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SUrn ALY

The performance characteristics of a heat
exchanger using finned two-phase thermosyphon tubes were
studied both analytically and experimentally.

An analytical model was used to determine
the effects of parameters such as number of fins, Reynolds
number of the flows, the ratio of hot to cold lengths,
the ratio of hot to cold Reynolds numbers, change in
Prandtl number of stream fluids and number of transfer
units of the exchanger. The values obtained from the
analytical studies were found to be comparable with
similar studies performed previously. The analytical
study introduced a model to approximate heat transfer
from a finned surface and it was found to be comparable
with the correlation cited in literature.

Experiments were performed to verify the
analytical findings.. The parameters varied were the
ratio of hot to cold Reynolds numbers, and the number
of fins, Although the basic trends exhibited were quite
similar, the quantitative correlation between experiment
and analysis was poor. The experimental results compared

poorly with those cited in literature.
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CHAPTER 1

Introduction

Heat exchangers are devices which transfer
heat energy from one medium to another and can be
an integral part of most conventional energy conversion
systems. Improvements in heat exchanger design there-
fore mean an increase in the effectiveness of the whole
energy conversion process.

Energy in the form of heat is wasted when
the source heat energy is deemed as low grade and there-
fore inefficient to transfer, or when the source heat
energy is inaccessible for physical reasons using con-
ventional heat exchange approaches. A heat exchanger
using two phase closed thermosyphons or heat pipes can
efficiently be used to transfer heat between fluid
streams having a low difference in temperature, such
as with low grade heat. Also due to their particular
performance characteristics, the thermosyphcn heat
exchanger can be used where other more conventional
heat exchangers become inappropriate.

They can be applied in situations where the

hot and cold flows cannot risk cross contamination(i.e.



heat transfer between sodium and water), or in situat-
ions where the self pumping mechanism becomes vitally
important ( i,e, applications in satellites). They are
also useful in situations where hot side wall tempera-
ture is important for condensation reasons ( i.e.
condensation of acids in steam generators). For the
same temperature difference between the flows, the
outside metal temperature is higher than in conventioral
heat exchangers and therefore hot side gases could be
exhausted at somewhat lower temperatures without conden=-
sation. Thermosyphon heat exchangers are very reliable
because they have no moving parts and since every element
is separate the exchanger acts like many conventional
cnes in parallel, The disadvantages of this type of a
system are that they would be somewnat more expensive
than a rotating regenerative or tubular air preheater,
each element must be treated as a pressure part, and
since the cold side outer metal temperature is somewhat
cooler than conventional exchangers icing could become
a problem more readily (i.e. air heater application in
steam generators.)

There is quite a need to optimize their
performance and study their characteristics closely so

as to use thermosyphon heat exchangers teneficially



where they are applicable,

The two phase closed thermosyphon or heat
pipe is a sealed enclosure containing a working fluid,
Its functioning is actuated by a temperature difference
across the device. On the hot side or evaporator the
working fluid will absorb heat from the hot stream and
vapourize eausing it to travel to the cold side or
condenser section. In the condenser section the work-
ing fluid condenses, thus releasing its latent heat to
the cold stream. The working fluid will then return to
the evaporator section., The mechanism by which it does
so determines whether it is to be classified as a heat
pipe or a thermosyphon, In the two phase closed thermo-
syphon the action of an external force (i.e. gravity or
centrifugal force) will return the condensate to the
evaporator, The heat pipe returns its working fluid by
capillary action and therefore contains an internal
wick,

There are three general topics pertaining to
this subject under which published works may be categ-
orized,

A) Review articles

B) Performance studies of heat pipe or

thermosyphon elements,



C) Performance studies of heat exchangers
using thermosyphons or heat pipes.

A) Review articles.

A

A study of the review articles will be made
first and then several important, omitted, or recent
articles will be examined more closely.

The first extensive review of thermosyphon

technology available prior to 1973 was done by D.Japiske (1).

In this review all types of thermosyphons are discussed,
typically the open thermosyphon, the closed single phase
thermosyphon, the closed loop thermosyphon and the two
phase closed thermosyphon. He delves extensively into
hydrodynamic aspects of the thermosyphon and then gives
a review of performance aspects of such a system. Special
attention is given to filling volume studies. There is
then a discussion ef applications such as the coeling of
cryogenic equipment and thermopiles.

A more general review was done in 1975 by
Finlay (2). He gives selection criteria for a working
fluid and states that i¥s operating vapour pressure
should be between 0,1 and 10 bar. He discusses regulation
schemes by the introduction of a non-condensible gas
into the condenser from a reservoir on the end. This

gas will interfere with the condensing of the working



fluid and thus enable control of the heat transfer process.
There is then a discussion of applications to the fields
of electronics, engines, production processes, and rot-
ating systems (i.e. cooling of turbine blades).

Similar reviews were done in 1978 by Pragar
and Sun (3) and Joy (4). Reay (5) included cost
effectiveness studies in his review in 1979.

B. Performance studies of heat pipe or thermosyphon

elements.

Performance studies of bare two phase closed
thermosyphons were presented in 1972 by Lee and Mital (6).
This experimental study was carried out to determine the
effect of the amount of working fluid, the operating
pressure, the heat flux, Lf, Re® and the type of work-
ing fluid. They concluded that there is a maximum heat
flow rate through the thermosyphon, which is imposed
by limited flow rates through the system.

In 1976 Bezrodnyi and Beloivan (7) studied
maximum heat fluxes experimentally by varying their
geometric, physical and regime parameters. These limit-
ations are the dry out limit which occurs when there is
only a small amount of working fluid in the pipe, the
burn out limit where high liquid fill and high radial

heat flux into the evaporator causes the onset of film



beiling, and the liquid-vapour interaction, entrainment,
or flooding limit which is caused by interference between
the rising vapour and the returning condensate.

Groll et al. (&) in 1979 also studied
performance limitations of both thermosyphons and heat
pipes. Working fluids and structural materials were
tested for compatability and load cycling tests on
several heat pipes and thermosyphons were performed.

Also in 1979 a similar study was conducted
by Imura et al. (9) on the effects of working fluid,
length, heat flux, operating pressure, ratio of heated
to cooled length and fill quantity which is essentially
the same as Lee and Mital's work (6). They found an
optimum quantity to be between 10 and 20% of entire
volume. A correlating formula for heat transfer on both
the evaporator and condenser sides was found. They
noticed that the film coefficient on the evaporator
side has a tendency to become smaller for a large fill
volume and large L+ ratio and if the fill volume is
over 25% there is a high degree of liquid-vapour inter-
action,

In 1981 Clements and Lee (10) examined the
effects of a diameter change, while keeping the ratio

of height to diameter constant. It was noted that the



overall coefficient of heat transfer will decrease with
increasing diameter.

Also, in 1981 Shiraishi et al. (1l1l) studied
both experimentally and analytically the effect of the
amount of working fluid, the operating temperature, tne
heat flux and the type of working fluid. It is interest-
ing to note that for the purpose of transmission through
the system, the evaporator side was divided into two
sections, one with the film and the other with the pool.

C. Poerformance studies of heat exchancers using thermo-

syphons or heat pipes.

A two-phase thermosyphon or heat pipe
exchanger study was published by Feldman and Lu {(12) in
1977. As with most studies of this nature, the concencer
and evaporator resistances were taken as constant instead
of functions of temperature. In their work they used a
grooved condensSer which has the advantage of entraining
the condensate in the grooves and thus reducing the
resistance across the film. They conclude that heat
exchanger performance can be optimized by using a
maximum heat exchanger lerngth, staggered finned tubes,
tubes of largest possible diameter, reasonatly small
fin height, maximum fins per inch and fin thickness

that pressure drop will tolerate,



In 1978, Lee and Bedrossian (13) studied
experimentally and analytically heat exchangers using
bare thermosyphons or heat pipes. They studied the
effects of varying the L* ratio, the Re™ ratio and
the effects of changing the Prandtl nunber of tae
sStreamns.

Prager and Sun (3) in 1978 studied the
use of a finned tube heat exchanger where the internal
resistances were again taken as constant. This study uses
the NTU method and gives particular attention to hot and
cold side fouling.

Sun and Prager (14) also in 1978 publisned
a paper geared towards manufacture, and marxeting of
heat pipe exchangers. It discusses applications
to coumercial laundry, food processing, plasticizer
curing oven, comfort heating, power generation, refriz-
eration, energy storage and coal gasification.

The objectives of the present rescarch
were as follows:

1) To create a model and a computer program which
could simulate and predict the performance of finned
two-phase thermosyphon heat exchangers.with maximum
Tlexibility, without assuming that the internal

resistances were constant,



2) To analytically examine the effects of such
parameters as the number of fins, the EReynolds
numbers of the two flows, the ratio L+, the
ratio Re*, the change in Prandtl number of the
stream fluids and the NTU of the heat eixchanger.

3) To set up an experimental test section which would
show the effects of the ratio Re* and the
nunmber of fins on the performance of the neat
exchanger.

4) To compare analytical and experimental results.
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CHAPTER 2

ANALYSIS

In this chapter the method for the solution
of this problem is given both analytically and numer-
ically.

2.1 Analytical Model

In the analysis of the system a conductance
model was used to estimate the heat transfer in two-
phase closed thermosyphons. In this approach for each
process involved in the transmission of heat there will
be a coefficient of heat transfer calculated. From
these individual coefficients an overall coefficient of
heat transfer can be predicted.

For the finned tubes being studied the total
thermal resistance between the temperature of the hot
flow and the temperature of the cold flow can be given
by

R:=R,R,e R+ R, (2.1)

In our model it is assumed that no heat is
axially conducted. This is a reasonable assumption
because the cross section of the tube is very small in

relation to the surface area of the tube,
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The heat transferred across one tube is

Q- ['E(Th-‘fc)} (2.2)

p

defined as

This q, changes from row to row due to
changes in the properties of the hot and cold streams.
Therefore the heat transfer for the entire system can

be defined as

Qe’z Q‘. = A¢°U¢,(AT)M (203)
P
or Qt"Z Qe - At;_uéi(AT)m (2.4)

Pil
Fig-2-1
o 7 [/ YA / /7

T l:-m. ]
L v (|3

Tq‘

[:::: [ Tk ‘::::]

77 7 7 7 7

EANTANL AN AN

R R, Rs Rer

Twc

The resistances R, and R., represent the

external resistance on hot and cold sides respectively,
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E;is the resistance from evaporation and R;is the
resistance due to the condensation. The Resistance
Rails the resistance which occurs when the flow inside
the thermosyphon reaches its choking condition at a
Mach value close to one. The sonic velocity is
Ven= [KGRT (2.5)

which at a temperature of lSOOF and a K value of
1.33, is. around 1500 ft/sec.

The actual velocity attained for a part-
icular case is obtained from

Q =mhgg (2.6)

and Vem/pA (2.7)
It is usually in the range of 10 ft/sec., therefore,
since the actual velocity is less than 1% of the
sonic velocity, Rsneed not be considered,
The thermal resistances R. and R. are the
resistances for the outside of a finned tube including

cenduction through the walls,
R/:.’ '/h/zAh;_ (2.8)
and R er=1/herAs; (2.6)

where h,, and hg; are the film coefficients of the

outside based on the inside,
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The film coefficients h,, and hy; are based
on a weighted average between the fin and the base

portions which are derived as follows. The efficiency

of the finned tube is defined as: (Appendix A)
n - 2 { I (uy) - B K. (ug) (2.10)
ubf l-(ue/ub)"} 10<uh)_ﬂ: Ko(ub)
where A3 =1 e/ Ki(Ug (2.,11)
Up = (rp -R)J2h/kw
_E/"o - 1) (2.12)
and Ue= Up(r/n) (2,13)

An approximate value of hg was found by
considering the annular fin to be a flat plate. The
equivalent length of the fin was found by letting the area
of half the fin be equal to the area of the flat
plate. The widths of the fin and the flat plate were
then considered to be equal

Ar= Aee (2.14)

rr/+(:l,,-d:) = (de-dJ)g, (2.15)
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therefore Qe= W(do-da) (2.16)
8(do-d,
Fig.z.z. —
1
- | 3

Then to find the value of h: one can use
the equation for turtulent boundary layer flow across
a flat plate, because the fluid stream approaching
the element is so disturbed that the turbulent bound-
ary developed from the beginning of the section, The
equation is defined in terms of the Stanton, Prandtl,
and Reynolds numbers(l5).

At any point the Stanton number is
SexP'—u’ = 0.0288 Re;aa (2.17)

To find the average Stanton number,
integrate over the length of the plate and then
divide by the length of the plate

8t . 00288 [“Re, “*olx
.ee P" /3

(2.18)
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-2

St- he - 0.036 (_,o_\LZa) Pr (2.19)
PCp V M

«0-2
hy= 0.036 pC % . 2
f F PV(—P—JP2‘> P (2.20)

To account for variation from row to row,
one must multiply by an appropriate C:(16) value.

The film coefficient for the base may be
calculated by using the equation for forced convection

from a bare tube which is defined in Hilperts equation(l15)

Nu = hydy/R = B-Cz-Re™-Pr'# (2.21)
where B and m are coefficients which depend upon the
arrangement, be it inline or staggered. They also
depend upon the longitudinal and transverse spacing
within that particular arrangement. They are known
as Grimisons values and are based on data gathered
by Huge, and by Pierson {16) ( Apvendix I ,

C: is a coefficient used to correct the
film coefficient for the row number. This film co-
efficient increases for the later rows because of
the increased turbulence of the air flow ( Aiprerncdix [ )

The outside film coefficient is a weighted
average of the film coefficients of the fin and the

base., It is defined as

he= 7 Ashe+ Aphe (2.,22)
Ap * Ay
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Using different sizes of fins it is easier
to use a film coefficient of the outside, based on the
inside.

Roc® (—E——A‘ 2 Ae) ho (2.23)
A

The film coefficient obtained in this manner
was compared with those of Legkiy, Pavlenko, Makorov and
Zheludov(l7), and Elmahdy and Biggs(18). (See Appendix C)
The results showed that numbers obtained from the flat
plate approximation were adequate, therefore the rest
of the analysis was carried out using this approximation
solely.

The resistance R; is found from the
equation Ry= 1/hy Ay (2.24)
where h,; is determined from Rohsenows equation(l9)
for natural convection boiling.

The wall temperature in the bottom of the
thermosyphon is at a temperature above the saturation
temperature of the liquid at the pressure Ps and
therefore boiling occurs, The heat transferred across
the surface of the water depends on the difference in
temperature between the surface of the wall and the
saturation temperature., One assumption made regarding

the boiling heat transfer is that the optimum volume of
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working fluid is in the thermosyphon and therefore a
pool of working fluid does not exist in the bottom of
the evaporator. With the optimum filling the boiling will
be of the nucleate form because the temperature diff-
erence across the film is relatively small.

Rohsenows relation for natural convection

nucleate boiling which was developed from empirical data

is

1/0.33

[C%AT = P _— j‘
\) st - Pr
9 (2.25)

The resistance Rs is found from the equation

Rs= 1/ hsAc; (2.26)

where hs is determined from Martinellis expression (20)

for film condensation heat transfer.

Nu= Beds - 13 [1/4 v +3/4Y‘-Y‘%Y]

(2.27)

where - (2,28)
Y=/

and (2.29)

/3= Y‘.ZnY(,_e?z‘_f --L-) +%‘ +Yt(_‘é|g-%) + |
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8= 2k (T - T
3 (> -%) hyr?

’ (2.30)

Martinellis expression is based on the
assumptions of a uniform heat flux, the physical
properties are independent of temperature, flow is
incompressible and completely laminar.

Another resistance term is sometimes
included in the resistance model caused by vapour
pressure drop. This was excluded from the present

analysis because the pressure drop is negligible.
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2.2 Numerical Solution

All calculations were done using an
IBM 360/365 and IBM 370 computers in conjunction
with 'Fortran 1V level G! and 'Watfiv! compilers.

Some work was also done using 'York APL'.

The conduction model for a finned thermo-
syphon tube is given in the subroutine called 'FONDUC'.
The sequence will be described here in step form.

i) The value of Twk is estimated and since R

is known, a value of Q can be found from the equation

Q= Tn -Twh (2.31)
Rz

The value of Q remains constant for a given thermo-

syphon,

ii) Evaluating R, poses a problem because R, is

a function of Ts (as well as other temperature depend-
ent properties) not been quantified. Therefore Ty
must be estimated and then Rz can be found. The heat

flux is then found from the equation

2.32
Qe Toni- T (2.32)
Rs

T; must be re-estmiated until Q; is egual to Q.
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iii) Evaluating Ry is also a problem because Rs is
a function of T, (among other variables) which has
not yet been defined. Therefore Ti.e: must be est-
imated and then Ry may be found. The heat flux is

then found from the equation

QJ'—T T _T R (2.33)
_aﬁzfuu
T... Must be re-estimated until Qs is equal to Q.
iv) The value of (T.)., may then be calculated.
(T)eate = Twerm @ Rey (2.34)
If the value of (Tc¢loy/e is not equal to Te
within *107° to 107 then the process is

repeated, starting from re-estimating T ws:

The heat transfer in a parallel flow heat

exchanger is simulated in the subroutine 'PARLEL',

I 2 ( n-| n
L Y -
— 1) T;:Q) Teln) Te)
|
— T | T2 Tn) | | Tne)
: :

Fis.2.3
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Consider the preceding diagram in which
there are two air flows travelling through the system
in the same direction. The rows are numbered so that
a specific row will be referred to as the j* row,
There are a total of n rows.,

The values are known at the inlet (T,(1)
3 To (1) ) , SO that the values leaving a part-

icular row may be determined from the equation

Q-mCpaT (2,35)

The heat transfer in a counterflow exchanger

is modeled in subroutine !'CONFLO?',

n £ 1
ol | T ) )L
1 J
0| | T \ FOIEEE
— { _ 1
Fi3A2.4 | 2 n-i n

The nomenclature used in this problem has
been changed because the flows are now opposed., The
rows on the cold side are referred to by 'KAY', whereas

on the hot side 'J!'! is used.

The value of T, (n+l) is estimated, then
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the temperatures along the exchanger are calculated,
If the value of T.(1) is not equal to the
prescribed one, the value of Tc(N+1) will have
to be re-estimated, and then the process will repeat.
The flow charts for the program are given

in fAppendix D, the actual program used is given in
Aprendix E, the nomenclature for the program is given
in Appendix F and input cards required for the prog-

ram are given in Appendix G.



CHAPTER 3

EXPERTIENTAL FACILITIZS & PROCZDURLS

The test section and thermosyphons were
designed and manufactured at the workshop of the depart-
ment of iechaniczal Zngineering at the University of
Ottawa. The rest of the test facility was the same as
that of Bedrossian (21) except for the rotary switci,
potentiometer and ice point which were replaced with a
multi-channel digital thermocouple reader with an elec-
tronic ice point. The equipment was set up and cali-
brated, then debuzged and run while processing the
results simultaneously. The apparatus, setup, calitration
and experimental procedure will be discussed in this

section,

3.1 Apparatus

A schematic diagram of the experimental
apparatus is given in Figure 3.1. Air is incuced
through toth the hot and cold side by fans located
at the outlets,

The air flow measurements are made using

calibrated orifice plates located at the inlets of toth
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the hot and the cold sides. The method of calibration
is given in Appendix H. The air on the hot side was
heated by a resistance type heater.

The bulk inlet and outlet temperatures on
each side of the heat exchanger were taken using the
average of five thermocouple readings. To ensure
complete mixing, baffles were located upstream of each
of the thermocouple locations. The thermocouples were
of the copper-constantan type and were attached to a
multi-channel digital thermocouple reader with a
built-in ice point. To ensure validity of the read-
ings the device was calibrated as described in Appendix
H.

Air pressure differences were measured
across both the hot and cold sides of the test section.,

The test section shown in Figure 3.2 and
Figure 3.3 contains a total of thirteen thermosyphons
in a staggered arrangement (Three rows of three and
two rows of two as shown in Figure 3.4).

The thermosyphons are shown in Figures
3.5 to 3.8. Although only thirteen were used, extras
were made so that testing would not be delayed because
of the .defective thermosyphons,

The thermosyphons were machined from
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SAE brass cylindrical cast rods (Figure 3,9), although
cammercial ones are &vailable similae to those shown in
Figures 3,10 and 3,11, Once the machining was completed
one end was closed with a plug and a silver solder weld.
The other end was closed except for a tube which extended

from the plug as shown in Figure 3,12

Fig. 3.12

Through this side the thermosyphon was
evacuated to about 1 x 10 torr by means of a vacuum
pump, Distilled water was then put into the tube and
the tube was immediately sealed., They were sealed
by heated tongs being applied at the extending tube,
into which a silver solder strip had been previously
inserted. The functioning of individual tubkes Wwas verified
by testing the heat transfer characteristics of the
thermosyphon, If they were not satisfactory the tube
was dismantled and the process was repeated. The
surfaces of the tubes were then sandblasted to remove

oxides and other contaminants which were formed during
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the machining, welding and filling procedures. Sand-
blasting would increase the film coefficient higher
than that analytically calculated.

The test section was made from super
asbestos sheets and is depicted in Figures 3.2, 3.3.,
and 3.4. To accomodate the finned tubes the divider
was made of severdl pieces which fitted in around the
the tubes. The joints were sealed with silicon sealer
which had to be freshly applied every time the test

section was dismantled.

3.2 Experimental Procedures

The purpose of obtaining experimental data
was to help substantiate the analytical results., The
experiments can be placed into two categories.

The first category of experiments consisted
of varying the Reynolds number ratio (Re*) of the two
flows keepinz the number of fins constant at sixteen
per side. For each value of Re*, five Reynolds numbers
were used. The ratio Re™ was then changed and the
process was repeated. The Re™ values evaluated in
this manner were 0.5, 0.75, 1.0, 1.33 and 2,0,

In the second category. of experiments the
ratio Re™ was kept constant at a nominal value of one

and once again the five different Reynolds numbers were
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used. The chief variable in these experiments was the

number of fins which was varied from 16, 12, 8, L4, and

2 fins per side.

The experimental procedure used was as follows:

1) The fans would be turned on first and then the heater
would be started. The fans had to be operating prior to
starting the heater to avoid heater burnout.

2) The doors to the laboratory would be opened so that
the added circulation would avoid a change in the inlet
temperature. This also avoided a transient condition from
occuring during the course of the experiment.

3) The flows would be temporarily adjusted and the heater
would be set to a specified point.

4) The system would be allowed to reach a steady state
condition. This would take 30 minutes for the first
reading and 20 minutes for each additional reading.

5) Final adjustments would be made to the flow rates
by dampering the fans.,

6) The pressure readings would then be taken from the
multimanometer. A total of ten pressure readings were
taken. Two pressures would be read at the inlet and
the outlet of both the cold section and the hot section.
The other two pressures were measured just downstream

of the orifice plates and were used to calculate the



flow rates through the hot and cold sections,

7) 4 total of twenty thermocouples were read. Five
were at the inlet and outlet of btoth the hot and cold
ducts. They were arranged to give an entrance and
exlt temperature for both ducts.

8) The atmospheric pressure was read from a manometer
located in laboratory BR07 of Colonel By Hall.

The raw experimental data is given in

Appendix I . A specification of the experimental

equipment is presented in AppendixJ . The experi-

mental data was processed using a fertran progranm

given in AppendixK .
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CHAPTER 4

RESULTS AND DISCUSSION

L.l Eesults from Analysis

In the analysis the type of heat exchan:ger
considered was a ten row, air to air, parallel flow
type with a staggered arrangemert of finned tutes as
defined in Appendix L.

lhere were three nzin studies done to in-
vestigate the operating cnaracteristics of this finned
two-phase thermosyphon heat exchanger.

The first is a study of the effect of
changing the number of fins for various reynolds numbers.
The total heat transier is given at various Reynolds
numbers as a function of the number of fins (Figure 4.,1).
The overall coefficient of heat transfer based on the
inside area is presented in a similar fashion in Fig-
ure 4.2. The overall coefficient of heat transfer and
total heat transfer both increase with increasing num-
bers of fins and increased Reynolds numbers, The over-
21l coefficient of heat transfer will increase because
it is based on an inside zarea which is constant even

though additional surface has been added to the outside.
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The overall coefficient of heat transfer will inc.e=sc
itn increasin_ keynolde nunber tecause the gre_ter
velocity of the stream fluid will lower tlhe outer resist-
ance as seen from hRilperts e uation. at lower leyrolas
nunbers the overall coefficient of heat transfer becomes
almost constant for any aumber of fins, This infers tnat

at lower neynolds numbers the outside film coeifiicient

By

is very in=ignificant to the overall he3t transfsr con=

ficient and thus tne inside resistarnces hsve a stronger
influence at lower Lkeynolds number, The magnitudes and
trends are comparable to those of Lee and Fedrossian(1l3),
remembering that in that particular study the overall
coefficient of heat transfer was based on the zrees of
either the hot or the cold side, and this stuuy is based
on the total area, No direct cuantitative comparison
will be given because the systems studied were not
entirely the same,

~

In the second stucy the effects of chan_in_
the ratios L and Re with a constant nunb=r of 24 fins
was examined, Tne total heat transier and the ovesrall
coefficient of heat transier based on the inside aresa
are given in Figures 4.3 ani 4.4, respectively, Con-
sistent with Lee and Eedrossians(13) work trne optimun

T, - . . X
L is one which mezns thet for optimum oper-tion the



-31-

condenser and the evaporator sections should be the

same sizes. It is thought that by selectively finning
one of the sides this value of optimum LY will change.
These figures also show that increasing the flow through
the hot side will increase the heat transfer rate while
a simultaneous increase of L'and Re' will cause the heat
transfer rate to drop. It is worthwhile to note that a
simultaneous decrease of Re*and L*will cause the heat
transfer rate to drop at a faster rate. It should be
noted that in Lee and Bedrossians(13) study the Reynolds
number of the hot flow rather than that of the cold flow
was kept constant.

The third study was done to examine the ef-
fects of changes in the Prandtl number using water or
0il as the stream fluids as compared with air (using
a non~dimensional Prandtl number in the analysis direct-
ly was not possible)., The overall coefficient of heat
transfer based on the inside area was plotted versus
the number of fins at various Reynolds numbers, This
was done for both water and oil in Figures 4.5 and 4.6,
respectively. The amount af total. heat transfer
was then compared. wsing the oil , water and air
as the stream fluids, in Figure 4.7. 4ais expected the

heat transfer increases due to the greater Prandtl



number and while external resistances are the control-
ling fuactors for air, the inturnal resistances become
more important at moderate Prandtl numter (ie. water ).
The number of transfer units(NTU) were cal-
culated for tne results from the analysis =nc are snown

in Figure 4,.,c, Tais shows tnat the 1.TJ will increase

i}

Ior a greater number of fins on the tutes, Thi

Q]

means

¢

that for the same flowrate past the tube there is a
hisher heat flux throuzh the tuke with more fins due
to the increased surface area, The ITU is higher for
a smaller keynolds because the overall coefficient of
heat transfer does not increase as guickly zs tn mass
flow rate.

The major snortcomin-s of the theoretical
analysis &are that an optimum fill volume was assumed.
The implcations of this are that there is no -llowance
mace for burnout resulting from overf llin: or drycut
caused from underfilling, artinellis concensation
exipression is based on assumptlons of unifori aesat flux
and completely laminar floi/, 3oth cf these assuirt.ons
are not entirely true because tnere is a small temperature
gradient along the walls of the thermosyphons caused Ly
returning vapour thus creatin: an un-uniform hezt Ilux,

.

There is also an increditle percolating action within
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causing an extreme turbulence. In the evaporator section
Rohsenows expression for natural convection boiling is
based on an ideal situation where water is nucleating
on the sides of a container and then boiling. In the
actual case the falling film is receiving heat and then
boiling in the pool at the bottom of the section. The
analysis does not allow for the two separate sections
in the evaporator, one containing the returning cond-
ensate and the other cotaining the boiling pool. There
has been no allowance for axial conduction along the
tube which in this particular study may be siznificant
due to the thick walls of the tubes., There is also

the problem of heat transfered through the other com-
ponents in the system besides the tubes such as the
walls and the divider which has been assumed to be

negligible.

L.,2 Results from Experiments

As previously stated there were two main
main studies done experimentally. The conditions for
these tests established from the experimental setup
which is given in Chapter 3.

In the first study the Reynolds number ratio

Re¥*was varied while keeping the number of fins constant
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at sixteen per side and readings were taken for various
Reynolds numbers., As predicted by the present znalysis
the overall coefficient of heat transfer based on the
outside area increases at any given Reynolds number of
the cold flow as shown in Figure 4.9. This is because
the increase of Re®*will increase the Reynolds number

on the hot side and therefore decrease the outer resist-
ance, thus increasing the overall coefficient of heat
transfer.

In the second study the number of fins per
side was varied while keeping the Reynolds number ratio
(Re®) constant for various Reynolds numbers., The results
are shown for 2, .% and 16 fins per side in Figures 4.10,
4,11 and 4.12, respectively, The heat balance of the
hot flow was consistently higher than that of the cold
flow giving a higher coefficient of heat transfer,

The reason for this was_rationalized to be leakage be-
cause it was noted that the pressure drop across the
cold side was exactly equal to the pressure -drop across
the hot side when it should have been less., It was also
noted that improvements were made to these figures by
attempts to seal the test section more adequately dur-
ing the course of the experiment, The problem seemed
to be in the design of the test section which in order

to accomodate the finned tubes had to be made of many
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separate pieces fitting together around tae tubes. It
Was necessary to dismantle tane test section continuously
durins the course of the experiment in order to machine
fins from the tubes., This aspect further increased the
likeliness of leakaze occuring. an analytica2l compar-
ison was made later using input established from the
experimental conditions and is given in Figures 4.10,
4,11 and 4.12, It is consistently lower than the exper-
imental results but exhibits a similar upward trend test
shown in Fizure 4,13 where it is non-dimensionalized
with respect to a similar result with no fins., Figure
L.1l, shows Jjust experimental values and indicates in
much the same fashion as Fijure 4.2 that the overall
coefricient of heat transfer based on the internal area
increases with the number of fins at a certain Reynolds
number.

Figure L.l5 shows pressure drop across the
test section as a function of keynolds number for various
numbers of fins. It can be seen that altaouzh marginally,
pressure drop does increase as more fins are added, An
averagze valus of hot and cold side pressure drop was used
because these values were similar in magnitude. This
indicates that leakage was occuring bet .een the hot and
the cold sides because the _ressure drop for the hot side
should be gresater tnan that of the cold side for tae

same Leynolds numbers,
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CONCLUSIONS ALD 1COiimi DATICLS

The following conclusions can be drawn from

the present study,

1. The overall heat transfer can be increased by using
finned surfaces as opposed to bare surfaces. .his
effect is more pronounced at hizher Leynolds

numbers, -

2, The overall coefficient of heat transfer increases
as more fins are added for tne ran;e of fins
Investi_ated., Tnis efrfect is nore proncunced at
nizher ieynolds numbers,

3. The optimum ratio L7 is 1.6 for the situations
studied., This might be chan_ed by selective
finning of eitner the hot or the cold side,

L, Increases in the Prandtl nwiber of the streamn fluid

[

will increase heat transfer to a certain voint alter

which it will tend to level out witn further increcase,

I
.

The NTU can be increased with increasins number of

]

fins end is hi-her for lovuer reynolds nurters,
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altaousn marsinelly for the ranse tested tne pressure

arop .0esg _ncrease with trne number I fins zaued.

Lhe.t transfer from & finned surface can be reasonatly

predictsd by usin_ the fluat plate model.

an-lytic.l findinzss coicelate well wita tnose cit.d

in literature.

Experimontizl recults shoi/ the cprrect trends :.0vever
their magnitudes correlate poorly to eitaer the
anclysis or results of this nature cited in prev ous
literature. The cause of tnis discrepancy 1is partially
due to leakage which could not ce correctzd during the
course of ths experiment, Other reasons for the
discrepancy would be short-comin_s in the analysi:

which may ke improved in the future,

Thermosyphon neat e:changers can be utilized

rost efrfectively wnen a specific situation dictites so,

1

For this r=ason rescarch could te oliented towaras »

'.—.J

aces

where thermosyphons huve a distinct udvantage over coa-

ventional heat e change approaches,

Iy

fnere are tonics

sucii as se.ective finnin~ which could te rel.ted to

chanzes In tae type of fluid on eitiasr the hot or i:z

colc

of

id

[

s unicn could furtner increase t... flexdicil ity

[0}

~.12 thermosyphon ne.t excnan =r,
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To iwmprove the validity of tnis type of
¢.'periment the followin. recomriendations could be followecd.
To locate leakage measurement of flow could be performec
both enterinz and exiting the test section. JIrrors in
temperature measurement could be made less significant

ty increasing the size of the test section. Tul

]

would
increase the temperature drops on both hot and cold
sides thus facilitating reasonatle temperature difference

measurement.
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Three Finned Thermosyphon Tubes
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APPENDIX A

The Derivation of the Fin Efficiency

of an Annular Fin of Rectangular Profile (22 )

L

r
> Z;—
EL
Fia.A.l ::;i
%
2%
- -

Assumptions:
1) Heat transfer rate may be taken to depend upon the
radial direction totally.
2) The temperature at the base of the fin is constant.
( To = constant)
3) The outside film coefficient is constant.
L) The temperature gradient in the x direction is

zero

Let ©=AT=T-Tn (A.1)
where Ty 1is the temperature of the surrounding
fluid.

Upon differentiation with respect to the
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radius one obtains

d6/or = d (AT)/dr = o T/dr (4.2)

The Fourier equation of heat conduction

states that

Q= -kAdT/dr (4.3)

Therefore (A.4)
Q= -k AdB/dr

Consider the radial heat flow through a differential

element
@]
s 3
Fis' A.2 r
Q( GQ_
dr
A
r
Y

Conduction into the element is equal to convection from
the element and conduction out of the element.

G" Qz+G3 (AOS

i,.A=ctrA+d%< Ci_rA)dl"chPdr‘ (A.6)

where - kd . =he© (A.7 & A.8)
9 d_?- l Te
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Therefore o= 4 (kde 2Wr(24,)) dr +4Mrdrhe (4.9)
dr r
.- : d
0=-kS (g9 + 48] « heSrar (4.10)

dr* dr R (A.11)

O=r*d*e rdd . h 6
- (A.12)
By letting N= (rp/ks,)” (A.13)
O=r*d'@ ,rdd _N**6 (A.14)

dr* dr

This is a Bessel equation of the second kind, It can

be compared to the Douglass equation.

O=x.‘gl‘x+[(l -ZA)x'ZBx"J dy 4 [Czsz"°+Bzx2'-B(l-2A)x +A“’—C£'n"-ly (A.15)
dx* dx ‘

whose solution is

Y= A0, un(Dx®) + 0o (D)) (A.16)
where A =0
B=20
c=1
D =J-N" =Ni
n =0
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Therefore the solution is

©= CyJo(i Nr) + C2 Y,(INF) (A.17)
at F=re ©-%p

= r aé =O
and at e ar

Differentiating equation A.,17 we zet
S_G:C,Nd,(iNr)-C,_NY'(iNr) (A.18)
=
or d6 « CNI,(Nr) -C2NK (NF) (A.19)

Inserting the first boundary condition into the
equation A.17 we get

Op= C Io(NR) + CoK,(NR) (£.20)
then putting the second boundary condition into equation
A.19 we get

0 =C I, (Nr) - CK (Nr) (A.21)

Therefore
C,= C,| Ki(Nm)
| z[umé)J (A.22)
Putting this result into equation A.20 we get
(A.23)

€= Co |[KiNR) | 1,(NR) + oK (NR)
LINR)
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Solving for C

CZ‘ ebI|(Nrg)
Kz(Nre) Io(Nrb) + I,(Nré) Ko(Nr;,)

Putting this result into equation A.23 we obtain

Ci= eb_K_,_(NGL
Ki(Nre ) Io(N) + L (Nr) Ko(Nrg)

We put the values of C, and C, into equation A,l7

which can be rewritten as

© = CIo(Nr) + Cyio(NF)

and get

8 = KINg)I(Nr) + 1,(Nr) K (Nr)
By KiINR) I NP + LiINR)Ko(NR

(A.24)

(A,25)

(A.26)

(A.27)

The heat dissipated from the surfaces of the fin are

found from the convection equation which is
dr
dG = 4MheOrdr

e
Q = 4Thp[ Grdr
o

It has been shown in equation A,l4 that

r2d% ,rd0 -N*2% =0
dr

o rz

(A.29)

(A.30)

(A.31)



or N%¥% - r%d% + rdo
dr#* r
since d(rdg)r 2B + de
a dr dré dr
2
d N ré
then 3_< %5)
thus, one can write
Ye Yo
Brar=1_{ d (rdé)dr
Ye
=_\ +d
1 (42)|

since at

then re
ferdr--n (de)
Yo N&\dr /v

to evaluate d8/dr at we differentiate

equation A,27 and get

(de [wa L (NR -NT, INR K, (NG
T K, (N I (NR) + LiN@) Ko )

=S N

v
Therefore ﬁ;rdr-= Cgha (g@
o N*

= __Q__ ean
N#®

(A.32)

(A.33)

(A.34)

(A.35)

(A.36)

(A.37)

(A.38)

(A.39)

(A.40)

(A.41)

(A.42)
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Putting this result into Equation (30)

Q = -4Ther, Ot (A.43)
N .

The efficiency of the fin is defined as the ratio of
the heat transfer of the fin to that with the fin

maintained at
A A

¢
= Qo = 4TTh;| ©dA = 4T | ©dA (A.44)
i —05 _hTL{?eb ehﬁ‘ﬁgo
= 47 (- riBsf
= -4-TT|’ES?-
AsN (A.46)
2
Since A = 2n (-5 (A.47)
= -2l
then n %qs_{_géjjgr} (A.L8)
= -2 5L LA (th9)
uZ -ug
= 8 (4.50)
w _usf *
b(l ﬁ!)



-7l

~PPENDIX E

Coefficients from Hilperts Equation
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APPZNDIX B

Coefficients from Hilperts mquation

w= 1.25 1.5G 2,06 3.0C
ce/d B m E m E m E__ m
Staggered:
D.éoo .~ o s 80 e« o o0 * o 8 0 » * & 00 ® & o 0 s e & & @ 00213 00636
0.9C0 teeee eseee eaese seees O.4L6 0,571 0,401 0,521
1,CCO ceces eeeee 0,497 0,556 ..., ceses eeses seaes
10-1-25 e o ¢ s 0 e 0 0 0 e 0 0 o 0 o o 00 0'14'78 00565 O.Sl& On)éo
1.250 0.5186 0,556 0,505 0,554 0,519 C.556 0,522 0.5€2
1.50L 0.L51 0,568 0,460 0,502 CO,L452 C.5uc Uuhoel C,zCE
2.0C0 C.4CL 0,572 0,416 0,568 0,4E2 0,556 G445 0,57C
3.000 0,310 0.562 G.356 C,.58C 0,440 C,562 C.421 0,574
In Line
1.250 0.348 0.592 0,275 0.60G& C,1CC 0,70L C.CE3 C,752
1.50C 0,307 0.5¢0 0,25C 0,620 C.1C1 0,7C2 0,0€e C.74L
2.C0LC C.4ls 0,570 0,299 0.€02 0,229 0,632 C,19¢ C.tLe
3.0CC C.290 0,601 0,357 C.58L C.374 0,581 0,286 C.&CE
Row 1 2 3 L 5 6 7 € 9 1GC
Ci:for stazg_ere. )
tutes....... 0.08 C.75 0.&> 0,09 0.G2 C.65 C.G7 C.%¢ 0%y 1.C

Cxfor inline
tutes....... C.H64 C.20 0,87 C,5C 0,92 C.G4
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APPELDIX C

A Comparison of Three Theories

Involving Convection from an Annular Finned Surface




APPENDIX ¢

A Comparison of Three Theories

Involving Convection from an Annular Finned Surface

To ensure the adequacy of the flat plate
approximation used by the author, it was compared to
two other theories for heat transfer from finned surfaces.,
Elmahdy and Biggs ( 18 ) developed an
expression for the Colburn J-factor as a function of
the Heynolds number based on a hydraulic diameter,
It was assumed that the J-factor was a function of the

Reynolds number and of the form

J'CLRecL (Col)

where C, and C, are constants dependent upon the
physical dimensions of the heat exchanger. A multiple
regression technique was used to determine the most

influential coil dimensions. The equations for C, and

C, which were developed are
O. 14t 0.065
C.-0.159 [i] [Q,{l (C.2)
250 280
0.049 0.077
C.=0.323|234 - .

One can see that the relevant dimensions are

the fin thickness, spacing, and height as well as the



]

-7 &=

hydraulic diameter which is also included in the Reynolds
number,

Legkiy, Pavlenko, Makarov and Zheludov ( 17) used
arrays of miniature heat flux sensors to investigate
local heat transfer coefficients on the surface of a
tube with constant thickness annular fins cooled by a
transverse air flow. The average heat transfer coef-

ficient was defined as

Navg * i hi3;AT; (C.4)
AT
d
where is the difference in temperature between a

point on the surface and the bulk fluid flow temperature,
and % is the fraction of area covered by the section.
These values were compared with the heat transfer coef-
ficient calculated from

Nu= 0.18 [l +931,(A/302)| Re® (C.5)

A= 0.5(de-do 2

where doS (C.6)
. 12..9
= Z6&os o_(eig> (C.7)
dO'z'Sq
and ﬂ”’éépéﬂtﬁb +‘> (C.8)
T \dg +2.8¢4

and were shown to be in good agreement. The actual


http://ZO.fr

heat transfer coefficient equation that was used was
originally taken from Legkiy,V.i..' In the collection:
Problems of Heat Transfer and Thermodynamics.' which
seems to be inaccesible.

These were compared in a study, the results
of which are shown in Figure ¢.l. The present flat
plate approximation comes between the other two and

therefore is assumed to be adequate.
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APPENDIX D

Flow Charts




MAIN PROGRAM

Input of
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input of
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Fin Data
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Call Catll

A 4

PARLEL CONFLO
|
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SUBROUTINE CONFLO

0

Estimate
TC(NH)
Are
yes There Fins no
\/
Call Call
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N A
| I
no Calculate
A New
TC Value
yes
Reestimate
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APPENDIX E

Program used for Analysis
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APPENDIX F

Description of Nomenclature in Program

This appendix will contain a description of

the nomenclature used in the program. The terms will be

defined in the section of the program where they are

first introduced, unless their meaning varies drastic-

ally from one part of the program to another.

Main Program:

EDIA -
FIIINC =

FINNH

FINNUM

FINS

IDIA -

INL -

The
The
the
The
the
The

diameter to the outside of the fin,
number of fins on the cold side of
tube.

number of fins on the hot side of
tube.

total number of fins on the tube.

A flag which indicates whether or not

the
The
The

tube has fins.
height of the fin

inside diameter of the thermosyphon

tube.

A flag which tells whether the arrange-

ment of tubes in the exchanger is in



JOEBLO
K

LC

LH
LMTD
LPLUS

=

NTUBES

ODIA
REH

REC

REPLUS

SL
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line or staggered.

A flag

The thermal conductivity of the thermo-
syphon tube material,

The length of tube on the cold side.
The length of tube on the hot side.

The log mean temperature difference,
The ratio of the length of the tube

on the hot side to the length of tube
on the cold side,

The mass flow of air on the cold side.
The mass flow of air on the hot side,
The number of rows of tubes in the
exchanger,

The number of tubes per row (It should
be noted that for the staggered arrange-
ment this number is the maximum).

The outside diameter of the tube,

The Reynolds number for the hot side
air flow,

The Reynolds number for the cold side
air flow.

The ratio of the Reynolds number on the
hot side to that on the cold side,

The lateral spacing of the tubes,
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STE - The transverse spacing of the tubes.
TALL - The total height of the flow area on
both cold and hot sides.

TEC - The inlet cold temperature.
TeH - The inlet hot temperature.
TYPE - This is used to indicate whether a counter-

flow or parallel flow system is desired.

WIDTH - The width of the air flow area.

Subroutine PARLEL :

AT - The total area of heat transfer,

ATC - The area of heat transfer on the cold
side.

ATH - The area of heat transfer én the hot
side.

c2 -A variable used in the calculation of

the convection on the outside. 1Tvaries
depending upon the row being approached

and the arrangement of the tube,

CZl - Same as 'CZ' but specifically for the hot
side.
CZ7 - Same as 'CZ' but specifically for the

cold side,

HEAT - The heat transferred in each row.
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J - The row number that the air flow is
approaching,
NTHERM - The number of thermosyphon tubes in the

specific row being considered.
QT - The total heat transferred.

TCOLD A cold temperature at any point 'J' in

the heat exchanger,

THOT - A hot temperature at any point 'J' in
the heat exchanger,

TIC - The same as 'TCOLD' except in a scalar
form,

TIH - The same as 'THOT! except in a scalar
form,

UT - The overall heat transfer coefficient,

UTC - The overall heat transfer coefficient
on the cold side.

UTH - The overall heat transfer coefficient

on the hot side.

Subroutine CONFLO :

HEATE - The amount of heat transferred in the
present row of thermosyphon tubes,
Jd - The position in the heat exchanger with

reference to the hot side.



-108~

KAY - The position in the heat exchanger with
reference to the cold side,

L - The number of times the program has
looped in the subroutine CONFLO

MO - Numerically equivalent to KAY-1

TCOLDE - The temperature of the cold air flow at
any point within the heat exchanger.

THOTE - The temperature of the hot air flow at

any point within the heat exchanger,

Subroutine CONDUC :

ACT - The area of the inside of the tube on the
cold side of the flow,

ACO - The area of the outside of the tube on
the cold side of the flow.

AHI - The area of the inside of the tube on
the hot side of the flow,

AHO - The area of the outside of the tube on

the hot side of the flow.

BULL - Used in conjunction with 'TCRO' to form
the limits for the bisection method
solution of 'DELTTS'.

DELTTI - The difference between the temperatures

of the hot air flow approaching the



DELTTO

DELTT1

DELTT2

DELTT3

DELTT5

ERRCR
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thermosyphon and the cold air flow which
was calculated to be approaching the
thermosyphon. (This is not necessarily

the true value of the cold flow approach-

ing the thermosyphon)

The difference between the temperatures
of the hot air flow approaching the
thermosyphon and the real cold air flow
approaching the thermosyphon.

The difference in temperature between the
hot air flow and the outside wall of the
tube on the hot side,

The difference in temperature of the hot
side wall on the outside and the inside.
The difference in temperature of the hot
side wall on the inside and the saturation
temperature of the two phase liquid
contained inside the tube.

The temperature difference between the
saturation temperature of the liquid
contained inside the tube and the cold
side wall on the inside.

A variable which changes within the pro-

gram so as to allow minimum error in the
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results but still enough so that the
values converge within a reasonable

amount of time.

FAB - Used in conjunction with 'FURD' to provide
the interval for the bisection method
approximation of 'PERC1',

I - counter,

ICOUNT

counter,

JCOUNT - counter,

JRON counter,

A
A
IRUN - A counter,
A
A
A

PERC1

variable percentage used to approximate
the value of 'Q' for the whole conduction

process in this thermosyphon.

PERC3 - A variable percentage used to approximate
the correct value of 'Q3!',

PERC5 - A variable percentage used to approximate
the correct value of 'Q5!',

PI - The numerical constant.

Q - The heat flux in this process.,

QTEST -~ The difference between Q and Q5.
Q3 - The heat flux used to calculate 'R3!
(This will eventually converge to the

value of 'Q')



Q5

Rl

R2
R3

R5

R6
R7

TC

TCCALC

TH

TORO

TWCI
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The heat flux used to calculate 'R5!

(This value will eventually converge to

the value of Q')

The convective film resistance on the

hot side.

The resistance of the wall on the hot side.
The resistance caused from the evaporation
of the liquid in the thermosyphon tube,

The resistance caused from the condensation
of liquid in the thermosyphon tube.

The resistance of the wall on the cold side,
The convective film resistance on the

cold side.

The temperature of the cold air flow
approaching the thermosyphon.

The temperature of the cold air tlow
calculated to be approaching the
thermosyphon,

The temperature of the cold air flow
approaching the thermosyphon.

Used in conjunction with 'BULL' to form
the limits for the bisection method
solution of 'DELTT5',

The cold side temperature of the wall on

the inside,



TWCO

TWHI

TWHO

ZING
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The cold side temperature of the wall on
the outside.

The hot side temperature of the wall on

the inside.

The hot side temperature of the wall on

the outside,

A scalar form of the vector 'PERC1l?',

Subroutine FONDUC :

AREABC

AREABH

AREAFH

AREAFC

EFF

EM

EX
EQLENG

HOI1Z2

The area of the base of the tube on the
cold side,

The area of the base of the tube on the
hot side.

The area of the fin on the hot side,

The area of the fin on the cold side.
The fin efficiency,

A variable described in the equation to
find the fin efficiency.

A variable used to find the fin efficiency.
The equivalent length of a fin if it is
considered to be a flat plate,

The hot side film coefficient of the
outside based on the inside for a finned

surface,
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HOI67 The cold side film coefficient of the

outside based on the inside for a finned
surface,

H12 -~ The hot side film coefficient for a
finned surface,

H67 - The cold side film coefficient for a
finned surface.

R12 - The resistance of the hot side for a
finned surface,

R67 - The resistance of the cold side for a

finned surface.

Subroutine BESSEL :

BIO - The Bessel function Ig
BIl - The Bessel function I
BKO - The Bessel function Ko
BK1 -~ The Bessel function K

Subroutine FNH67B

H67B - The film coefficient of the base on
the cold side,

M - The velocity of the cold air flow,



Subroutine FNH12B

H12B - The
hot
VM - The

Subroutine FINDH1

H1 - The
hot
VM - The

=114~

film coefficient of the base on the
side.

velocity of the hot air flow.

film coefficient of the tube on the
side,

velocity of the hot air flow,

Subroutine FINDH7 :

H7 - The
the
VM - The

Subroutine FINDH5

film coefficient of the outside of
tube on the cold side.

velocity of the cold air flow.

BETA - The value of 4 found in Rowsenhows
equation,

H5 - The condensation film coefficient.

IRAD - The inside radius of the tube.

T - The mean temperature of the mixture

inside the tube at which the properties

were defined.
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Subroutine FINDH3 :

H3 - The film coefficient for evaporation.
T - The mean temperature between the satur-
ation temperature and the inside wall

temperature on the hot side of the tube.

Subroutine FNH67F :

H67 - The outside film coefficient for the
fins on the cold side.

M - The velocity of air on the cold side.,

Subroutine FNH12F

H12 = The outside film coefficient for fins
on the hot side,

M - The velocity of air on the hot side,

Subroutine AIRPRO :

ACP - The specific heat of air at a given
temperature,

AD -The density of air at a given temperature.

AK - The conductivity of air at a given
temperature,

AV - The viscosity of air at a given temperature,
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Subroutine H20 :

H - The enthalpy of water at a given temp-
erature.

WD - The density of water at a given temp-
erature.

WK - The conductivity of water at a given
temperature,

WV - The viscosity of water at a given
temperature,

Subroutine VAP :

PS - The saturation pressure at a given
temperature,

WwVD - The vapor density.

Subroutine BISECT :

ABF - The absolute value of 'DZLF'.

DZLF - The difference between Fl and F2.

Fl - The function evaluated at the point Y1,

F2 - The function evaluated at the point Y2,

3 - The function evaluated at the point Y3,
PRODF - The product of Fl and F2,

Yl - The upper limit for the bisection interval,
Y2 - The lower limit for the bisection interval.

Y3 - The midpoint of the bisection interval,
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Function CALC :

CALC - The value of the function upon which the

bisection method is being used.

Subroutine SURTEN

ST - The surface tension at a given temperature,

Subroutine STAGER

STAGCZ -~ The coefficient Cz for a staggered tube

arrangement,

Subroutine INLINE :

INLCZ ~ The coefficient Cz for the inline tube

arrangement,

Subroutine INLBM :

ATLAS - A parameter depending upon the arrange-
ment of tubes and the size of the tube
relative to the longitudinal spacing of
the tubes.

BUT - A variable which is used in the equation

for forced convection,
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IATLAS - An integer form of 'ATLAS' used for

truncation.

ITIRE - An integer form of 'TIRE' used for
truncation,

MUT - A variable which is used in the equation
for forced convection,

TIRE

A parameter depending upon the arrange-
ment of tubes and the size of the tube

relative to the transverse spacing.

Subroutine STAGEM :

BUT - A variable in the equation for forced
convection,

FORM - A parameter which depends upon the
arrangement and the magnitude of the
transverse spacing in relation to the
diameter of the tubes.

IFORM - An integer form of 'FORM',

ITAX - An integer form of 'TAX!',.

MUT - A variable in the equation for forced
convection,

TAX - A parameter which depends upon the

arrangement and the magnitude of the
longitudinal spacing relative to the

tube diameter,
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APPELDIX G

Input for the Program
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APPENDIX G

How to Provide Input for the Program

The data cards should be arranged as follows:

Put a 'l1' meaning counterflow or a '0O' meaning
parallel flow., The number is called 'TYPZ' and

is read in FORMAT (Il)

Put a '0' meaning staggered or a '1l' meaning
inline arrangement. The number is called 'INL'

and is read in FORMAT (I1)

Enter the cold and hot inlet temperature and the
Reynolds number of the cold flow. The numbers are
called 'TEC', 'TZH', and 'REC' and are read in

FORMAT (F6.2, LX, F6.2, LX, F8,2)

Enter the number of rows in the exchanger calling

it 'N', This is read in FORMAT(IZ2)

Enter 'LPLUS!' in FORMAT(F4,.2)

Enter 'REPLUS' in FORMAT(F4,2)



#7

#8

#12

#13

#F14

-121-

Enter 'WIDTH' in FORMAT(FL.l). The measurement

is in inches.

Enter 'TALL' in FORMAT(F4.l). The measurement is

in inches,

Enter 'K' in FORMAT(F5.1). The measurement is in

Enter 'IDIA' in FORMAT(F4.3). The measurement is

taken in inches.

Enter 'ODIA' in FORMAT(F4.3). The measurement is

taken in inches,

BEnter 'SL' in FORMAT(F3.l). The measurement is taken

in inches

Enter 'STE' in FORMAT(F3.l1). The measurement is in

inches.,

Enter 'NTUBES' in FORMAT(I1)

Enter 'FINS' in FORMAT(I1)
Put a ' O' if there are no fins or a '1!' if there

are fins,
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The following entries only apply to finned surfaces:
#16 Enter 'H' in FORMAT(F7.4). The measurement is

taken in inches.

#17 Enter 'EDIA!' in FORMAT(F5.3). The measurement is

taken in inches.

#18 Enter 'FINNUM! in FORMAT(F3.0)
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APPENDIX H

Calibration of Orifice Plates

and Thermocouple Reader
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APFPENDIX E

Calibration of Drifice Plates

and Thermocouple Reader

Orifice Plates

Mass flow rates of the air were found from
pressure drops across the orifice plates., The orifices
were located at the suction inlets of both the hot and
the cold ducting systems,

The orifices were calibrated by using a pitot
tube to measure the average velocity through the section,
This average velocity was then correlated to the pressure
drop across the orifice plate. The area of the inside
of the pipe was divided into concentric rings of equal

area.(Fig. H.1l)

Fig.H.1
AdAsly

The velocity readings are taken in the centres of each
of the rings along a straight path through the centre

of the pipe. The average velocity is then given by
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2n

Vi = | (et L2 _dne
¥ oir ' zn (H.1)
The correlation equations used on the orifice plates
are
Vi = 1841 (6P +2.7 (H,2)
Ve=18.94 JAP +1.53 (B.3)

for the orifice used in the hot and cold ducts respect-
ively. This also implies the range of flows used

experimentally.

Multi-Channel Digital Thermocouple Header

Upstream and downstream of both the hot
and cold test sections air temperature readings were
taken by means of copper-constantan thermocouples
attached to a multi-channel digital thermocouple reader
with an automatic ice point. The validity of these
readings was checked by calibrating the digital reading
against a similar thermocouple attached to a potentio-
meter. They were calibrated in a hot water bath oper-
ating over the same range of temperatures as the ex-
perimental air temperatures. A standard mercury

thermometer was also placed in the hot water bath to
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insure a very small error in the calibration procedure,
The expression used to correct the digital thermo-

couple reading is

(Hot)
Tp= 11586 Ta —14.]

Te= 1156 T. - 15.5 (H.5)
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APPENDIX T

Experimental Data
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APPENDIX I

Experimental Data

Study A - Keeping the number of fins per side constant

at 16 fins/side, the ratio Re™ was varied.

Experiment A-1 (Re* = 0.5)
Run Reg He * Q e Q h Qna T(_;.‘ Tc.uf T his T hent
1 2280 0,51 740 1060 900 80,1 87.9 149.9 169.6
2 2890 0,51 880 1310 1100 77.8 85.2 150.,4 169.9
3 3380 0,51 840 1570 1200 76.3 SZ.L 148.4 168.5
L 3660 0,51 910 1470 1190 79.5 85.5 150.,7 167.9
Experiment A-2 (Re ¥ = 0.75)
Run Rec Re * Qc Q n Q.v, T(‘.i-\ Tr_ouf' Tk;n Thﬂu‘\-
1 1930 0.76 800 1270 1030 76.1 86.1 1l49.9 168.,8
2 2620 0,77 920 1440 1180 78,8 87.3 151.0 166.7
3 3140 0,78 1000 1550 1280 81.1 88.8 152.7 166.7
L 3590 0,78 970 1680 1330 62,8 89,3 153.1 166.4
5 4,010 0,79 1160 1910 1530 80.5 87.5 152.3 165.9
Experiment A-3 (Re* = 1.0)
Run Re. Re® Q% 2 Qay Tow Ter  Ta Tnout
1 1450 1.0 750 1340 1050 74,6 87.1 149.9 169.9
2 1990 1,0 8§10 1560 1180 75.4 85,3 150.,2 167.3
3 2,00 1,0 930 1670 1300 76,1 85.5 151.5 166.6
L 2740 1,0 1020 1780 1400 77.8 86,8 152.,3 166.3
5 3040 1.0 1080 1890 1490 78.9 87.5 152.7 166.,2
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Experiment A - 4 (Re* = 1.33)
Rm Rec Re* QQ. Q h Q‘U Tc»\ Tcou‘f’ Tkl\\ Th out
1 890 1.4 680 1020 1190 78.6 96.6 151,65 1l69.L4
2 1470 1.4 860 1390 1120 78,6 92.5 151.3 166.4
3 2060 1.4, 1030 1810 1420 75.7 &7.6 151.8 166.0
L 2270 1.4 1060 1900 1480 78.1 89.4 153.7 167.2
5 1770 1.4 1000 1440 1220 78.7 92,3 152.6 165.6

Experiment A - 5 (Re* = 2,0)
Ru.n Ree Re * Q [ Q I Q n:) TOW\ Tcouf T him T hout
1 960 2.1 &80 1240 1060 78.7 100.2 153.2 166.7
2 1120 2.1 900 1580 1240 78.9 98.0 153.2 168.1
3 1270 2,1 820 1580 1200 78.2 93.6 151.3 164.5
L 1380 2.1 970 1730 1350 79.2 96.0 154.4 167.7
5 1490 2,1 1020 1560 1290 79.0 95.3 152.8 16L4.0

Study B - Keeping the Re * ratio constant at 1.0 the number

of fins per side was varied.

Experiment B - 1 (16 fins/side)
Run Rec Re * 'Q(‘- Q L] QA-"J T\‘..n To.md‘ T\\nb\ Thouf
1 1450 1,0 750 1340 1050 74.6 87.1 149.9 169.9
2 1990 1.0 810 1560 1180 75.4 85.3 150.2 167.3
3 2,00 1.0 930 1670 1300 76.1 85.5 151.5 166.6
L 2740 1,0 1020 1780 1400 77.8 86.8 152.3 166.3
5 3040 1,0 1080 1890 1490 78.9 87.5 152.7 166.2

Experiment B - 2 (12 fins/side)
Run Rec Re * Q [ Q h Q GUJ T cin Teou«f T Nin T‘\md'
1 1450 1.0 790 1380 1090 74.5 87.7 150.1 170.7
2 1960 1,0 G30 1440 1180 79.1 90.5 150.8 166.4
3 2380 1.0 990 1730 1360 79,0 89.1 152.,6 168.,2
L 2710 1,0 950 1850 1400 82.6 91.0 152,0 166.6
5 3010 1.0 1040 1990 1520 81.0 89.3 151.8 166.0
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Experiment B - 3 (8 fins/side)
Run Re& Re * Q [ Q LY Qn-ﬁ Tc.u-\ Tt.ou.f T A T’\"“T
1 1430 1.0 630 1130 880 80,3 90.8 151.0 167.8
2 1960 1.0 700 1250 970 81,3 89.9 152.,8 166.4
3 2360 1.0 780 1450 111@ 82.4 90, 153.5 166.6
L 2600 1.0 800 1440 1120 83.7 90.9 153.6 164.0
5 2980 1.0 830 1270 1050 84 .8 91.5 155.9 165.0

Experiment B - 4 ( 4 fins/side)

*

Run Re. Re Q. Qw Qﬁﬂ

3
o
3

Ttoa—f T L) Tkou'r

1 1450 1.0 490 1130 810 77.8 86.0 150.6 167.4
2 1980 1.0 550 1400 980 78.3 85.0 151.5 166.6
3 2,00 1.0 620 1410 1020 78.6 8L.9 151.9 164.7
L 2750 1.0 670 1590 1130 79.5 85.4 152.3 164.8
5 3050 1.0 640 1670 1160 80.2 85.3 153.0 164.9
Experiment B - 5 ( 2 fins/side)
Run Re. Re® Q¢ Q.  Quy T Taw Tu. T hout
1 1460 1,0 470 970 720 75,1  82.8 152.7 167.2
2 2010 1.0 560 1120 840 74,7 8l.6 152.6 164.9
3 2,10 1.0 600 1250 930 77.4 83.L 153.7 165.2
L 2780 1.0 640 1340 990 76.1 8l.7 153.2 163.9
5 3070 1.0 670 1480 1080  76. 82.1 154.4 165.C
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APPENDIX J

Experimental Equipment
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APPENDIX J

Experimental Equiopment

Multichannel Digital Thermocouple Eeader

- 20 channelsg calibrated for copper-constantan

thermocouples for use between -100 to l6a00F

-91L Numatron by Leeds and Northrup

lst

Fan
- size 130Z-B design PH Arr..4

made by Sheldon Engineering of Galt,Ontario,Canaada.
27 Fan

-size 32 Volume made by Canadian Elower and Forge

Co. Ltd, of Kitchener,Ontario, Canada.

rultimanometer
- filled with manometer fluid(S.G = 0,8)

- made by T.E.M Instruments Ltd,
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APPENDIX K

Program for Experimental Data
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APPERDIX L

A Description of the Heat Exchanger

used for the Analysis
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APPENDIX L

A Description of the Heat Exchanger

used for the Analysis

Type

Flow Type

Arrangement

Inlet Cold Side Temperature
Inlet Hot Side Temperature

Reynolds Number of the
Cold Side

Number of Rows

Length Ratio (L")

Reynolds Number Ratio (Re™)
Channel Width

Tube lMaterial

Tube liaterial Conductivity
Inside Diameter of Tubes
Outside Diameter of Tubes
Longitudinal Spacing

Transverse Spacing

Air to Air *
Parallel Flow
Staggered
70°F

200°F

6000 3
10

1.0 =
1.0 =
5.5
Erass
34 BEtu/hr ft F
O.5"
0.66"
1.5"
1.5"
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Number of Tubes in

First Row 5
Number of Fins 24 *
Height of Fins 0.0625"
Diameter of Fins 0.96"

* Varied where indicated
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