr {10

VTMENMSTION CPHELICNY, 000 (100 ), U( 100)

REAN(1,1R1) NOFX

FOAPMAT(]5)

W21TE(2,231) NOEY

CADMAT (1 H], ' ¥4k HEAT EXTUANGER NI, 0, 15)

PEAN(1,11) NDGAT,ACH,LACT, 04,00 4L

FNPMAT(117,6F10.5)

W2ITE(3,509)

FARMAT (/7 /3X, 'RT FH T THN FC Ty
TCD W1, //7)

NI 1707 K=1,NN

READ(1512) FHR(K),FLA(K),(TR(T),1=1,5)

EIRMAT(TEYY,5)

Ny 1771 y=2,5

TOR=", 794 (TR (1)1=-27,)%0,04

FUE(J)=TPR+TR(J)

IF{FMF({J)-1.10) 121,101,107

T(J)=FME(JI%3Nn, /1,10

SNTA 1011 ;

TF(EME(1)=2.4T7) 111,111,112

TUJI=22,+(FMF(J)-1,19)%30,/1.,714

7T 1711

TOI)=ACL 4 LEMF(J)=-2,47)%30,/1.34

30 TN 1911

FONTTNYE

TUII =TIV =2, %(T(J)=TR(1)) /(107 .=T2 (1))

COANT TNUF

A1=1.00?

A2=1.064FE-4

A3=3,707F=5%

SH{KY=FHR (K )R (AT1=-AD&T( 2)=AK(T(3) %42 ) ) %50, /653 ,6

CA(K)=FLO{K )R (AL-A2XT(5)=A3X(T(5)%k2,) ) &60, /453, 6

TRANSFE2 € DEG TO F DFG

14N

N7 14™ J=2,5
TUJ)=32.+T(J)*1,8
CANTINUFE
THA(C)=(T{2¥Y+T(3))1%" 5
TEA(K)=(T{&)+T(S) )% ,5

THE DEPENDFENCF NF JATFR PRIADERTIFS AN TEMDPEQATIIRE
NS{71=54,81-1,022115%7-61,146/7
TR(7)V=LOTTRR40,0C011092%740,92112/7
7=THA(K)
ISH{W)=7S({7)
COMI{K)=CP(7)
VHIK)=FHIK)Y 7 {DSHIC)YXACH)
NTH=T{2)-T(3)

7=TCA(K)

NSC{K)=NS(7)
CPC(KY=CP (7)Y
NYC=T(5)-T(4)



q’\
1207

/JDATA

54

VOIKY=FC(K)Y/ZIDSCIC)®ACE)
ATUYH=FH{K ) CPH(K)&NTH
RTUC=FC(K)RCPC(KIXDTC
NRTLH=RTJH-ATUC

NT1=T{?2)-T(5)

NT?2=T(3)-T(4)
DTLM=(NTI=-DT2)/ALIGINTI/NT2)
JUK)I=RTPH/ATEDTL M)
WRAITF(3,57) TRI1IZFHIK),TI2),T(3),F(XKY,T{(4),T(5),J(K)
FAPMAT{RFSR,1)

CONTINUFE

STNP

END

ITPUT: NOXY JUMB42 OF HiAT SXCHANGER
ND NUMBE: OF DATA
AT ARZA FOR HIAT TRANZFER
ATH,DH CR033 33CT. AZGA AYD 33. DIAMSTE OF INJER
CHATNRL 3)FT,PT
ACC,DC 27038 3.4CT. AIA AYD BEQ. DIAMITIR OF OUT-
SID® CHALIZDL 3QPT,RT
L LINGHT OF CJAJHIL PT
TIR(L), P0R 40T FLOY RATS AND COLD FLO ! RATZ ML/HId
(1) R00H TAHMPEATURD OC
m3(2),T2(5) S.MJP. INLRT AUD OXIT INWER CHANUAL mv
(1), 75) B.M.P. LILIT AND 4XIT OUTSIOE CHATNIL

OUTPUT: "-=(4),RC(K) PLOY RAT?S LB/HR
T(X) TE¥PERATURLES OF 5
U({) OVI?ALL HEAT TRAISFER COZFF. BTU/HR.OF.PFT
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Table 2
Heat Exchanger II
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Table 3

Heat Exchanger III
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Appendix C

Computer Program for Least Squares Titting

A computer program of non-linear method for least squares fitting

in correlating heat transfer coefficients is listad in this appendix.
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TRR=",79+{(TR(1}-20,1%0,04
FMELJ)Y=TRR+TR(J)
TE(FEMF{I)-1,19) 171,101,102
T{J)=EME(J)}%*3C,./1.19
5N TN 1711
IF{FMFE(J)-2.67) 111,111,112
TUJY=3N +{FMF(J)=-1.,10)%3n /1,28
RO TN 1711
TIJ)=A0.+(E¥F(J)-2,4T7)%30./1.34
5N TN 1011
COANT INUE
T(JY=T(d)-2.%(T{JI=-TROIVI/ (10D =-TR(1))
CONTINUE

Al=1,002

A2=1,04F-4
A3=3,72Q7F =6
FO(KY=FCR(K )R (ALI=-ADXT(S)-AR(T{S5) %D, ) ) *A", /453,64
EH(KY=FHR{K)IX (A1 -A2XT(3)=A3X(T(3)%%2,) ) %K7,/453,6
ANSFFR C DNEG TN F NEG
NN 14" J=2,5
TUJY=32.4T(J)%1,.8
COMYTINUE
TYUA(KY=(T{DI+T(3) %" .5
TEA(KY=(T(4)4+T(S))*".5
DT(K)=THA(K)-TCA(KX)
THWIK)=(THA(K)FTCA(K) %", 5

THE DNEDENDENCF 0NF WATFP PRAPFRTIES ON TEMDPERATURF
NS(7)1=6h6.81-0.022115%7-60, 14677
CK(7)=O.42529-7.3714/7+127.33/?**7
FP(7)=C0TTRR40N,CPO110%T74+0,R112/7
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VSIZ)=(=-0.28TTAI421A,29/7-2103 ,0/7 %%D
7=THAIK)

NSHIK)I=NS(7)

CKHIK)=CK(Z)

VSH{K)=yS(7)

CPH{K)I=CP(Z7)
VHIKI=FH{K)/(DSH{C)*ACH)
NTH=T{2)-T(3)

7=TCA(K)

NSCIKI=NS(7)

CKC(K)=CKI(?7)

VSCIK)=vS(7)

CoC(K)=CP(7)

DTC=T{5)~-T(4)
VCKY=FOAKY/(DSCICYXALT)
BRTUH=FHIK)IXCPH(KI*DNTH
BTUC=FL{K)%CPC(K)EDTC
N3TU="RTYH-BTYC

NTI=TI(2)Y-T(5)

NT2=T{3)~-T{4)
ATILM=IDTI-DT2)/ALNGINTI/NT )
UK YI=RTYH/ (AT XDTLM)

WPTTE(2, 6020 FHIK) 3FEIKY JVHIK) JVELKY o (TCT) 122,50 ,0TLM
Ty RTUH,RTUCDRTY,U(K)

572 FORMAT[13F8,1)
PROMHAIK)=CPHIK)*VSH(K)/CKH({K)
PRE(Y)I=CPOIKYXYSCIK)/CKC(K)
REH(K)=DHEVH{K)RNSH({K) /VSH(K)
REC(K)=NCRVOC(KIXDSCIKY/VSC(K)
GIH(K)=CH{K)XCPHIK )/ {CKHIK)=HL)
G7r{X)I=FC(KYRCPL(XK)/(CKC{K)*HL)

1737 CONTINUE
B(1)=2,0
R(2)=2,
ar321=0,30
N=13
NP=N#+1
Jn=1
nn s JJ=1,20
na 16cs 1=1,20
NN 127 M=1,N
NN 120 J=1,NP

120 AUM,4Y=0,

N 1111 L=1,ND
7=TW{L)

VSW=VS(7)

WH= (VSH{L)/VSW)I*Xx7 .14
WC=(VSCIL)/VSHW)X&2,14
RH=PFH(L )

RC=REC(L)

PH=PRHI(I )

Pr=0RC(L)
HHC (L) =DC/Z(CKO L Y *WOXGTO (L ) X%R (3)%R(2))

HHH (L ) =NDH/(CKHOL VEWHXGZHIL ) = %R (3)%A(1) )
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HY (L ) =HHHL ) +HHC (L)

IFI4D JEN., 30)Y 60D TN 1111
Wlle1Y==HHH{LY/8(1)

W1y 2 ==HHT (L Y/ R(D)
W(l,3)=—(HHH(L)*ALOG(G7H(L!)+HHC(L)*ALO§(G7C(L)))
WlTe4)=1/70001)=-HHIL)

DT 1171 J=14N

NN 1171 K=1,NP

Ao K¥I=W{1,J)%W{T1,K}Y+A(J,K)

CONTINUF

TF{JD LEN. 37) GO TO 1004

WQYTFf";v‘&gD} (q(KK’vxK‘—'-'IyN,
FORMAT(SX, '8 (JJ)= ',3F1N, 4)

CALL EMILY([A,N,NP, X)

NN 1102 K=1,N

NR=X{K)

TF(K=2Y 26,264,227

TE(ARS(DR)-N,05) 11722,1102,1005
IFLARSI{DRY-C,.C1) 1172,1102,1006
CAONTINUE

NN RY K=1,N

RIKM =R (KO)+X (KN)

G0 TO 1204

COINTINUE

N 1275 J=14N

30J)=n{J)+X(J)/?

WRTTF(2,131) (X{T),1=1,N)

FARMAT (//4,% FATIL T0O CONVERAGF Ty /4 DELT R =7,8F]11,5)
50 TN 3300

CONTINUE

D3 1007 L=14ND

DYT(L) =DV (L YXRHHH (L) /7HHIL)
TWWILY=THALL)-DTT(L)
NDTWIL)I=TW{L)-TWWIL)

TWIL)=TWW{L)

IF{JD JER. 32) GO TO 61

N1 89 { =1,ND

DWT=NTHW{L)

TF{ABSIDWT)~-5,0) 59,590,608

CANTINUE

JnN=30

CONTINUE

WRTITF(3,132)

FOARMAT(/ /' FATL TO CONVERGF DUE TO DTWY)
COMTINUE

WRATTF{3,133) (BLT),1=1,N), (X(K),K=1,N)
FARMAT(/ /77 45Xy 'R =2,3F 10,5, /4%, "NR=1 ,3F1N,5)
WRITF(3,134)

134 FORMAT(/////,6%Xs'U 41 HN DU

2 DTHW REH REC T Y, /7))

SPAE=D,
SPE=N,

nn 21 L=1,ND
HI=1/HHH(L)
HN=1/HHC (L)
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D=L )=-1/HH{L)
PE=NYXI2" /UL
SPAF=SPAF+ARS(PFE)
SPE=SPE+PE
TH=HI&DH/CKH{L)
TO=HDENC/CKC L)
WRTTE(3,135) UML) ¢HIGHD DU NTWIL Y $REMILY ZRPEC(L) yPE,GT7H
O(L)G7CIL)s7H,7C
135 FORMAT{AFID,?,4F10,.1)
21 CONTINUE
APAE=SPAE/ND
APE=SPE/ND
WRTITS (3, 33) APE,APAF
33 FOARMAT(//S5X 4 YAV % FRRY',FIN,2,/5%X, AV ARS % FRY ,FA,2)
3IVCT CONTINUE
STNP
END
SURRIAUTIME FMILY(AZNyND, X)
DIMENSION A(1C,12},X{10)
NA =M -1
na o?n I=1,NN
na a2 M=1,NN
J=M+1
R=A(),1)/7A(1,1)
nn G285 L=1,NP
A(J,l.):A(J’L’—A(IQL)*p
975 CONTINUE
Q20 CONTIMUE
J=N-1
NN 947 T=1,4
M=N-T1
L=NP-1T
SUM="7
nn o585 K={ 4N
X (NY=A(N,NP)/A(N,N)
058 SUM=SUM+X (K} XA (M,K)
940 X (M)=(A{M,NP)-SUM)/A(M,M)
RETURN
END
/DATA
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