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Iio SUMCARY

A small horizontal tube and shell refrigeration 

cooler has been designed and constructed for purposes 

of studying the effect of vapor agitation on boiling 

coefficients. Recirculated water was used for the heat­

ing fluid and Freon 12 was used as the boiling liquid. 

Heat transfer measurements were made on four individual 

3/4 in. O.D. plain copper tubes placed on 1£ in. centers 

in a vertical row.

The effect of one tube on another on the boiling 

coefficients was studied for boiling film temperature 

differences from 5.4 °F to 19.5 °F at heat fluxes from 

874 to 35,100 BTU/hr. sq. ft. The effect of vapor artifi­

cially injected beneath the tube bundle was studied on 

all four tubes for three different conditions, and on the 

single bottom tube for boiling temperature differences 
from 8.27 °F to 18.35 °F at injection rates from 0 to 235 

cu. ft/hr. The coefficient was found to increase by 218% 

at a boiling temperature difference of 6 °F and 0% at a 

temperature difference of 18.35 °F.

The effect of the surface on boiling coefficients was 

observed over a period of 32 days. During this period the 

coefficients changed to about 67% of their original value 

at low temperature differences and about 39% at higher 

temperature differences.

An equation in which the Reynolds number appears to 

the 0.88 power has been determined from the experimental
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data for calculating water coefficients inside the tubes. 

The Wilson plot method has been used to calculate boiling 

coefficients at two different conditions.

A satisfactory method of installing thermocouples in 

thin-walled copper tubes has been described in detail .
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THE EFFECT OF VAPOR GENERATION ON 
BOILING COEFFICIENTS AT LOW TEMPERA­
TURE DIFFERENCES.

V. INTRODUCTION 

The experimental program which resulted in thia 

dissertation was begun in December, 1947. At that time 

it was proposed to study boiling coefficients for Freon 

12 under conditions resembling somewhat those in a large 

horizontal tube and shell water cooler. The effect on 

the heat transfer coefficient of the agitation resulting 

when bubbles from one tube strike the tube above was to 

be studied for a bundle of six tubes in a vertical row, 

using both plain and finned tubes. The effect of arti­

ficially injected vapor on the coefficient for the 

bottom tube was also to be studied.

Accordingly, work vias started on the design of suit­

able experimental equipment. Full time was devoted to 

its construction from February until October, 1948, when 

the first dp ta were recorded. Difficulty with the analy­

sis of the data led to considerable rebuilding of part 

of the equipment in May, 1949. This in turn resulted in 

a slight reduction in the scope of the investigation. 

Boiling coefficients were subsequently studied for Freon 

12 at low temperature differences on four plain tubes 

in a vertical row. The effect of artificially intro­

duced vapor was observed over a limited range of rates 

and temperature differences.



2.

VI. THEORETICAL CONSIDERATIONS

A. INTRODUCTION

Boiling may be defined as that phenomenon which 

occurs when heat is transferred to a liquid across a 

finite boundary or medium which separates the liquid 

from the source of heat at such a rate and under such 

conditions that bubbles of vapor form at the interface. 

These bubbles form at few or many points on the inter­

face , depending on the rate of heat transfer, the his­

tory of the surface, and the dynamics of flow of the 

liquid at the interface at the time of bubble formation.

Experimental observations indicate that the boiling 

which results from the contact of a hotter metal surface 

wi th a colder liquid occurs in three more or less clearly 

defined regions which have been called nuclear, filmwise, 

and critical. Nuclear boiling is characterized by low 

temperature differences and a vapor-liquid mixture in 

contact with the heated surface. Filmwise boiling is 

characterised by relatively higher temperature differences 

and an unstable thin film of vapor almost completely 

separating the heated surface from the bulk of the cooler 

liquid mass. The critical region is a transition zone 

between these more clearly defined regions, similar to 

the transition between laminar and turbulent flow of 

fluids.

In the refrigeration industry, wherever horizontal 

tube and shell coolers are used, the liquid boils during
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the evaporation of the low -pressure refrigerant which is 

in indirect contact with the circulated cooling medium. 

Evaporation of this liquid at a temperature as close as 

possible to the required temperature of the cooling 

medium possesses significant advantages over evaporation 

at lower temperatures. The higher the evaporating temp­

erature the less work must be done by a compressor operat­

ing at a fixed condensing temperature. The objective in 

this type of heat transfer is, therefore, to get the size 

of the heat transfer equipment and the required compressor 

work at an overall economic optimum. Low temperature 

differences reduce the required compression energy on one 

hand but reduce the rate of heat transfer on the other. 

The optimum will therefore be found by getting the maximum 

heat transferred at the lowest temperature difference. 

Under these conditions boiling will be in the nuclear re­

gion.

it has been general practice in this country to corre­

late so-called boiling film coefficients for given liquids 

boiling in the nuclear region on the basis of the differ­

ence in temperature between the heating surface and the 

liquid. Practically all previous studies (5, 6, 7, 9, 11, 

12) indicate that for boiling from .plain surfaces in the 

vertical or horizontal position, the rate of heat transfer 

decreases very rapidly as the temperature difference is 

decreased. The coefficients for given liquids have been 

represented by an equation of the type

h « E (AT)m - - -------------------------------------- (1)
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where h is the boiling film coefficient based on the area 

on which boiling is taking place in BTU/hr. sq. ft. °F; E 

is a constant which depends largely on the liquid and the 

surface; △T is the temperature difference between the boil­

ing liquid and the interface across which heat is being 
o - ■/­

transferred in F; and m is a constant which apparently lies 

between 2.4 and 2.6 for most liquids (5, 9). This indicates 

the rapid rise in the coefficient with temperature differ­

ence, and hence its relatively low valus at low temperature 
differences. '

Contrary to the above equation, data presented by 

Austin (3) for boiling under violent mechanical agitation 

indicate no change in heat transfer coefficient with temp- 

srature difference. These data indicate that temperature 

difference is not the only major fundamental variable, even 

for a given liquid boiling on a given surface. Since the 

dynamics of the boiling liquid seem to have such a dominant 

effect, it seems reasonable to assume that the tube arrange­

ment and vapor-liquid flow pattern around the tubes will 

significantly affect the rate of heat transfer in a hori­

zontal tube and shell evaporator. This should be particu­

larly apparent at low boiling rates vehere normal agitation ■ 
is relatively poor.

It was primarily with a study of this effect in mind 

that.the present research was undertaken. At the same time, 

the study would permit measurement of boiling coefficients 
for Freon 12.
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B. PREVIOUS INVESTIGATTQHS

Out of the vast array of literature on heat transfer 

to boiling liquidsj six papers pertaining more or less 

directly to the points in question are worthy of mention.

Two other authors have reported boiling coefficients 

for Freon 12, Ashley (2) studied heat transfer coeffi^ 

dents for Freon 12 in a direct expansion type double-pipe 

exchanger. An attempt was made to use a Wilson (16) plot 

type of analysis to evaluate the film coefficients. Jone a 

(13) reports data on a 430 ton cooler containing 5/8 in. 

root diameter Integral spiral low finned tubes for water 

Tflloolties from 3.45 to 7.51 ft./sec; evaporating tempera­

tures from 30.24 to 34.50 F, and water Inlet temperatures 

from 42.86 to 55.50 F. These conditions corresponded to 

a boiling film temperature difference from about 4.3 to 
5.2 °F and boiling film coefficients from about 140 to 360 

BTU/hr. sq. ft. °F.

One other investigation on the comparison of single 

tube coefficients with tube bundle coefficients is reported. 

■Akin (1) studied overall coefficients in an evaporator 

having 60 nearly horizontal 1/2 in. O.D. chrome-plated copper 

tubes 10 in. long. The rows were 10 deep and 6 across on a A 

square pitch. Heat transfer was from condensing steam to a 

boiling water. Condensate was collected separately from 1 

each of 5 pairs of horizontal tubes, i.e., 12 tubes. He re­

porta that the data for the 60 tube tests were virtually . 

the same as those f or a single tube under the sane oondl- 

tions, but that the third pair from the bottom produced
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slightly more condensate than the others. No data were 

taken on the bottom pair because of an equipment failure.

Jakob (12) makes reference to the stlrrl% effect of 

the bubbles. He experienced difficulty in.making measure­

ments on vertical plates because the boiling temperature 

difference was decreased near the top of the plate. He 

attributes this to the stirring effect of the rising steam 

bubbles. Jakob also reports his studies of the surface 

effect on the coefficient. Coefficients for a freshly 

sand blasted copper surface and for the same surface after 

longer periods of use indicate a decrease in coefficient 

of approximately 25% at the same heat flux.

Fridgeon and Badger (15) report a series of studies 

on boiling water from plain copper tubes. They measured 

overall coefficients and found a decrease of about 60% for 

a surface that had stood in water for 24 days as compared to 

an acid—clean surface. A surface cleaned with emery cloth 

gave overall coefficients about 60% of the acid-clean 

values.

The work of Austin (3) has been referred to. He re­
ports that when a pool of water boiling at 212 °F was mech­

anically agitated with a stirrer rotating at 200 r.p.m, the 

boiling coefficient was apparently unaffected by a change 

in temperature difference from 1 to 10 °F.

C • EXPERIMENTAL METHOD

The method finally used in this investigation differed 

slightly from that originally conceived. The original plan 



was to study rates of heat transfer to individual horizon­

tal tubes in a vertical row tube bundle. The evaporating 

liquid was to be Freon 12. The heating liquid was to be 

carbon tetrachloride pumped at known velocity through the 

tubes. This liquid was chosen because of its low specific 

heat and its desirable liquid range. Inlet and outlet 

temperatures of the carbon tetrachloride and the tempera­

ture of the Freon were to be measured with mercury thermo­
meters graduated in 1/10 °F intervals. The carbon tetra­

chloride velocities were to be measured with orifices. 

Studies on the effect of artificially introduced Freon 

vapor were to be made by passing known quantities of the 

vapor at a given temperature and pressure through a per­

forated tube located beneath the bottom tube in the bundle.

As will be explained later, several difficulties arose 

when an attempt was made to analyse the data taken under 

the above conditions. In fact all attempts at evaluating 

the boiling film coefficient satisfactorily resulted in 

failure. “

The method of taking measurements was then changed 

to one which proved successful. First of all, the heating 

fluid was changed from carbon tetrachloride to water for 

two reasons. The carbon tetrachloride had a dorrosive 

effect on the copper and other piping whiciv led to the I

deposition of a powdery layer on the inside of the eva- . 1

porator tubes. This layer had a tremendous influence on 

the rate of heat transfer. The other reason was that by 

sacrificing the lower specific heat of carbon tetrachloride 
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in favor of water, the higher inside coefficient of water 

was obtained. To overcome the decrease in accuracy which 

would result from measuring smaller temperature differences 
with 1/10 °F thermometers, Beckmann thermometers graduated 

in 1/100 °C intervals were used. To permit analysis* of 

the heat transfer data into its separate coefficients, 

thermocouples were installed in the tube walls of the 

bottom f our plain tubes. The two top tubes were equipped 

with neither thermocouples nor Beckmanns. Other than this 

the experimental method was unaltered.
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VII. EXPERIMENTAL EQUIPMENT AND MEASUREMENTS

A. EQUIPMENT

Two separate main fluid circuits and two auxilary 

circuits were necessary for the measurement of the re­

quired rates of heat transfer. The first main circuit was 

capable of containing and handling the Freon used for cool­

ing the water. The second was a water circuit which con­

tained and handled the water used for evaporating the Freon. 

The first auxiliary circuit was for steam used to reheat the 

water and maintain it at any desired uniform temperature. 

The second was a cold water circuit used for removing heat 

from the condensing Freon.

1. FREON CIRCUIT

(a) Flowsheet

The Freon and its auxiliary circuit consisted of four 

main units : the evaporator, the compressor and its access­

ories , the vapor-liquid separator, and the storage tank. 

Their arrangement is indicated in the flowsheet of Fig. 1.

The high pressure Freon gas leaving the compressor 

divided into two streams, one going to the oil separator 

and the other being by-passed to the suction side of the 

compressor. It was for capacity control that part of the 

discharge stream was by-passed, and the relative magnitude 

of the two streams depended on the heat load of the evapora­

tor. As the heat load was increased less Freon was by- I 

passed and more went to the condenser. "

The stream of gas entering the condenser was condensed
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by cooling water from the city mains. The flow rate of the 

cooling water was automatically controlled by a pressure 

controlled valve in the water line. The stream of high 

pressure liquid from the condenser was divided into one 

main stream in a 3/4 in. copper tube and another small 

stream in a 1/4 in. copper tube. The small stream entered 

the vapor by-pass on the compressor just before it joined 

the main suction line. Here it was throttled to suction 

pressure by a hand operated needle valve H. The flashing 

of this high pressure liquid kept the compressor cool and 

eliminated the extreme overheating which otherwise resulted 

from continuous by-passing of hot high pressure vapor.

The main liquid stream entered the vapor-liquid sep­

arator after being throttled by a hand operated throttle 

valve C. Mere the high pressure liquid stream flashed 

into two phases at approximately the evaporator pressure. 

The low pressure vapor stream from the separator was con­

trolled by valve D and returned to the suction side of the 

compressor. The low pressure liquid stream from the 

separator flowed to the evaporator by gravity flow and 

entered the bottom at two points. Here the Freon was .

evaporated and the main vapor stream returned to the suc­

tion side of the compressor.

The vapor stream indicated as flowing directly from 

the discharge of the oil separator to the evaporator was 

for introducing the Freon gas beneath the bundle of tubes, 

and was completely isolated from the rest of the system 

when not in use. It was a 3/4 in. copper line.



12.

The remainder of the piping around the storage tank 

was only used while charging or discharging Freon from the 

evaporator. Its use will be described more fully in 

Appendix B.

All main vapor lines were 1-1/2 in. streamline copper 

and main liquid lines were 3/4 in. streamline copper, 

connections were made with brass sweat fittings. Valves 

were standard 150 lb. globe and gate valves which caused 

considerable trouble with leakage. Expansion valve C 

was a standard 3/4 in. hand controlled 300 lb. needle 

valve.

(b) Evaporator

The evaporator is worthy of rather detailed discus­

sion because it was the unit on which the heat transfer 

measurements were made and it possessed some features of 

design which made it useful for experimental purposes.

The evaporator was designed with the following points 

in mind. It had to have a tube bundle consisting of six 

tubes in a vertical row, and there were to be two kinds 

of tubes. For this reason it was desirable to be able to 

remove and install different tube bundles without too much 

inconvenience and without destroying the tubes. It had 

to be able to withstand the pressure of the Freons and 

other low pressure refrigerants and packing glands had to 

be of a type which would not permit loss of these relative­

ly expensive fluids. It was also preferable that the 

evaporator should operate on as little refrigerant as 

possible for economic reasons. The ends of the evaporator



13. - 

had to be adaptable to the connection and disconnection 

of the water pipes. Provision had to be made at one end 

for the expansion and contraction of the evaporator tubes 

at different temperatures.

(i) Body _ .
The above considerations led to the construction of 

a rectangular shaped evaporator. It provided space for 

the tube bundle and yet very little waste space which 

had to be filled with Freon. It also had a relatively 

small end area so that lighter weight tubesheets than 

would have been necessary for a circular shaped evapora­

tor could be used.
An assembly drawing of the evaporator appears in 

Fig. 2. It measured 17-3/8 in. high by 7-1/4 in. wide 

by 39 in. long inside and was fabricated of 1/2 in. steel 

plate welded at the seams and reinforced at three posi­

tions with 3 m. steel I-beams welded in place. The ends 

were welded to collars fabricated of 1 in. steel plate g 
suitably drilled for bolting to the cover plate at one J 

end and the packing gland follower at the other end.

The body of the evaporator contained two 1 in. weld­

ed pipe couplings in the bottom to introduce the liquid 

Freon. It bad two 1-1/2 in. couplings in the top to remove 

the vapor. The 3/4 in. coupling was for a safety valve set 

to relieve at 150 p.s.l.g. The 1/2 in. coupling in the 

top was for a pressure gauge and the ones in the side were 

for thermometer wells.
Three bull's eyes were welded into the sides of the
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evaporator, two on the front and one on the back. The one 

on the back was half way between the front two. These 

were to permit visual observations of the boiling and the 

liquid level.

(11) Cover Plates

The detail of the cover plate for the unpacked end 

is indicated in Fig. 3. It was fabricated of 1 in. steel 

plate. The outside ring of 14 holes was used to bolt the 

cover plate to the collar on the evaporator body. The 

inner ring of 8 holes was used to bolt the cover plate 

to the tubesheet in order to make a tight water seal be­

tween tubes and also a seal between the water and Freon 

circuits. The threaded 1/2 in, pipe holes were for adapt­

ing the water pipes to the cover plate in order to intro­

duce the water into the evaporator tubes. The 1/2 in. 

pipe hole at the bottom was for adapting the Freon gas 

pipe for introducing the gas into the perforated injector.

The detail for the cover plate on the packed end is 

indicated in Fig. 4. It was fabricated from 1 in. steel 

plate. Ten of the outer ring of bolt holes corresponding 

to those in the packing gland follower were to permit the 

stud bolts used with the follower to pass through the 

cover plate into the tubesheet. In this way the outward 

pull of the bolts was exerted against the tubeshe et rather 

than the cover plate and did not tend to separate the plate 

from the tubesheet as the packing was tightened up. The 

remaining six holes were for the bolts used to hold the 

cover plate and gasket to the tubesheet as on the unpacked
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end. The group of 1/2 in. pipe holes were for the water 

outlet pipes.

(ill) Packed End

The detail for the packing gland follower is illus­

trated in Fig. 5. It was fabricated by welding 3/4 and 

3/8 in. plate. The outer ring of 14 holes was for bolt­

ing the follower to the evaporator collar. These bolts 

took the stress from the Freon pressure exerted on that 

end of the tube bundle. They were tightened little more 

than hand tight without any Freon in the system. Any 

excess tightening would result in bent evaporator tubes. 

The inner circle of 10 holes was for accommodating stud 

bolts used for drawing up the packing. The raised portion 

of the follower bore down on the surface of the packing 

whan the stud bolts were tightened.

(iv) Tubesheets -

The tubesheets for both ends of the tube bundle were 

very similar. The detail of the tubesheet for the unpack­

ed end is indicated by Fig. 6. It was fabricated from 1 

in. steel plate. Ten of the outer ring of threaded holes 

were for the follower stud bolts. The other six threaded 

holes were for the cover plate bolts. The center group 

of holes were for the evaporator tubes. These holes were 

drilled and reamed to 0.758- 0.002 in., and grooved with 

two grooves approximately 1/8 in. wide by 1/64 in. deep. 

The bevelled edge of the tubesheet was to provide a space 

for packing and to give it a wedge-type action when being 

drawn up.
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The other tubesheet had a 1/2 in. pipe hole for con­

necting the Freon gas injector beneath the bottom tube. 

It did not require bevelled edges nor holes for the stud 

bolts.

(v) Tube Bundle

The tube bundle contained 16 copper tubes rolled 

into the tubesheets with a suitable roller. The tubes 

had a 0.750 in. O.D, and a wall thickness of 0.065 in. 

This gave a 0.620 in. I.D. which compared favorably with 

the 0.622 in. I.D. of the 1/2 in. pipe used for the water 

connections. The distance between tubesheets was 36.2 

in. giving an area per tube of 0.593 sq. ft.

The only tubes used for the experiments were the 

bottom four in the middle row. The side rows were to 

give strength to the bundle, to provide a flow pattern 

for the bubbles which would approximate that in a com­

mercial unit, and to permit further study on a more com­

pact bundle of tube rather than a single row. Fig. 7 

is a photograph of a tube bundle taken before thermo­

couples were installed.

Water connections were completed to the six tubes 

in the center row only but corresponding adapting holes 

were made for the bottom two tubes in each of the side 1 

rows.

The perforated vapor injector was made from a piece 

of 1/2 in, galvanized pipe threaded into the tubesheet 

so that it was 1/2 in. from the bottom tube. Twenty-
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three holes 0.040 in. in diameter were drilled 1-1/2 in. 

apart in a straight line along the top of the pipe. The 

vapor was directed through these holes against the bottom 

tube. The outlet end of the pipe was capped.

(vi) Packing and Gasketing

The gasket material used between the cover plates 

and tubesheets was compressed neoprene - asbestos sheet 

1/8 in. "thick. One of the gaskets is plainly visible in - 

the photograph of the tube bundle in Fig. 7. The same 

material was used between the cover plate and the collar 

of the evaporator on the unpacked end.

Circular graphited asbestos packing was used to 

make the seal between the tubesheet and the shell on 

the packed end. First of all a piece of 1/16 in. pack­

ing was tamped intd the bottom of the groove, making sure 

that the corners were particularly well filled, and that 

the ends were smoothly joined. This piece of material 

actually made the seal, the remainder of the packing just 

held it in place. On top of this first piece about 3 or 

4 layers of the same type of material 1/4 in.-in diameter 

were wound, making sure that they were well packed into 

the corners. On top of this was placed a piece of 5/8 in. 

diameter, 1/8 in. wall, neoprene rubber tubing. This just 

fit snuggly in place and held there of its own accord, 

permitting the follower to be put on an bolted down.

(vli) Pressure Test and Leak Detection 

Before piping connections were made, the outlets in
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the evaporator shell wera plugged with pipe pltgs and the 

unit pressure tested to 225 p.s.i.g. with water. This 

proved the strength of the shell, the effectiveness of 

the packed end, and the tightness of the rolled tube joints 

After the piping connections had been made, the unit 

was tested for major leaks by placing it under about 75 

p.s.i.g. air pressure and using soapy water. Smaller 

leaks were found using a methyl alcohol Freon detector 

with Freon in the unit.

(c) Compressor and Accessories

The compressor was a 5 ton Carrier type 5F-30 model, 

operating three cylinders at 1750 r.p.m. from a 5 h.p. 

drive. It was equipped with an automatic low and high 

pressure shut-off switch, and an automatic oil safety 

switch which shut off the compressor whenever the differ­

ence between the oil and suction pressure became less 

than about 45 p.s.i.g, generally indicating a loss of oil 

from the crank case. Gauge I, Fig. 1, indicated the dis­

charge and gauge II the suction pressure of the compressor. 

Gauge III indicated the oil pressure.

The oil separator was an Aminco Refrigeration Pro­

ducts Co. type 890F separator which worked very satis­

factorily when the compressor was operated properly.

The condenser was a water cooled mullpass type, 

containing finned tubes. It had a purge cock for eliminat­

ing air from the system. The condensing pressure was In­

dicated by gauge IV.
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(d) Vapor-Liquid Separator

The purpose of the vapor-liquid separator was to 

separate the low pressure liquid from the vapor. It was 

fabricsted from a piece of 6 in. pipe 20 in. long, with 

3/4 in. steel heads welded in. A l in. pipe coupling 

was welded in the bottom for the liquid outlet. Two 

1-1/2 in. couplings were welded in the top to provide an 

inlet for the throttled vapor liquid mixture and an out­

let for the separated vapor. Two 1/2 in. couplings were 

welded in the side to make connections for a sight glass 

to permit observation of the liquid level. A thin steel 

baffle plate was su^^gded from the top end between the 

1-1/2 in. couplings. It extended all the way across and 

was 5 in. long. It was designed to prevent as much liquid 

entrainment as possible.

(e) Storage Tank .

The purpose of the storage tank was to hold the Freon 

during any changes in equipment that might be necessary 

during the course of operations, or during the changing 

of tube bundles. It was fabricated from a piece of 12 in. 

pipe 54 in. long, with 3/4 in. steel heads welded in. 

It had a 3/4 in. coupling in the top through which the 

evaporator could be drained. It had a 1/2 in. coupling 

in the top for a relief valve and connections on the end 

for a sight glass in which to observe the liquid level. 

A 1-1/4 in. pipe connection in the bottom permitted dis­

charge of the liquid to the evaporator.
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2. WATER CIRCUIT

The water and its auxiliary circuit consisted of 

three main units in addition to the piping and storage 

tank. These units were a pump, a heater, and_ two mani­

folds. Their arrangement is indicated in the flow sheet 

of Fig. 8. ‘

The discharge from the pump divided into two streams, 

one going to the manifold and the other being by-passed to 

the suction side of the pump for capacity controls. The 

quantity by-passed was controlled by valves A and B.

The main stream was distributed to any of the de­

sired six tubes by adjustment of the valves C. After 

passing through the evaporator into the downstream mani­

fold, the streams were reunited and sent to a storage 

tank. The pump took suction from the storage tank through 

a small steam heater.

Steam was supplied from a 120 p.s.i.g. line. Its 

flow rate was controlled by 1/4 in. valve D and 1/8 in. 

valve E. Condensate was discharged from the trap to a 

drain.

(a) Pump .

The pump was a Viking type gear pump driven at 300 

r.p.m. by a 3 h.p. motor. It was capable of delivering 

approximately 65 g.p.m. at a pressure of 25 p.s.i.g.

(b) Heater

The steam heater was a Ross type BCF water heater.
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( o) Manifold g

The manifolds were fabricated from 6 in. pipe with 

1/4 in. steel heads welded in• They were each 22 in. 

long and had six 1/2 in. pipe outlets evenly spaced on 

3 in. centers on one side.

The upstream manifold had a 2 in. inlet in the 

bottom on the opposite side to the 1/2 in. outlets. A 

vertical partition consisting of a steel plate drilled 

with 3/4 in. holes extended all the way across and up 
* 

from the bottom in the center to a height of 18 in. This 

was to give the water a more uniform velocity profile as 

it approached the 1/2 in. pipes, and to avoid a cross­

sweep action which might have influenced the steadiness 

of flow in the individual tubes. The top of the manifold 

had a pressure gauge connection.

The down stream manifold had a 2 in. outlet at the 

top and a drain in the bottom.

(d) Piping and Storage Tank *

All main piping was 2 in. galvanized pipe. The in­

dividual pipes leading to the evaporator tubes were 1/2 

in. galvanized.

The storage tank was a 16 in. pipe about 5 ft. long 

with heads welded on both ends, suitable inlet, outlet, 

and drain connections, and a sight glass on the side. 

This tank was originally included as storage for the 

carbon tetrachloride but was useful with the water be­

cause it permitted more hold-up in the system and conse- 

qunetly slower fluctuation in water temperature.
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3. INSULATION

All water circuit and all low pressure Freon circuit 

units and piping were insulated.

(a) Evaporator

The evaporator was covered with 3 in. slabs of Johns- 

Manville rock cork insulation on all sides. This filled 

in the space between the 3 in. I-beams. A layer of Johns- 

Manville hair felt one inch thick was then wrapped around 

the whole unit and tied in place with twine. This was . 

followed by winding around strips of 4 in. Johns-Manville 

Zero-Tape, overlapping on every turn to insure a complete 

seal against moisture. The edges were carefully tucked in 

around all fittings and the whole was then painted with 

two coats of black asphalt paint to keep out moisture.

(b) Piping

Ali piping on the water and low pressure Freon cir­

cuits was insulated with two layers of Johns—Manville 

hair felt wrapped on tightly, tied with twine, and then 

wrapped with overlapping layers of the black tape. This 

was then painted the same as the evaporator. The liquid 

line from the vapor-liquid separator was wrapped with 3 

layers of felt to keep the heat gain at an absolute 

minimum.

The manifolds, water storage tank, and vapor-liquid 

separator were wrapped with layers of hair felt and treat­

ed for moisture in the same way.

The 1/2 in. water piping was wrapped with two layers 

of hair felt and tied on but not water-proofed because it
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had to be removed every time the tube bundle was changed. 

The ends of the evaporator were wrapped in the same way. 

Observation indicated that the amount of moisture which 

penetrated to these surfaces was very small and it was 

not felt sufficient to in any way destroy the insulating 

properties of the material.

B. MEASUREMENTS

In order to make the required heat transfer measure­

ments it was necessary to know water inlet and outlet 

temperatures for each test tube, Freon liquid temperature, 

tube wall temperatures, and water flow rates in each tube. 

The temperature, pressure, and flow rate of the injected 

Freon gas also had to be known for those runs where gas was 

introduced.

1. FLOW MEASUREMENTS

(a) Water Rate
(1) Orifice Installation

Water flow measurements were made using orifices in­

serted in the half inch pipes. The assembly is indicated

in Fig. 9. The plates were made of brass machined 3/32 in.

thick with a 0.344 in. sharp cornered hole drilled and

reamed at the center. They fit into the gasketed seat of 

an orifice union. Orifice taps were taken off 3/4 in. 

above and below the plates by drilling through the screwed 

ends of the union where they fastened onto the pipe with

a 1/8 In. drill. Three-sixteenth inch copper tubing con­

nections were made from the orifice to a small manometer
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maalfoia made from 1-1/2 in. pipe 8 in. long having indivi­

dual side outlets for eaoh orifice. Baah outlet had a bra»* 

stop-cook so that the flw rate in any desired orifice could 

easily be indicated on the manometer. The top of the mani­

fold had an air purge cock and the bottom had a connection 

leading to the manometer.

The manometer fluid was mercury and the ateel scale 
was graduated in mm. It was 130 cm. long.

<11) Orifice Calibrations

The orifices were calibrated in place with water. 
Water from the city mains was admitted through the orifice ] 
at any desired constant rate and the time required for a * 

given weight of water to be collected was recorded. Ori— 

flee constants were calculated from the recorded data. A 

plot or the calibration appears in Fig. 28 of Appendix C.

The constant» for all orifices were practically 

identical so the same curve was used for all calcula­

tions. The high coefficient (0.748 to,0.765) is prob­

ably a result of the ratio between thé plate thickness ■ 

and the diameter Of the hole which was 0.273. This would 

give more of a short nozzle effect than an orifice. The 

rating of the hole diameter to the pipe diameter was 0.553. 

This ratio pen^tted reading flow rates up to 12 ft./sec. - 1
in the evaporator tube». . \ i

(b) tt*o* Rate ;
(i) Orifice Installation

The flow rate of the Freon gas being injected beneath 

the tube bundle was measured by an orifice in the 3/4 in.
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copper tube. Manoxneter oonneétions were similar to those 

used on the water orifices. The manometer fluids were 

glycol and mercury under Freon, and the scale was graduated 

in tenths of an inch. Glycol was chosen because of its 

density, 1.101 gm/oc. at 68 °F» and its extremely low 

vapor pressure wnloh eliminated contamina tion of the Freon.

(11) Calibration
The orifice was calibrated with air at room tempera­

ture. The calibration data are plotted In Fig. 29 of 

Appendix C. Air from a 90 p.s.l.g. source was passed 

through a Fischer-Porter critical flow pro ver, then through 

the orifice being calibrated. The reading on a mercury 

under air manometer was recorded for any given set of 

conditions at the flow pro ver. The corresponding quantity 

of air was calculated from the flow prover data and from 

this known quantity the orifice constant was evaluated. 

These constants were used without further modification 

for calculating rates of flow of Freon. The hole in the 

orifice plate was 0.281 in. and the plate was 3/32 in. 

thick. ,

2. TBHFBRATÜRE MKASDREMBHTS

(a) Water Temperatures 
f 1 j %ermometer installation *

Beckmann thermometers graduated In 1/100 C Intervals 

* were used for measuring water temperatures. One thermo-» 

meter Was Installed in the fourth tube from the bottom at 

* the inlet and one in each of the bottom four tubes at
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the outlet* The inlet thermometer was 24 in* from the 

evaporator and the outlet thermometers were 30 in. from 

the evaporator. They were placed these distances to over­

come mechanical difficulties adjacent to the evaporator 

where the 1/2 In* pipes were less than 3/4 in* apart and 

did not leave; room for the l in* pipe tees in which the 

thermometers were located. Another reason for the location 

downstream was to provide sufficient mixing distance for the 

fluid leaving the evaporator before it reached the thermo­

meter. In the bottom tube, which ran straight from the 

evaporator to the manifold, a mixing chamber was located 

ahead of the thermometer well. In all other pipes there 

were at least two elbows ahead of the thermometer* All 

piping was thoroughly insulated between thermometers in 

.the manner previously described. '
The method of installing the Beckmanns is illustrate - 

ed in Mg* 10. A 3/4 in. nipple 3 in* long was screwed 

into a 1 by 3/4 in. bushing. A rubber stopper, bored to 

take the Beckmann was then inserted into the top of the MB 

nipple and the Beckmann pushed through. A 3/4 in. pipe W 
cap, drilled to take the Beckmann, was then screwed down 

onto the rubber stopper to make it water tight. Another 

more loosely fitting rubber ring was then pushed into the 

space around the bulb of the thermometer where it emerged 

from the bushing* This acted as a spacer to give more 

rigidity to the thermometer and prevent lateral motion at 

the bottom.
This type of installation is recommended because it
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permits removal of the thermometer in its assembly when­

ever a new setting is required. This avoids the necessity 

of breaking a rubber to glass seal each time• Natural 

rubber was used for all the seals so that it could be dis­
solved out with benzene or carbon tetrachloride if the 

thermometers ever had to be removed*

A guard made from a half section of 1-1/4 in. brass 

tubing was brazed to the 3/4 in. cap* This was apparently 

effective and proved very handy when moving the thermo­

meters around during resetting.

(11) Calibration

A large well-circulated water bath was used for . 

calibrating the thermometers. The bath was cooled down 

first of all with ice. The temperature was then maintained 

at any desired point on the Beckmann scale for the particu­

lar setting by recircula ting ice water through a copper 

coil in the bath. At low temperatures, the heat input 

from the room and the stirrer could not be compensated for 

with ice water alonev so a brine solution was used.

For purposes of calibration, the thermometer used at 

the inlet was taken as the reference and all others were 

referred to it. It was referred to a N.B.S. thermometer 

graduated in 0.1 G intervals to get the absolute tempera­

ture corresponding to the Beckmann reading* The method of 

taking the data was to hold the bath as alAèe as possible 

to a fixed temperature and read the reference thermometer 

and each of the other thermometers simultaneously, making
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four pairs of readings for the five thermometers. This 

was repeated for three rounds at each calibration point 

and the values averaged. These averages were subtracted 

to get the difference between each thermometer and the refer­

ence at the same temperature. A typical curve appears in 

Fig. 30 of Appendix G.

. The true temperature corresponding to a reading on 

the reference Beckmann was also plotted for each setting 

that was used. One of these curves appears in Fig. 31 of 

Appendix C. Similar curves were used to calculate the in­

let water temperature at each different setting.

(b) Freon and Tube Wall Temperature

The installation of the thermocouples used for measur­

ing the tube wall and liquid Freon temperatures formed a 

separate and rather special phase of the work and is treat­

ed fully in Appendix A.

3. PRESSURE MEASUREMENTS

Pressure measurements were taken at the evaporator 

on gauge V, Fig. 1, for two reasons. They permitted a 

check on the thermocouple readings of Freon temperature, 

and they were used as a control during operation to tell 

whether or not conditions were steady. A calibration curve 

for this gauge appears in Fig. 32 of Appendix G.

A pressure gauge was also used below the orifice in 

the Freon gas line in order to record the pressure at 

which the gas left the orifice. A calibration for this 

gauge appears in Fig. 33 of Appendix G.
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VIII. EXPERIMENTAL PROCEDURE

A. STARTING UP 

1. WATER CIRCUIT

The water circuit was always started up first. Con­

trol valves F and B, Fig. 8, and vent H were opened wide. 

Water form the city mains was then turned on at valve L 

to fill the system. During the filling, the by-pass valve 

A and inlet valves C were closed so that the main 2 in. 

lines would be flushed out with fresh water. When the 

storage tank became nearly full the water was shut off 

and the tank allowed to drain empty. This eliminated 

rust which had collected in the system over the shut 

down period. The drain valve on the tank was closed and 

the system refilled with fresh city water to within a few 

inches of the top of the sight glass on the tank. The by­

pass valve A and inlet valves C were then opened, the re­

versing motor switch put in the forward position, and the 

pump started. As soon as the pump took suction, the by­

pass was adjusted until the manometer indicated about half­

scale reading. Each orifice lead was then opened separately 

and the cook on the top of the orifice manifold opened to 

purge air from the lead lines. The cocks on the top of 

the manometer were then opened to purge air from the mano­

meter lines. The control valves C were then adjusted until 

as nearly as possible the same rate of flow was obtained in । 

each of tubes 1 to 4 (numbering from the bottom up). This 

involved closing the lower valves slightly and was a trial 

and error procedure. Valves in tubes 5 and 6 were left



39.

closed except at low heat loads where the load on these 

tubes made control of the compressor easier. The by-pass 

valve was then adjusted to get the desired rate of flow 

in the individual tubes, and they were checked with the 

manometer to see if the rates were still the same.

It was extremely important that this procedure be 

followed closely, especially when the Beckmanns were set 

to read at 40 °F or lower. Unless the water at room tem­

perature laying in the piping were purged thoroughly from 

the system before the pumps were started, the setting on 91 

the thermometers would be lost. %

2. FREON CIRCUIT

The operation of the Freon circuit will be described 

assuming the Freon to be in the evaporator at the required 

level, about half way up in the top bull’s eye. Additional 

operating instructions pertaining to other phases of the 

Freon circuit operation are presented in Appendix B.

Valves A, B, E, G, and Q, Fig. I, were opened wide.

Valve R on the liquid control line to the by-pass was 

opened wide and the valve on the pressure gauge at IV was 

cracked. By-pass valve F was opened about half way. Valve 

H and all other valves were left closed tight. The import­

ance of keeping valve H closed at this stage should be 

emphasized because if it were left open the liquid from the 

condenser would flow into the suction side of the compressor 

as soon as it were started up.

The compressor was then started. As soon as the con­

denser had accumulated some liquid, throttle valve C was



40.

opened slightly to admit Freon to the separator. The 

condenser water would automatically start to flow when 

the pressure in the condenser had built up sufficiently.

The liquid in the evaporator would start to foam and 

swirl over the top bull's eye as soon as C was opened.

Valve H was then opened gradually until the by-pass pipe 

felt cold to the touch over most of its length. A hot

by-pass pipe with H open usually meant that there was no 

liquid in the condenser. Pressure on the suction side 

could then be reduced by shutting down on valve F slight­

ly until the suction pressure at gauge II started to de­

crease. The shut-off valve on gauge V was opened when 

the suction was less than 60 p.s.i.g.

This was a rather critical stage in the operation 

and the procedure here had to be followed carefully. The

oil in the crankcase was saturated with Freon at the crank­

case pressure. Any decrease in that pressure

the oil becoming supersaturated with Freon at the new

pressure. The sudden release of gas caused such violent

resulted in

frothing of the oil that it boiled right out of the 

crankcase and went over into the condenser and evaporator 

with the liquid. The oil separator could not handle such 

large volumes of oil and became ineffective whenever this 

frothing-over occurred. The way this could be avoided was 

to decrease the suction pressure very slowly and keep ob­

serving the oil in the sight glass on the crankcase. When 

the pressure was not being decreased too fast, the oil was 

creamy but not frothy. After stable operation at a fixed 

suction pressure, the oil became its natural color.
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At this stage in the procedure, it was usually neces­

sary to open the steam control valves E and P, Fig. 8, 

slightly in order to maintain the water temperature. The 

throttle valve C, Fig. 1, might also need adjusting to 

keep the desired liquid levels in the evaporator and con­

denser. The liquid level in the condenser was determined 

by locating the level where it was cold to the touch.

At this time the water circuit was operating, the 

steam was on sufficiently to hold the mercury on the scale 

of the thermometers, and the compressor was operating at 

approximately the desired suction pressure on direct ex­

pension, that is, low pressure liquid and vapor were both 

going to the evaporator.

The next stage involved adjustment of a liquid level 

in the vapor-liquid separator so that only low pressure 

liquid went to the evaporator. This was done by opening 

valve D slightly and observing the sight glass closely. 

When Freon began to froth and foam in the glass, the valve 

was closed momentarily or at least far enough to prevent 

the liquid rising too far in the separator. This was an 1 

extremely important point because if liquid were carried 

over it would go directly to the suction side of the com­

pressor. It was usually necessary to let the Freon foam 

up and down in the glass a few times in order to cool it 

down before a level could be held. Finally, the level was 

adjusted by control of valves'C, D, H, and F. Opening 

valve C or the by-pass F tended to depress the liquid level. 

The level was also influenced by the adjustment of valve H,



but not radically. The level had to be watched very closely 

whenever other conditions were unsteady, and in fact, at 

all times.

At this point the liquid in the evaporator should 

have become relatively quiescent and will be lower than 

it was because of hold-up in the separator. In the rare ' 

cases where an extremely low heat load was used, valve A 

had to be partially closed before the pressure differences 

were such that liquid would appear in the separator.

The system was now ready for final adjustment to the 

exact conditions under which data were to be taken.

B. COLLECTION OF LATA 

1 . REGULAR RUNS

For the runs made to determine boiling coefficients 

for the individual tubes, nothing remained but to hold all 

conditions steady. The water velocity seldom if ever need­

ed adjustment during ths course of a run. It was attempted 

to hold the inlet temperature of the water constant within 

0.03 °C, and to keep the Freon temperature constant. A 

change in the Freon temperature was indicated immediately « 

by a change in its pressure. A rise in pressure resulted . 

from two things. The water temperature was either getting 

too high or not enough Freon was being sent to the evapora­

tor. These conditions were corrected by proper adjustment 

of the steam or by-pass valves. It was very important to 

keep the Freon temperature absolutely constant because of 

the sensitiveness of the boiling coefficient to tempera­

ture difference.
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As soon as conditions had been steady for about 15 

minutes and usually about 1-1/2 hours after starting up, 

data were taken. The lower Freon liquid thermocouple was 

read, followed by the tube wall temperatures for tube 1. 

While the middle couple was being read, the inlet and out­

let water temperatures were also read. This procedure was 

repeated for the other three tubes, with the upper Freon 

liquid couple being read for tubes 3 and 4. Three complete 

cycles of readings were made at each condition. The water 

manometer was read at the beginning and end of each run.

2. WILSON PLOT RUNS

During a series of runs for a Wilson plot, it was 

necessary to keep the heat load as constant as possible by 

leaving the compressor untouched during the entire course 

of da ta-taking for all the runs. The first run was made 

at the maximum water velocity attainable with the Beckmanns 

reading at the lower end of the scale. The water velocity 

was decreased for the next run and the inlet temperature 

of the water increased until the new larger overall tempera­

ture difference was sufficient to transfer the same amount ■ 

of heat at the lower velocity and same Freon temperature. 

The limiting velocity was determined at the low end by the 

maximum temperature difference permis sable with the Beck­

mann setting, and at the high end by the size of the ori­

fices.

In all other respects the data taking for these runs 

was the same as described above.
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3. INJECTION VAPOR RUNS

Runs taken with Freon gas being introduced beneath 

the tubes were essentially the same as the others except 

that the desired quantity of gas was introduced by con­

trol valves J and K, Fig. 1. No difficulty was encountered 

in keeping the flow rates constant. The temperature and 

pressure of the inlet gas were recorded when the manometer 

was read.

C. SHUTTING DOWN

At the conclusion of data taking, valve D, Fig. 1, 

and the steam valves were closed tightly. The by-pass 

valve F was opened slightly and the control valve H closed. 

Valves C and B were then closed rapidly and simultaneously 

and the compressor shut off. The shut-off valve on gauge 

V, the liquid line valve B on the condenser, and valve A 

on the evaporator were closed.

• The water pump was then turned off and the system 

drained through the storage tank. Valves B and F, Fig. 8, 

were closed and a trickle of water turned on from the 

mains at valve L so that it would flow continuously through 

the tubes. This was done to prevent rust settling out on 

the evaporator tubes during the shut-down period and to 

keep the Beckmanns cool enough to hold their setting.
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IX. TREMONT OF ETCRJRIimiTAL DATA

A . INTRODUCTION AND PRELIMINARY ANALYSIS

^Vhen a relatively warm fluid is passed through a 

tube surrounded by another colder fluid, heat is trans­

ferred from one fluid to the other through the tube wall. 

It is possible to calculate an overall heat transfer co­

efficient for this process from an equation of the type

f = VAT---------------------------------------------------- (2)

where is the quantity of heat transferred in BTU/hr., 

U is the overall heat transfer coefficient in BTU/hr. sq. 
ft. °F, A is the area in sq. ft. on which U is based, and 

AT is the bulk temperature difference between the two 

fluids in °F.

The heat load Q under these conditions can be calcu­

lated from the relation

Q = WC (T, - TJ---------------------------------------- (3)

where W is the weight rate of flow in lb./hr, per tube, 

T।, the inlet temperature, T^ the outlet temperature, and 

C the specific heat of the fluid flowing in the tube in 
BTU/lb. °F.

In order to determine the separate so-called film 

coefficients which make up the overall coefficient further 

information is necessary. This information can be in either 

of two forms. It can be in the form of additional experi­

mental informa tion or in the form of independent quantita­

tive theoretical relationships which will permit calcula­

tion of the film coefficient from the known physical and
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dynamic properties of the fluid under the conditions of 

flow in the tube. A known relationship for the inside of 

the tube would permit, under certain conditions, the calcula­

tion of the outside coefficient from the resistance con­

cept , which expressed mathematically take the form

where h is the film coefficient on the outside of the tube 

in BTU/hr. sq. ft. °F, At is the inside area of the tube in 

sq. ft., h^ is the film coefficient on the inside of the 

tube in BTU/hr. sq. ft. °F, 1c is the thermal conductivity 

of the metal in the tube wall, BTU/hr. ft. ^F, x is the 

thickness of the tube wall in ft., Am is the mean area of the 

tube wall, and is the total resistance of the fouling which 

may or may not be present on either the inside and/or outside 

of the tube in °F sq. ft. hr./BTU.

The condition under which a measured value of U and

a calculated value of h^ will permit the calculation of 

h is that shall be negligible or known. Serious error 

may result if this condition is not fulfilled. Fig. 11 

has been included to indicate the effect of even an ap­

parently small amount of fouling. The carbon tetrachlo­

ride which was originally used as the heating fluid inside 

the tube ettacked the copper and the steel and deposited 

a thin layer of powdery material on the inside of the 

tubes. The curves in the figure indicate the difference 

in overall coefficients obtained for these tubes before 

and after the deposit had been cleaned off.
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A relationship for calculating the coefficient on 

the inside of the tubes is known to be of the form

(5)

where D « inside diameter of the tube, ft.

k = thermal conductivity of the fluid, BTU/hr. ft. °F

B = a constant depending largely on the geometry of 

the system, generally assumed to be 0.023 for long smooth 

tubes.

V = velocity in the tube, ft./seo.

f - density of the fluid, lb./cu. ft.

yM = viscosity of the fluid, lb./ft. hr.

C = specific heat of the fluid, BTU/lb. °F.

a » a constant generally assumed to be 0.8.

b = a constant generally assumed to lie between 0.3 

and 0.4, with 0.3 being recommended for cooling (8)»

The ratio of length to diameter of the tubes in the 

evaporator was 58, which does not permit them to be con­

sidered as long smooth tubes with negligible and effects. 

Therefore it cannot be said that the constant B was known. 

This prevented a direct calculation of the inside coeffi­

cients even with the assumption that r^ = 0 and that the 

constant a » 0.8 and b = 0.3.

Due to the method of Wilson (16) this difficulty can 

be avoided under certain experimental conditions. The con­

ditions are that h be a constant for a series of runs made 

at different velocities, the t r, be known, and that the
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constant a. be known accurately. For the case of boiling 

a given liquid on a given tube surface at a constant 

temperature, in the presence of no or constant external 

disturbances in the liquid, Eqn. (1) indicates that Q 

is a function only of the temperature difference between 

the boiling liquid and the outer surface of the tube wall. 

The reasoning for this is as follows:

Q = hA (4TU) --------------------------------------    (6)

and since h =• E (ûTb)w-------------------------------------------------- ( 1 )

/. Q = KA (AT^r*----------------------------------------------- (7)

If Q is held constant it follows that Z}Tb must be 

constant. If is constant, then h must be constant 

from Eqn. ( 1 ). Holding Q, constant would therefore ful­

fill the first condition required to make a Wilson plot.

For copper tubes that have been thoroughly cleaned 

and used with non-corrosive liquids such as water it may 

be reasonably assumed that r^ equals zero. However, this 

condition was not fulfilled when carbon tetrachloride was 

used as the heating fluid and r^ was therefore an unknown, 

although probably nearly a constant for any given series 

of runs at constant heat load. The constant a. was still 

an unkown but assumed to be 0.8.

Several series of runs were made using carbon tetra­

chloride inside the tubes nd the data were analysed by 

the Wilson plot method and also by using a relation of 

the type in Eqn. (4) and (5) with the accepted constants. 

The boiling coefficients obtained ^by the Wilson Plot
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method were from 50% to 100% higher than those obtained 

by using Eqn. (4) and (5). Furthermore, when the boiling 

coefficients obtained by the equations were plotted as a 

function of the Reynolds number inside the tubes, they 

were observed to increase considerably as the Reynolds 

number increased at constant heat load. Theoretically 

the Reynolds number on the inside should have no effect 

on the boiling coefficient at constant heat load.

The conclusions drawn from these results were that 

the power a. on the Reynolds number in Eqn. (5) was not 

0.8 but some higher number, and that until this power 

were known accurately, neither the Wilson plot nor Eqn. 

(5) could be used to analyse the data to obtain boiling 

coefficients.

Accordingly, it was evident that the further Informa­

tion necessary to calculate boiling coefficients must be 

in the form of additional experimental information which 

would permit direct computation of boiling coefficients 

from the relationship expressed by Eqn. (6). Thermocouples 

in the tube wall gave the necessary data for this computa­

tion and also for the calculation of inside coefficients 

from the relation

% = h. A A T. ------------------------------------------ (8)

Inside coefficients so calculated could then be used 

to determine accurately the power a. on the Reynolds number 

in Eqn. (5). This power could then be used to make a 

Wilson plot analysis and check it with the coefficient ob-
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talned by direct calculation.

sis which was followed for the 

sented in Table II of Appendix

This is the method of analy 

entire data which is pre- 

Co

B. BOILING COEFFICIENTS 

1. EFFECT OF AGITATION

The effect of agitation was studied under two condi- . 

tions. First of all the effect of the position of one 

tube relative to the others in the tube bundle was studied, 

and secondly the effect of agitation resulting from arti­

ficially introduced gas was investigated.

(a) Effect of Tube Position

The conditions under which these data were taken are 

as follows:

For any given setting on the Beckmann thermometers 

boiling coefficients were determined at various tempera­

ture differences for the four tubes by varying the evaporat­

ing temperature of the Freon, the water velocity, and the 

inlet water temperature over as wide a range as possible. 

Three different settings on the thermometers were used, m 
the first reading between about 59° and 68° F, the second 

between 38° and 47° F, and the third between 68° and 79° F.

The boiling coefficients were calculated by using Eqn.

(6) . The calculated values appear in Table II of Appendix C• 

The heat load, Q, was obtained by use of Eqn. (3). The boil­

ing temperature difference, AT^, was obtained from the diff­

erence between the tube surface and Freon temperatures. The 

temperature of the tube wall was calculated by averaging the 

three thermocouple readings for each tube. The temperature
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so obtained was assumed to be the temperature at the center 

of the tube wall. The temperature drop across the copper 

tube wall, ATCU , was calculated for the given heat flux, 

and half of this drop added to the temperature obtained by 

the thermocouple readings. This temperature was then used 

as the surface temperature in evaluating AT^ . Half of the 

drop across the copper tube was subtracted from the thermo­

couple temperature to get the inside surface temperature 

for evaluating ATL .

In the bottom tube, the thermocouples were placed on 

the bottom, side, and top. The thermocouple in the top 

read up to 4% higher than the one in the bottom, and the one 

in the side read up to 4% lower than the bottom. However, 

the individual readings of thermocouples in the tubes where 

the junctions were all at the bottom differed by as much as 

+ 4% from the average. Therefore it was not felt justifi­

able to make any definite statement regarding the tempera­

ture gradient which may or may not exist around a tube wall 

surrounded by a boiling liquid. For this reason no correc­

tion was applied to the thermocouple readings for tubes 2, 

3» and 4 and it was assumed that the average tube wall 

temperature was given by the thermocouples which were all 

in the bottom of the tube.

The coefficients for each tube were plotted as a 

function of the temperature difference across the boiling 

film as in Fig. 12. This plot includes the data for runs 

103-127 inclusive and run 180. These runs were selected 

for studying the effect of tube position for reasons out­

lined in the discussion on surface stability.
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Run No. 180, taken on June 23, requires further "ex­

planation. It was made while using a small 1/4 ton Freon 

compressor. The capacity was insufficient to keep a 

steady state in the evaporator because the heat input 

from the pump and the surroundingswas greater than the 

heat that could be removed by the compressor. Consequent­

ly, the Freon and water temperatures both gradually in­

creased during the course of the data taking which lasted 

about half an hour. The inlet water temperature changed 

from 61.72 to 62.35 °F, and the Freon from 54*60 to 55.60 °F. 

It is understandable that the data may be in considerable 

error when it is remembered that the heat load per tube was 

only about 575 BTU/hr., the water temperature drop as low as 

0.35 °F,and the measured temperature differences from 4.4 

to 5.4 °F. The data for this run have been included, how­

ever, because they follow the trend that would be expected 

at very low temperature differences. The curves have been 

dashed where they pass through the points for this run.

The influence of one tube on another is clearly shown 

by the spread in the coefficients obtained for different 

tubes. At the high temperature differences, where agita­

tion of the liquid is relatively high, the effect of one 

tube on another is negligible. At medium temperature 

differences, the vapor rising from the bottom tube creates 

additional agitation around the second tube which results 

in a higher coefficient. The combined vapor from tube l g 

(bottom tube) and 2 effects tubes 3 and 4 in a similar way. 1 

No significant difference is observed between tubes 3 and 

4 in this region. Apparently the effect of the agitation
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had reached an optimum for the tube arrangement by the time 

the third tube had been reached. Beyond that the benefi­

cial effect of increased agitation was perhaps countered 

by the detrimental effect of the surface being partially 

blanketed off by bubbles of vapor. At the lower temperature 

differences, the amount of vapor rising from the bottom tube 

is so small that it has a diminishing influence on the co­

efficient for tube 2. On the other hand the combined vapors 

from tubes 1, 2, and 3 are sufficient to increase the agita­

tion around tube 4, but not to blanket it off. It was only 

at the very low temperature differences that any significant 

difference was observed between tubes 3 and 4.

At a constant ATb of 6 °F, it may be seen that the . 

coefficient for tube 2 is about 65% higher than for tube 

1 and the coefficient for tubes 3 and 4 is about 125% 

higher than tube 1. A plot could be made showing the 

percentage increase in coefficient for the different tubes 

at a series of temperature differences. However, this 

would have little significance with regard to the perfor­

mance of commercial equipment where the evaporating tem— i 

perature, water inlet temperature, water velocity, and 

consequently the inside coefficient for each tube would 

be approximately the same. If for some reason an external 

influence such as vapor agitation tended to increase the 

outside coefficient for a particular tube, then the 

for that tube must decrease. This follows from the fact 

that as q/A increases AT^ must increase ; but if AT is 

constant, then ATb must decrease. Therefore there is 

no use comparing the effect of vapor agitation on boiling



coefficients for individual tubes in a commercial type unit 

on the basis of the same ATb.

The order of magnitude of the change in for differ­

ent tubes may be seen by referring to Fig. 12. This point 

may be emphasized by referring to the data <br run No. 127 

where the effect of tube position was a maximum. The co­

efficients for tubes 2, 3, and 4 showed an increase of 37, 

61, and 69^ over the coefficient for tube 1. However, the 

boiling temperature difference decreased for each tube, with 

the net result that the heat flux only increased by 21.8, 

33.5, and 4l.6^ respectively.

(b) Artificially Injected Vapor

The first data taken to study the effect of intro ducing 

vapor beneath the tube bundle were runs 128-131. Stable 

conditions were reached in the system and measurements made 

on all four tubes. Vapor was then injected beneath the 

bundle, with the water inlet temperature, evaporating tempera 

ture, and water velocity held constant. Measurements were 

again made on all tubes. This process was repeated for three 

different gas rates.

The volumes of gas injected in each run were calculated 

from the data taken at the Freon orifice. The volume of gas 

flowing through the orifice at the downstream conditions was 

calculated from the density data for Freon and the calibra­

tion curve in Fig. 29 of Appendix C. Since the gas came 

from the compressor it was superheated relative to the vapor 

in the evaporator. Each pound of injected gas would result 

in slightly more than one pound of vapor generated in the
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évaporator because the desuperheating would evaporate some 

liquid. The calculations of the volumes of vapor generated 

in the evaporator are shown in Table III of Appendix C.

Fig. 13 indicates the relative values of the boiling 

coefficients for the separate tubes for different gas rates. 

The rates of gas injection and boiling temperature differ­

ences for the bottom tube are indicated on each curve. The 

boiling temperature difference was not constant but decreased 

for the reasons outlined above from 8.06 °F at no gas flow 
o -to 5.95 F at maximum gas flow.

Another series of data was taken in a similar manner 

but starting with an initially higher boiling temperature 

difference and using more gas rates. The different values 

for these runs No. 132-137 are indicated in Fig. 14. The 

temperature difference changed from 8.65 to 6.99 F as gas 

was introduced. A third series at still higher boiling 

temperature differences was taken. The values are shown 

in Fig. 15.

The coefficient for the bottom tube is seen to have 

increased considerably as gas was introduced, while the 

coefficients for the other tubes generally decreased. 

This is probably because the injected vapor partially ~5|
blanketed off part of the surface without materially in­

creasing the agitation. The method of introducing the 

vapor beneath the tube might have deflected the bubbles 

off the tube in such a way that no beneficial effect re­

sulted on the tubes higher in the row.

An attempt was then made to operate the equipment in
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a way that would permit study of the effect of vapor in­

jection on the coefficient at constant temperature differ­

ence » These runs were No. 151-153• In this way it was 

felt that the effect of vapor .injection alone would be 

shown. However, difficulty in getting the same tempera­

ture difference at different conditions and gas rates 

made this type of data too difficult to take. Calculations 

for the attempted runs appear in Tables II and III of 

Appendix C.

The final and most successful series of runs with

vapor injection were made as follows. Five different 

rates of injection were used for four different initial 

conditions. The inlet water temperature, Freon tempera­

ture , and water velocity used for the initial conditions 

were held constant for each of the five different rates 

of injection. Measurements were only made on Tube 1. 

Glycol was used in the manometer for the three lower rates 

and mercury for the two higher rates of injection. Only 

three rates were used at the highest initial boiling temp­

erature difference. The data for the two higher rates were 

taken 24 hr. after the data for the low rates. The boil­

ing temperature differences for each of the four initial 

conditions covered as wide a range as possible• :

A plot of the data for runs No. 154-175 appears in 

Fig. 16. The plot is boiling coefficient versus Z\Tb and 

the parameter is rate of injection of gas. The effect of 

the injected gas on the boiling coefficient is seen to be
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very large at low temperature differences and to drop off 

to zero at higher temperature differences. This is in 

agreement with the previously observed behavior for the 

case of the four tubes in a vertical row where no difference 

between coefficients was observed for different tubes at 

high temperature differences. The same explanation would 

also apply.

Fig. 17 is a plot of boiling coefficient versus rate 

of injection at constant ATb obtained by cross-plotting 

the data of Fig. 16. The calculations appear in Table IV 

of Appendix C. Each curve at constant boiling temperature 

difference is apparently asymptotic to some upper limit 

but it is not possible to say for sure whether or not the 

limiting coefficient of about 1850 BTU/hr. sq. ft. °F 

would be reached in all cases. In fact it appears as 

though some limiting value would be reached for each temp­

erature difference beyond which no further increase in 

agitation would cause the coefficient to increase. This 

would be contrary to the work of Austin (3) for purely 

mechanical agitation. It would establish ATb as a funda­

mental variable which affects the boiling coefficient. 

If, on the other hand, the limiting value is 1850 BTU/hr. 

sq. ft. °F for the particular liquid and surface for all 

temperature differences, then temperature difference is 

shown to be purely a measure of the state of agitation of 

the liquid and not a fundamental variable, 

The same remarks which were made previously on the 

significance of constant boiling temperature difference 1



67.

2000

FUNCTION OFFIG. 17 BOILING COEFFICIENT AS A 
VAPOR INJECTION RATE

1800

1000

1400

1200

1600

600

400

200

800

o-

xx

VAPOR INJECTION
40

o

80 240

O 
m

120 
RATE

0

Ul 

d cn 
oc x
3 
s
I
z w
o 
U- 
uj 
o o

<9 z

160 200
CU. FT./HR.



6*.

in a commercial unit still hold. In the present case, 

however, the plot at constant temperature difference is 

significant in that it permits to some extent a study of 

the fundamental variables affecting the boiling coeffi­

cients, ~
Fig. 18 is a plot of the percent increase in the 

coefficients resulting from the introduction of gas ver­

sus the rate of injection at constant boiling tempera­

ture differences. The calculations appear in Table IV 

of Appendix O. Also included in this plot are three 

points taken from Fig. 12. The volume of vapor generated 

by tube I was calculated at boiling temperature differences 

of 6, 8, and 10 °F. The percent increase in the coeffi­

cient for tube 2 was also calculated. These points were 

then plotted on Fig. 18 to compare the effectiveness of 

the naturally generated vapors with the artificially In­

troduced vapors in increasing the coefficient. It is 

seen that the naturally generated vapors have caused a 

greater percentage increase in coefficient at the same 

boiling temperature differende. From this it may be con­

cluded that the manner in which the vapors strike the tube 

is significant,

2. EFFECT OF SURFACE CONDITIONS

After about half the data had been assembled it be­

came apparent that the condition of the surface of the 

copoer tubes was having a pronounced effect on the co­

efficients.
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Runs No. 100-102 were taken on June 17, the first day 

the tubes had been in the evaporator after being cleaned 

with cleaning solution. Runs No. 103-106 were taken on 

June 19 and were observed to give coefficients which fell 

below those for the first runs. It was thought that these 

first points might have been in error because of imperfec­

tions in operating the equipment for the first time. From 

June 21 to June 25, runs No a 107-126 were made at boiling temp­

erature differences from 7.1 to 15 °F. The points taken at 

the lower temperature differences were reasonably consis­

tant, although the general trend was for them to get lower 

from day to day. The points taken at higher temperature 

differences were in a region where the coefficients were 

changing very rapidly with AT^, and it was difficult to 

tell whether or not the coefficients were agreeing with 

each other from day to day.

The Beckmann setting was changed on June 27, and data 

were taken at low temperature differences from then until 

June 30." During this period the majority of tests were 

made with gas introduction. Runs No. 128 and 132, which 

were made without any gas, fell below the previous data. 

The Beckmann setting was again changed and runs No. 140, 

144-149, and 150-151 were taken between July 2 and July 8. 

All these points fell significantly below the data for the 

same boiling temperature difference which had been taken 

from one to two weeks previously. The effect was particu-j 

larly noticeable at the higher temperature differences. 

Runs No. 154, 158, 162, and 166 were taken on July 13, 

and No. 176-179 on July 19-
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Fig. 19 is a plot of the coefficients for the bottom 

tube for each of the above mentioned runs. The consis­

tent downward trend is obvious. The effect is much 

greater at higher temperature differences than at lower 

temperature differences, and does not seem to have reach­

ed its minimum after the 32 days standing in Freon. The 

tubes appeared as clean to the naked eye on the last day 

as they did on the first. These results are in general 

agreement with the work of Pridgeon and Badger (15).

Only the data for runs No. 103-127 have been includ­

ed in Fig. 12 because these runs were all taken in the 

space of one week and consequently were the only runs that 

could be reasonably compared on a tube to tube basis.

3. BOILING COEFFICIENTS FOR FREON 12

Boiling coefficients have been determined for Freon 

12 for a copper surface that had not reached stability 

at the end of the runs. It is not expected that the sur­

face would change much more before reaching a stable condi­

tion. The significant feature that has been brought out 

by the data is that the^ coefficients are less than about 

300 BTU/hr. sq. ft. °F at temperature differences less 

than 7 °F. This would be in the range of commercial opera­

tion. With water velocities of six ft./sec. inside the 

tubes, inside coefficients would be about 1100 BTU/hr. sq.

ft, °F. This would suggest advantages for a tube having a 

moderate amount of extended surface on the outside.
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C. INSIDE COEFFICIENTS

1. CORRELATION OF EXPERIMENTAL DATA

Inside coefficients for all runs were calculated end 

are shown in Table II of Appendix C. They are based on 

the outside area of the tubes.

Fig. 20 is a plot of the experimental Nusselt number 

divided by the Prandtl number to the 0.3 power versus the 

Reynolds number. The data for this figure appears in Table 

V of Appendix C. The inside coefficients in this table 

are based on the inside area and only those runs which

were made at different velocities and water temperatures 

or on different days are included. When a series of runs 

such as No. 138 and 139, or 154-157 were made at constant 

water conditions on the same day, the values were averaged 

and appear as run No. 138 or No. 154 respectively in Table 

V and on the plot. In all other runs the coefficients for 

the four tubes were averaged.

- The slope of the curve through the data in Fig. 20 

is 0.88. The equation for calculating the water coeffi­

cient then becomes

A line representing the equation

h; D - 0.023 0^0*8 0'3----------- --------- (10)

is drawn for comparison.

The unusually high power on the Reynolds number might
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be explained by the fact that the orifices were relatively 

close to the inlet of the tubes. Tubes 1, 2, 3, and 4 had 

orifices which were 27, 24, 21, and 18 diameters upstream 

respectively. The added turbulence resulting from the ori­

fices would result in higher coefficients. These data con­

firm the indication of the preliminary tests with carbon 

tetrachloride that the power should be greater than 0.8.

2. WILSON PLOT ANALYSIS

When the power on the Reynolds number has been es­

tablished and the tubes are perfectly clean, it becomes

possible to determine the boiling coefficient by use of

a Wilson plot. The data for runs 123-126 and 144-147 were 

taken to make Wilson plots. The calculations appear in 

Table VI of Appendix C, and the points are plotted in Fig. 

21 and 22. The information obtained from the plots is 

tabulated below in Table I, and the coefficients are com­

pared to those determined by direct calculation.

TABLE 1. WILSON PLOT ANALYSIS

Run 
No. .

Tube Intercept Film Re-
h 

Wilson 
Plot

h 
Direct 

_Calo.(Avg
%

,) DifferenceNo. sistance

123- 3 O.OOO675 O.OOO648 1542 1541 * — —

126 4 0.000650 0.000623 1603 1551 3.3

144- 1 0.001110 O.OOIO83 923 908 1.6
147 2 0.000886 0.000859 1163 1084 7.3

3,4 0.000845 0.000818 1220 1161 5.1
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The tube wall resistance for the evaporator tubes was 

calculated to be 0.000027 hr. sq. ft. °F/BTU and was sub­

tracted from each of the intercepts.

As was explained earlier, considerable difficulty 

was experienced in keeping the heat load constant. Run 

No. 12) was practically ignored when locating the lines 

in Fig. 21 because the heat load was 8°^ higher than the 

average of the other three runs. The deviation of the 

points from a straight line is even more apparent in Fig. 

22 where the heat load was more erratic. This empha- 

sizes the necessity of keeping the heat load constant if 

the Wilson plot is to be used successfully. A slight trend 

of the heat load uniformly in one direction might give 

points lying in a straight line, but the value of the in­

tercept might be considerably in error because it is ob­

tained by extrapolation of a line having the wrong slopeo 

No correction has been made to the abscissa values 

for change in properties of the water because the average 

water temperature never changed by more than 9 °F for a 

series ofruns. The change in properties over this range 

of temperature did not justify any correction.
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D. ACCURACY OF MEASUREMENTS

At low flow rates, giving a manometer deflection 

of 100 mm or less, the error in water flow was probably 

about + 1%. At higher flow rates, with larger manometer 

readings, the error resulting from inability to read the 

manometer scale would be less, but unsteadiness in the posi­

tion of the meniscus prevented any more significant accuracy 

The Beckmann thermometers could be estimated to 0.001 ° 

and it is felt that the readings were accurate to within 

+ 0.010 °F after making corrections for differences between 

thermometers. The minimum temperature difference reported 

(exclusive of run No. 180) is 0.394 °F, which would there­

fore have a possible error of 2.5%. The average error would 

probably be less than 1%.

The thermocouples could be estimated to 0.1 °F. Since 

the boiling temperature difference was determined by differ­

ence in thermocouple readings the maximum error would be 

+ 0.2 °F. The minimum boiling temperature difference used 

was 4.98 °F, which could therefore be in error by 4.0%. 

The maximum temperature difference is 19.9 °F, with an error 

of 1.0%.

A check on the accuracy of the thermocouple readings 

was possible each time several different boiling conditions 

were used for a given set of Inside conditions. If the 

inside coefficient calculated from the tube wall tempera­

tures remained the same for the various outside conditions 

it was felt the temperatures of the tube wall were accurate 

for example the boiling coefficient for runs 166-169, and 

174-175 changed by 194%. but the calculated water coeffi-
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dents only changed by + 2.3% from the average value obtained 

for the same inside conditions.

The temperature measurements have been carried to 

four figures in all cases because three sets of data 

were averaged to get each temperature. It is recog­

nized , however, that the last figure is not significant, 

and thet the combined maximum error in the experimentally 

determined coefficient resulting from a 2.5% error in water 

temperature, a 4.05 error in temperature difference, and 

a 1% error in flow measurement could be 8.7% for the low 

boiling temperature differences and water velocities. For 

most runs, at higher boiling temperature differences and 

water velocities, the maximum error would not exceed 3 or 

4%.
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X. CONCLUSIONS

A. FACTORS INFLUENCING BOILING COEFFICIENTS

The results of this investigation show clearly some 

of the fundamental variables that must be considered 

when attempting to correlate boiling coefficients. The 

profound change in coefficients with time has confirmed 

the fact that surface is a significant variable which up to 

this time has been denied quantitative description. The 

fact that the coefficients changed markedly at the same 

boiling temperature difference when the boiling liquid was 

subjected to external agitation effects indicates that 

boiling temperature difference is by no means a unique 

variable which will define the boiling coefficent for a 

given liquid on a given surface. At the same time, the fact 

that unlimited agitation does not appear as if it would make 

the coefficient independent of temperature difference for 

a given liquid and surface suggests that temperature differ­

ence is one of the fundamental variables. Liquid properties 

are also significantly important variables ( 5 ) • From this 

it is concluded that the boiling coefficient is a function 

of surface condition, liquid properties, state of agitation 

of the liquid, and boiling temperature difference. This I 

is analagous to saying that the inside coefficient is a 

function of liquid properties, liquid agitation, and geome­

try of the system. In the latter case the state of agi­

tation may be defined by the Reynolds number, and the liquid 

properties and geometry by the Prandtl and Nusselt numbers. 

No such generalized groups have as yet been developed for
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correlating boiling coefficients.

Correlating boiling coefficients on the basis of 

boiling temperature differences alone is analagous to 

correlating inside coefficients for a fixed system on ' 

the basis of inside temperature differences for data 

taken when the Reynolds number and heat load are simul­

taneously increased in the same proportions. Boiling _ 

temperature difference for a given system is largely a 

measure of the state of agitation which necessarily in­

creases more or less uniformly as heat flux increases in 

the nuclear boiling region.

One might theorize somewhat on the mechanism of boil­

ing. Vapor generation may be said to take place at an 

active center on the surface of the tube. The activity 

of this center may be due to temperature difference or to 

temperature difference and agitation of the surrounding 

liquid. Variations in the measured boiling coefficients 

result from various centers becoming active or inactive , 

as the conditions change. The greater the number of active 

centers per unit of surface area the higher will be the . 

coefficient. From this point of view, both boiling tempera­

ture difference and agitation are significant variables. 

At low temperature differences, it seems unlikely that any 

degree of agitation would cause the coefficient to reach 

the same high value as for the higher temperature differences.

The effect of time is to reduce the activity of all 

centers and hence reduce the maximum coefficient. This is 

in accordance with the observed downward displacement of 

the coefficients in ^ig. 19. It is believed that the
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effect of agitation would be relatively the same with res­

pect to any of these displaced curves. In other words a 

family of curves similar to the one in Fig. 16 could be 

obtained for any condition of the surface. The observed 

effects of agitation may therefore be quantitative when 

placed on a percentage basis as in Fig. 18.

B. CONCLUSIONS SUMMARIZED
1^ A method has been developed for satisfactorily

measuring the temperature of thin tube walls when 

heat is being transferred through the walls. The 

method is suitable when the tubes are enclosed in 

equipment under pressure and it minimizes many of 

the errors inherent in other methods of installa­

tion.

2» The effect of agitation of a boiling liquid on

the boiling film coefficient has been studied quanti­

tatively for the case of vapors naturally rising from 

one tube to another in a vertical row of four tubes, 

?and for the case of gas artificially injected beneath 

the bottom tube in the bundle.

For the naturally rising vapor, the effect was to 

increase the coefficient of the secondtube over that 

of the bottom tube, and to increase the coefficient of 

the third and fourth tubes over the second to a lesser 

degree. No significant difference was observed between 

the third and fourth tubes except at very low boiling 

temperature differences. The effect of one tube on an­

other was negligible for high temperature differences.
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For artificially introduced vapor, the effect 

was to increase the coefficients markedly at low 

temperature differences and not at all at high tempera­

ture differences. The coefficients became increasing­

ly higher for greater volumes of gas injected but in­

dications are that a miximum is reached for any given 

temperature difference.

The effect of a changing cooper surface on the 

boiling coefficient has been observed over a period 

of 32 days of intermittent operation. At a tempera­
ture difference of 11.5 °F, coefficients changed from 

1750 BTU/hr, sq. ft. °F for a freshly acid cleaned sur­

face to 580 BTU/hr. sq. ft. °F at the end of the period. 

The effect was less at lower temperature differences. 

The condition of the surface was controlled by time only.

Boiling coefficients for Freon 12 have been deter­

mined for a copper surface that had been in contact with 

Freon for 32 days. The coefficients range from 260 at a 

temperature difference of 7 °F, to 1600 at a temperature 

difference of 19.5 °F.

The low outside coefficients at boiling temperature 

differences less than 7 °F, when compared to the higher 

inside coefficients obtained at moderate water vélocités, 

would suggest that significant advantages would be gained 

in commercial practice by using tubes having extended 

outside surfaces.
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6^ Heat transfer coefficients for water flowing in

copper tubes 0.620 in. inside diameter, 38 in. long, 

with orifices from 27.to 18 diameters upstream have 

been found to follow the equation

%. The Wilson plot method can be used satisfactorily

to evaluate boiling coefficients provided the heat 

load, surface conditions, and state of agitation of 

the liquid can be held constant for the required range 

of water velocities, and provided the power to which the 

Reynolds number occurs in evaluating the inside coeff1- 

dent is known accurately.

It has been concluded that a satisfactory correla­

tion for boiling coefficients will include thé tempera­

ture drop across the boiling film, and a number or group 

of numbers that describe the physical properties of the 

fluid, the state of agitation of the fluid, and the sur­

face from which boiling is taking place.
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XI. APPENDIX A

THE INSTALLATION OF THEmOCOUPLES IN 
THIN-WALLED COPPER TUBES.

A. INTRODUCTION

Numerous attempts have been made using a thermocouple 

to measure the temperature of a tube wall through which 

heat is flowing. The conditions which must be satisfied 

by any particular installation have been recognized by 

practically all authors (4» 10, 14), but it cannot be 

said that these conditions have all been satisfied by the 

proposed installations. The fundamental difficulty that 

arises in any thermocouple installation in a tube 

wall is in getting the temperature at the point where the 

thermocouples first make contact the same as that at any 

other geometrically similar point in the tube wall where 

there has been no interruption of the metal or surface re­

sulting from the installation.

Interruption of the metal and other mechanical details 

of the method can influence this temperature in a number 

of ways. One of these is by interrupting a high conductiv­

ity metal such as copper with a core or groove filled with 

a low conductivity metal such as sold er. Such a discontinu­

ity would have a profound effect on the pattern of the flow 

of heat at the interrupted point and consequently on the 

temperature. This condition is certainly present in the in­

stallation proposed by Hebbard and Badger (10) where the 

heat flows through a plug of lead between the junction and 

the tube wall surface.
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Another way in which the temperature ma y be influenced 

is to have the tip of the thermocouple junction suitably 

located to give a relatively correct temperature, but at 

the same time to have the wires in contact a quarter of an 

inch or so back from that point. The temperature indicated 

is of course the temperature at the first point of contact. 

An illustration of this may be found in the installation of 

Baker and Mueller (4) and Mohun and Peterson (14)•

Two other ways in which the temperature ma y be affected 

are in having conduction of heat along the leads to or from 

the junction, and in having the junction at some unknown 

position relative to the surface of a comparatively thick­

walled tube across which the temperature difference cannot 

be neglected. The effect of conduction has been well ac­

counted for in the above installations. It is unimportant 

when small wires are used and when temperature differences 

along the wire are small. Mohun and Peterson (14) give an 

excellent analysis of the problem regarding location rela­

tive to the surface.

Akin (1) has reported an installation using a single 

constantan wire in a copper tube which has many desirable 

features. It was imprecti cal in the present case because 

the leads could not have been taken through the equipment 

under pressure.

B. METHOD OF INSTALLATION

Briefly, the method was to measure the temperature 

of the tube wall at three different places, using a copper 

and a constantan thermal junction in indirect contact.
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The leads were to be brought through the end <f the evapora­

tor enclosed in individual stainless steel tubing. Each 

couple was to have a separate cold junction. The «n.f. 

was to be measured with a Leeds and Northrup portable pre­

cision potentiometer.

The installation may be resolved into five more or 

less distinct operations, namely, the preparation of the 

tubes, the assembly of the individual thermal elements, 

the assembly of the elements and the tubes, the packing 

of the lead wires, and the switching arrangement.

1. PREPARATION OF THE TUBES

Fig. 23 shows the detail of the thermocouple assembly. 

Two holes 0.035 in. in diameter were drilled opposite each 
other at an angle of 120°, the ^>pen ends of the holes fac­

ing in the opposite direction and the bottom of one hole 

near the bottom of the other. These holes were drilled 

at three places; the middle and 5 in. from each end of a 

38 in. evaporator tube. A small square steel block, drill- 1 

ed and reamed just large enough to slip over the outside 

of the tube, was used for a jig while drilling the small 

holes.

Fig. 24 illustrates this jig. The method of locating 

the correct position for the small guide hole was largely 

trial anderror, after unsuccessful attempts at location 

by measurement. A hole was drilled at supposedly the correct 

place in the jig. The drill was then pushed through the 

hole in the empty jig, and a tube inserted until it butted 

up against the drill to see exactly where the drill would
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go in the tube -wall. This procedure was repeated until 

the desired position was found. Lard oil was found success 

ful as a drilling fluid. The tubes were annealed copper 

which had a strong tendency to tear and clog the drill with 

resultant breakage of the drill and ruin of the tube and 

the hole in the jig.

The holes in the bottom tube were located so that 

the measured temperature at one end would be on the bottom, 

in the middle it would be on the side, and on the other end 

it would be on the top.

2. ASSEMBLY OF THERMAL ELEMENTS

Each thermal element consisted of a single wire inside 

a stainless steel hypodermic needle tube. The stainless 

steel tubes were 0.032 in O.D. and 0.020 in I » D. The 

length of the tubes necessary ranged from 17-1/2 in. to 50 

in. A single No. 30 thermocouple wire was pushed through 

each of these tubes. The wires were covered with baked 

enamel and silk and had an overall O.P. of about 0.013 in. 

It was impossible to push untreated wires through the 

tubes without the insulation unravelling at the end. Ac­

cordingly, twelve wires each of constantan and copper were 

cut to length and the ends given a th in coat of red Glyptal 

No. 1201 enamel to hold the silk tightly in place during 

the pushing operation. It was absolutely necessary that 

no bumps should appear on the surface of this enamel and 

that no kinks of any kind occur in the wire in order that 

it could be pushed through the tube. Each wire was pushed 

through until about 2 in. protruded at "one end. They were
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long enough so that about 3 ft. were left at the other end 

to make connections to the cold junction or switch.

After being pushed through, the long ends of the wires 

were covered with two coats of Glyptal No. 1201 enamel to 

prevent short circuits developing during the remainder of 

the operations, and to give the wires a certain amount of 

rigidity. All assemblies were tested for short circuits 

between the wire and the tube but none was found.

3. ASSEMBLY OF THE ELEMENTS AND THE TUBES

The drilled holes in the tube wall were cleaned out 

with carbon tetrachloride to remove any of the cutting 

fluid before the thermal elements were soldered in. Each 

hole was then filled with very small chips of tin sold er 

mixed with some resin flux. The tube was then mounted in 

clamps with the holes in the bottom so that the solder 

would not run out when it was heated.

The short ends of the thermocouple wires were cut off 

with a pair of scissors about 1/32 in. from the end of the j 

stainless tube. None of the insulation was interrupted at | 

any other place so that the only place the wire was bare 

and able to make electric contact was over a cross section 

at its very tip. The end of the wire was then tinned with 

a needle point soldering iron. The end of the stainless 

tube was also tinned up to about half an inch from the end. 

The flux for this was a mixture of hydrochloric and acetic 

acid.

The two thermal elements, one copper and one constan­

tan, which were the same correct length for the position



Ao O

in question in the copper tube were then taken, one in 

each hand, and held ready to insert in the holes. The tube 

was then heated with a small flame until the solder melted 

in the holes. V?hile it was molten, the ends of the elements 

were plunged into the holes and the flame removed immediate­

ly. The circuit was then checked for electrical contact. 

In one such case, where no contact was made, the element 

had to be removed. This gave an opportunity to examine 

its condition after heating, in fact after excess heating. 

No apparent change had taken place in the enamel insulation, 

although the silk had charred. The tip of the wire was the 

only place where solder was sticking.

The long stainless tubes were then bent up and over 

so they would be in the right position to go through the 

composite packing gland in the end of the evaporator. The 

copper tubes were then thoroughly cleaned with a very dilute 

solution of potassium di chromate in sulphuric acid. Any 

excess solder near the junction of the stainless steel 

with the copper tube was carefully scraped away. The tubes 

were then rolled into the tube dieet with the stainless stee 

tubing containing the thermocouple lead wires protruding 

through two 3/4 in. holes drilled near the top of the tube­

sheet. The tubes containing the copper wires were all 

brought out through one hole and those containing the con­

stantan wires at the other.

4. PACKING OF THE LEAD WIRES

Fig. 25 illustrates in detail the packing gland 

assembly in the cover plate on the unpacked end. A 3/4
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in. hole was drilled 1/2 in. deep at two places in the front 

of the cover plate, and the bottom cleaned out with a flat- 

bottomed drill. Thirteen holes 1/16 in. in diameter were 

then drilled all the rest of the way through the plate to 

take the individual tubes. The tubes containing the copper 

wires were all brought out at one gland and the tubes con­

taining the constantan wires at the other.

A packing follower for each hole was made from a 

block of brass so that it would just fit into the hole in 

the cover plate. Thirteen holes which exactly matched 

the small holes in the cover plate were drilled all the 

way through as shown in fig. 26. The flange was designed 

to take four 1/4 in. stud bolts. Companion holes were 

drilled and tapped in the cover plate.
A neoprene rubber plug for packing in each 3/4 in. 

hole was then cut from a rubber stopper and it likewise 

was drilled with 13 holes in an identical pattern.

The assembly of this packing gland was extremely 

tedious. The tube bundle was inserted in the evaporator 

with all the stainless tubes prôtruding about 4 inches 

through the 3/4 in. holes in the tubesheet. The cover 

plate was then suspended in front of the evaporator and 

the wires and tubes all pulled through the individual 

holes in the cover plate, which was then bolted in place. 

The follower and packing were then suspended in front of the 

cover plate as in the photograph of Mg. 27. The wires were 

threaded through the holes in the rubber plug and follower 

corresponding to those in the cover plate. The method of
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inserting the wire through the rubber was to insert a 

short length of stainless tubing 0.042 O.D. by 0.027 I.D. 

into the hole. The wire was pushed through the tubing, 

the tubing thm pulled the rest of the way through the 

rubber, and all the way off the end of the wire. The pack­

ing and follower were pushed on over the ends of the small 

stainless tubes and fastened in place.

The assembly was tightened up once and never gave any 

trouble with leaks. -

5- SWITCHING ARRANGEMENT AND COLP JUNCTION '

kach thermocouple had a separate cold junction. The 

constantan lead wires were cut to the right length and 

fastened to a piece of copper wire by twisting and soldering 

The two copper wires which resulted, one from the hot and 

one from the cold junction, were then soldered to the posts 

of two 2-gang switches. The cold junctions were thoroughly 

coated with Glyptal No. 1201 enamel. They were placed in 

a thermos bottle full of cracked ice while readings were 

taken. One switch was used for the bottom two tubes and 

lower liquid temperature and one for the rest. Switch A, 

on the left of the panel, and switch B, on the ri^t of the 

panel had the following arrangement: I

Switch A 
Position

Tube 1 Upstream 4 (bottom)
Middle 3 (side)
Downstream 2 (top)

Tube 2 Upstream 7
Middle 6
Downstream 5

Freon 8
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Switch B.
Position

Tube 3 Upstream 6
Middle 7
Downstream 8

Tube 4 Upstream 3
Middle 4
Downstream 5

Freon 2

6. LIQUID COUPLES

The Freon liquid couples were made by pushing one 

constantan and one copper No. 30 insulated wire through 

a stainless steel tube 0.042 in. O.D. and 0.027 I .D. , and 

soldering completely over the end where the tips of the 

separate wires were bared. Otherwise the method of in­

stallation was the same.

One liquid thermocouple was located beside tube 2 and 

the other beside tube 4»

C. CALIBRATION

Mechanical difficulties precluded the possibility of 

calibrating the couples before the installation was com­

plete . It was impossible to arrange the cold junction 

and switches before the tubes were inserted in the packing 

gland.

The method used to calibrate was to pass city water 

through the tubes at a known temperature for a period of 

about 24 hours, with nothing in the evaporator, and to take 

readings at the end of that time. The readings were assumed 

to be those corresponding to the water temperature. All 

couples read the same within the accuracy of measurement 

which was 0.002 mv. or 1/10 °F on a Leeds and Northrup port­
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able preci sdon potentiometer. The average deviation from 
the standard Leeds and Northrup 38 calibration was - 0.2 °F. 

The curves used for getting temperatures from potentiometer 

readings are shown in Fig. 34 of Appendix C.

Although the couples were only calibrated over a limit­

ed range of temperature, it is not felt that the e.m.f. per 

degree would change significantly over the range for which 

the couples were used, 32 °F to 80 °F.
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XII. APPENDIX B

AUXILIARY OPERATION CONNECTED V/ITH 
THE FREON CIRCUIT.

A. CHARGING LIQUID TO THE EVAPORATOR

Liquid is charged to the storage tank from a commer­

cial cylinder by connecting the cylinder to the tank at 

valve 0, Fig. 1, elevating the bottom end of the cylinder, 

opening valves 0, P, and A, and turning on the compressor 

so the tank is under reduced pressure. Liquid then flows 

into the tank from the cylinder.

Liquid is charged to the evaporator by adjusting 

valves N, M, P, and E. Valve P is closed tight and valves 

N, M, and B are opened slightly. With the compressor on, 

a small amo.unt of liquid will flow into the evaporator, 

valve B is then shut off and the compressor left on until 

the evaporator gets cold. Valve B is then reopened, ad­

mitting the liquid from the tank to the evaporator as a 

result of the pressure difference in the two vessels.

B. REMOVING FREON FROM THE SYSTEM

• If oil should get into the Freon in the evaporator, 

or if for any other reason the Freon has to be removed, the 

following procedure is suitable.

A 45 gal. drum is placed on a scale near the compressor 

with a commercial Freon cylinder standing in it. The drum 1 

partially filled with cold water at a definite level and the 

scale balanced. The cylinder is connected to the Freon 

condenser at the lead-off for gauge IV, Fig. 1. Valves C 

and D are closed tightly and the compressor started. Liquid 
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will be forced from the condenser into the cylinder. It me 

be necessary to adjust the automatically controlled water 

valve so that the condenser pressure is high enough to 

force the liquid into the cylinder. When about 12 5 lb. of 

Freon have been collected the cylinder should be changed. 

A steam hose used on the storage tank enables the Freon to 

be removed more rapidly.

The last bit of Freon is removed with the small 1/3 

h.p. compressor using its air condenser and discharging 

liquid to a small commercial Freon cylinder.

Precaution must be taken in all these operations to "I 

purge air from all connecting lines.

The oil can be drained if necessary from valve 0 or 

at the sight glass in the storage tank when the Freon has 

been removed.

C. CHARGING OIL TO THE COMPRESSOR

The compressor may be isolated from the rest of the 

system by closing valves Q, G, F, and E, Fig. 1. With 

these valves closed the Freon gas can be removed from the 

main compressor using the small 1/3 h.p. compressor con­

nected to the main compressor valves. When the pressure 

has reached atmospheric, the small compressor is stopped, 

the oil line to the top of the differential oil pressure 

switch disconnected, and put beneath the surface of the 

oil in a container. The small compressor is then restarted 

and oil drawn into the crankcase by suction to the desired 

level. The compressor is then stopped and the oil line 

left in the container until atmospheric pressure is again
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reached. It may then be reconnected to the differential 

switch.

D. ADJUSTMENT OF COMPRESSOR OIL PRESSURE 

This procedure is outlined fully in the Carrier

instruction sheets.
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XIIIo APPENDIX C

EXPERIMENTAL AND CALIBRATION DATA
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GAS INJECTION CALCULATIONS

TABLE III

Run 
Ho.

Manometer Rdg. Pressure 
at 

Orifice 
p.s.i.g.

Temp, 
at 

Orifice 
op

Pressure 
in 

Evap. 
p.8•1•g.

Temp. Volume
In Glycol In Hg. in

Evap. 
op

Saturated 
Vapor 

Cu.ft/Sr.

128 17.45 32.8 103 31.0 32.65 103.5
129 5.59 32.1 106 31.0 32.65 61.0
130 27.55 34.0 106 31.0 32.65 130.5

133 2.02 31.3 93 31.0 32.65 38.4
134 8.10 32.0 97 31.0 32.65 75.0
135 14.58 33.0 95 31.0 32.65 96.8
136 26.64 34.4 98 31.0 32.65 131.0
137 18.41 78.0 108 31.0 32.65 157.2
138 28.03 34.4 99 31.0 32.65 131.4
139 25.91 79.6 104 31.0 32.65 186.2

141 4.79 46.4 103 45.5 40.00 50.7
142 14.25 47.3 110 45.5 49.00 87.9
143 ,26.97 48.8 115 45.5 49.00 106.0

152 17.50 44.8 103 42.4 59.48 159.0
153 4.16 43.6 110 43.0 59.32 81.8

155 3.53 37.8 104 37.4 39.65 46.9
156 10.06 M

 
C
O
 

cn 110 37.4 39.65 78.5
157 21.66 40.0 115 37.4 39.65 110.0

159 3.55 38.8 100 38.5 40.80 46.1
160 10.68 39.9 105 38.5 40.85 77.6
161 21.88 41.0 108 38.5 40.90 113.2

163 3.92 46.4 105 46.0 48.70 47.1
164 12.22 47.8 105 46.0 48.75 78.4
165 25.31 49.3 107 46.0 48.65 110.0

167 4.65 52.3 107 52.0 54.10 47.3
168 13.65 53.9 107 52.0 54.15 78.2
169 28.43 55.9 100 52.0 54.10 106.1

170 4.60 45.0 110 38.8 40.90 173.5
171 7.74 52.3 114 38.8 40.95 234.0
172 5.17 53.6 100 46.0 48.70 172.5
173 9.03 63.0 103 46.0 48.75 250.4
174 6.02 61.0 98 52.0 54.17 176.5
175 10.17 70.5 105 52.0 54.17 217.0



TABLE IV

CROSS PLOT CALCULATIONS

OF

Rate of Injection 
Cu. ft./iir

!
0 47 78 110 175 235

6 h 245 357 483 591 700 780
Increase 45.7 97.0 141.0 186.0 218.0

8 374 485 590 668 756 830
29.7 57.7 78.6 104.0 122.0

10 521 618 700 760 835 900
18.6 34.4 45.8 60.3 72.7

13 774 835 896 948 1030 1075
7.8 15.8 22.5 33.1 38.9

16 1120 1165 1230 1275 1350 1400
4.0 9.8 13.8 20.6 25.0

18 1600 1675 1720 1740
4.7 7.5 8.75



TABLE V

CALCULATION OF INSIDE COEFFICIENTS

Run 
No.

Water 
Velocity 
ft/sec.

Arg .Water 
Temp, 

op
BTUAr 
°F sq.ft, 
(inside area)

(
k k /

M/ Z&\ k / 1

100 7.15 65.44 1561 237 1.820 130.1 33000
101 5.24 65.78 1184 179 1.818 98.5 24300
102 9.96 66.55 2210 334 1.812 184.3 46700
103 11.50 65.13 2240 339 1.820 186.2 52800
104 1.94 62.89 480 73 1.848 39.5 8550
106 4.84 63.26 1090 166 1.840 89.9 21700
107 1.86 62.50 452 69 1.847 37.2 8240
108 11.70 65.44 2350 356 1.818 195.6 54200
109 3.36 62.66 793 121 1.843 65.4 14980
110 1.94 63.72 502 76 1.835 41.5 8750
111 5.81 64.01 1267 192 1.832 104.6 26300
112 3.92 63.85 905 137 1.834 75.0 17720
113 2.01 61.10 501 76 1.864 40.8 8610
114 10.71 66.16 2220 335 1.812 185.0 50200
116 3.03 61.26 748 114 1.861 61.2 13820
117 10.63 61.97 2170 330 1.850 178.5 46800
118 5.21 60.84 1162 177 1.860 95.3 22600
119 10.00 66.12 2120 323 1.812 178.2 46600
120 11.57 66.97 2280 344 1.307 190.3 54400
123 11.93 59.04 2510 384 1.877 205.0 54400
124 10.26 60.10 2150 328 1.865 175.6 44000
125 7.66 63.63 1655 252 1.836 137.3 34500
126 5.47 67.00 1252 189 1.812 104.3 25600
127 5.06 44.74 1012 162 2.042 78.2 17000
128 4.43 45.33 818 128 2.032 62.8 15030
138 4.37 45.36 841 131 2.032 64.6 14820
140 8.61 71.83 1905 286 1.769 161.6 43500
144 10.86 68.22 2410 363 1.798 202.0 52100
145 9.12 65.37 1954 296 1.818 162.5 42200
146 6.85 76.91 1500 225 1.737 126.6 34100
147 4.59 74.52 1085 162 1.753 92.3 23900
148 10.30 76.22 2090 312 1.742 179.5 54800
150 9.16 69.36 1970 297 1.790 166.0 44600
151 9.08 69.32 1793 270 1.788 151.2 44300
152 9.12 71.90 1840 276 1.770 156.1 46000
153 9.08 69.75 1867 281 1.785 157.4 44500
154 11.15 76.66 2210 330 1.730 190.6 59500
158 5.91 68.74 1252 189 1.793 105.3 28600
162 3.76 69.70 870 131 1.785 73.4 18400
166 2.03 69.81 531 60 1.785 44.8 9940
170 5.91 68.68 1244 188 1.795 104.5 28500
172 3.83 69.60 873 131 1.786 73.6 18730
174 2.05 69.52 523 78 1.786 44.1 10030
176 11.21 76.73 2250 335 1.731 192.4 59900
177 5.91 68.81 1260 190 1.793 105.7 28600
178 3.76 69.73 913 138 1.785 76.9 18400
179 2.11 69.93 571 86 1.784 48.2 1034u
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XIV. NOMENCLATURE

A numerical constant.

R numerical constant.
Boiling film coefficient, BTU/hr. sq. ft. °F.

Inside film coefficient, BTU/hr. sq. ft. °F.

Thermal conductivity, BTU/hr. sq. ft. °F/ft.

A numerical constant.
Resistant of fouling on tube walls, hr. sq. ft. °F/BTU

Thickness of tube wall, ft.

Outside area of tube, sq. ft.

Inside area of tube, sq. ft.

Mean area of tube wall, sq. ft.

A numerical constant.
Specific heat, BTU/lb. °F.

Inside diameter of tube, ft.

A numerical constant.

Quantity of heat transferred, BTU/hr.
o 

Inlet temperature of fluid flowing in a tube, F. 
Outlet temperature of fluid flowing in a tube, °F. 

Bulk temperature difference between fluids inside and 
outside a tube, °F.

. oTemperature drop across the boiling film, F.

Temperature drop across the inside film, F.
Overall heat transfer coefficient, BTU/hr. sq. ft. °F. 

Velocity of fluid flowing in a tube, ft/seo.

Weight rate of flow of fluid in a tube, Ib/hr.

Viscosity, Ib/ft. hr.

Density, lb/cu. ft.
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