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N UTAT1 UN  

	

A 	Area of condenser cross-section; Ao, steam-air 

duct diameter at entry to condenser; Aye,, cooling 

water orifice area, ft
2.
. 

Cp  6iecific heat/unit mass at constant pressure, 

CHU/lb:C. 

D Diameter of duct; Di, inside of cooling water 

jet, ft. 

• Eddy diffusivity; ka, eddy mass diffusivity; 

EH, eddy thermal diffusivity, ft /hr. 

Function. 

G Mass velocity, lb/ft%hr. 

	

6 	Gravitational acceleration, ft/sec. 

H Enthalpy or heat content of steam-air mixture; 

Hs, steam, CHU/lb. 

h Metering head (Flowmeters), ins. water. 

Diffusion rate of heat by eddy convection  
Diffusion rate of heat by eddy conduction 

	

k 	Constant 

L Latent heat, CHU/lb. 

	

1 	Mixin length according  to Prandtlts theory of 

turbulence. 

Thickness of cooling water jet, ft. 

	

AL 	increase in jet thickness due to steam condensation,ft. 

	

M 	Molecular weight. 
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Pressure, ins. H. 

q 	Heat transfer rate/unit area, CHN/fe.hr. 

he 	heynolds number of steam-air mixture. 

Turbulence factor = actual cooling water _tensa2eratuitiise  
theoretical cooling water temperature 

S 	Surface area, ft: 
	 rise 

t 	Temperature of steam air mixture; tw, water,°C. 

LI 	Overall heat transfer coefficient in header section, 

CHU/f?.hr:b. 

ulf 	Instantaneous fluctuating velocity normal to duct 

wall, ft/sec. 

V 	Velocity of steam-air mixture; Vs, steam; Vw,water, ft/sec. 
V„ 	

Instantaneous fluctuating velocity in direction of 

flow, ft/sec. 

W 	Mass floi rate of the steam-air mixture; Ws, steam; 

Wa, air; We, condensate; WW, cooling water, lb/hr. 

co, 	Steam mass diffusion rate/unit area, lb/ft.hr. 

Position in a lamina of thickness 2L, normal to 

surface, ft. Also mol fraction in viscosity equation, 

page. 63. 

y 	Radial distance, ft. 

a 	Distance along condenser from entry, ft. 

Molecular thermal diffusivity of water, ft:/hr. 



X 	Em
H  
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0 	Temperature at any point in cooling  water jet 

assuming zero initial temperature, C. 

Am 	Theoretical mean temperature rise of cooling 

water, °C. 

Qint Mean temperature rise if exl,osed to a constant 

temperature, Qm. 

surActce 

 

Cimz Mean temperature rise if exposed to a temperature 

(Qs — Qm)-e.  • 

Osurf Surface temperature of cooling water assuming zero 

initial temperature. 

Prime, ( ), denotes actual temperature conditions of 
0 

cooling water, C. 

X Time with reference to equation (4), 4D<;;\(nr 

	

iu 	Viscosity of steam-air mixture; )US  , steam component; 

„ air component, lb/f t.hr. 

	

f 	Density of steam-air mixture; g , steam component; 
pci , air component, lb/ft. 

nr Time of exposure of cooling water to steam or 

steam-air mixture, hours. 

suffix .0” refers to condition at condenser inlet. 

°h.°  refers to header section. 
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1NTEODUCTION  

The increased use of jet-type condensers in recent 

years has emphasized the lack of experimental data with 

which to make any pretence of design. It is well known 

that very high rates of heat transfer are possible 

compared with the more usual surface-type condenser and 

this makes for suitable applications where:- 

(i) the condenser space limitations are severe 

(ii) the condensing vapour is mixed with a 

non-condensable gas 

(iii) there is a combination of (i) and (ii) 

It was considered that a fundamental study of the 

mechanism of condensation of a vap..our from a mixture 

with a non-condensable gas in a det condenser was well 

merited but it was realised that all aspects of the problem 

could not be covered in the time available. The present 

research endeavours to provide data on the effect of inlet 

conditions on the condensation rate with parallel cooling 

water flow. The influence of water ,Jet dispersion on the 

condensation rate and the general problem of pressure 

change across the condenser were not investigated as the 

apparatus could not accommodate the additional complications 

in duct construction for the former and extra condenser 
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length to make any useful readings on the latter. Steam 

and rir were chosen as the vapour and non-condensable gas 

as these are most readily available and commonly 

encountered in practice. 

Determination of the rate of steam condensation 

throughout the condenser, required a knowledge of the 

bulk temperature of the cooling water and an assessment 

of the diffusivity in the steam-air mixture required its 

temperature gradient. The fluid phase configuration in 

a normal ;et condenser is a quasi-homogeneous water-steam-

air mixture and will, of course, only yield a water 

temperature measurement of doubtful value. It was thus 

considered essential to depart from normal practice and 

separate the two fluid phases sufficiently to take 

temperature readings on each. The interpretation of the 

results. is dealt with in the light of this expedient in 

the Discussion. 

The theoretical analysis uses the transient heat 

soakage relation on the water phase but it is not self-

sufficient as: 

a, turbulence substantially increases the heat 

transfer rate calculated in accordance with the 

molecular diffusivity and nominal surface area 

of the water jet. 
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b) the true surface temperature decay rate of the 

water is not known. 

The effect of turbulence is allowed for empirically by 

usinb  results for the condensation of steam without 

premixed air. A tentative assumption is used for the 

surface temperature of the cooling water and from this 

evolves a dimensionless parameter which permits 

correlation of results using steam-air mixtures. 

The steam condensation rate has been studied ,nth 

and without premixed air at various inlet velocities 

and steam-air ratios and the influences of water inlet 

velocity and oet thickness have been determined. In each 

case the experimental data is presented on the same 

dimensionless coordinates. Values of the eddy diffusivity 

in the steam-air mixture gave been calculated from the 

results and compared with existing data. 
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I. 	THE WO}tKING SECTION 

The d et condenser body. This was essentially a vertical 

duct (fig. 1) down which flowed the condensing steam and 

air and the parallel-flowing cooling water. A vertical 

tube was used to eliminate gravitational cross-flow 

effects inherent in horizontal oet condensers and a 

circular cross-section offered the simplest solution to 

the practical side of the problem. The 2R" duct diameter 

was largely determined by the cooling-water sampling 

technique addited and the necessity of ensuring that the 

inlet steam-air velocity was sufficiently high with the 

steam throughput available. The limited condenser length 

of 16" urns imposed by the headroom which had to accommodate 

the inlet section, condenser and ancillary equipment, but 

in view of the very high rates of heat transfer, the 

limitation in length was not considered to be a 

disadvantage. Seven hatchways were cut down the ienLth of 

the duct, each being supplied with a coverlFte secured 

by 8, 7 B.A. stuns and nuts, the inside surface of each 

cover being ar•ranLed to lie flush with the bore of the 

condenser. 

The header section. ideally in this type of investigation 

the cooling water should be brought into contact with the 
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steam—air mixture without prior heat transfer having 

occurred between the steam and the water. At the time 

of building the apparatus this was considered impracticable 

and a short herder annulus was incorporated as a means of 

supplying cooling water to the annular orifice (fig. 1); 

this header annulus was, in effect, a short length surface 

condenser. For the analysis of results using steam only, 

allowance has been made for the heat transfer occurring 

through the inner wall of the annulus (page 40). When 

condensing steam in the presence of air, the separate 

condensation occurring in the header was neglected due 

to the greatly decreased rates of heat transfer and lack 

of data on the effective surface temperature on the 

steam,--air side. Any stem condensed in the header is 

considered to be of secondary order and is included in 

that measured at the first sampling position down the 

condenser. 

The eooli..n water ,jet.  initially a few runs were made 

using a series of e holes as an annular array of narrow 

angle tiets about the steam--air mixture, since this szstem 

apiroximated to that commonly in use. Nothing useful was 

forthcoming and it was realised' that the steam,-air mixture 

and the water had to to essentially separate to take 
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reliable temperature measurements. The cooling water 

jet configuration was changed to one using a continuous 

annular bet issuing from an adoustable orifice having a 

small clearance between its outer cheek and the duct 

wall (fig. 1). The orifice size was dusted by means 

of interchangeable l_lates,which provided the outer cheek. 

of the orifice, the investigation being carried out with 

orifice widths of 0.025" and 0.050". Jets from orifices 

of less than 0.025" were found to be very susceptible 

to flow irregularities under continuous running conditions 

and bets from orifices greater than 0.050" experienced only 

comparatively small temperature rises in the condenser 

length available and were considered to be outside the 

range of practical interest. 

Before the main runs could be attempted, some means 

of ensuring,  a circumferentially symmetrical water oet had 

to be developed; this proved to be much more difficult 

than was first envisaged. The circumferential flow 

distribution was cheeped by tapping off 1/6th of the 

water (600  lap) via a scoop (described in the next section) 

and measuring the flow in a suitable orifice tank. 

Constructional accuracy and rigidity of the header section 

was itself insufficient to ensure a symmetrical water bet 
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and a means of adjustment of the orifice had to be provided 

in the assembled apparatus. This was achieved by 

4 centring-screws moving the inner orifice cheek (the 

steam-air inlet pipe) which was located elsewhere on a 

semi-rigid flange mounting (fig. 1). Correction of the 

orifice eccentricity did not eliminate the elliptical 

flow distribution of the jet caused by the assymmetric 

water inlet supply to the header. This fault was 

eventually corrected by incorporating a 2i" diameter 

shroud with 56 0.088" diameter holes in the header water 

annulus, as shown in the diagram. 

Prior to every run the circumferential flow symmetry 

of the cooling water jet was adjusted to within ±1% of the 

mean flow rate, measured in No. 1 hatchway, i.e. 1.43" 

from the water orifice. This order of accuracy was 

essential to ensure that the jet was within :15% error in 

circumferential flow distribution, at the lower end of the 

condenser. Reference to fig. 4 shows how rapidly a small 

initial error in uniformity deteriorates along the length 

of the condenser. 

Cooling water samilinLtechnioue. To study the rate of 

steam condensation it was necessary to know the bulk 

temperature rise of the cooling water along the condenser. 



FIG-4- 
WATER F LOW DISTRIBUTION DOWN CONDENSER Vs/11-1-4 
A NON-UNIFORMITY OF PLOW AT THE WATER ORIFICE 

IwA-reR ANNULUS FLOW coct.1z64,7-tot-1 SHROUD nIcaT Fi-r-rsr,1 

AIR. vELoct T't 62 	r•-r-  /smc. 	— No STEAM PR-ESE141- 

v.IATe,R =Low s ATE. TNRouGi-4 -050 ORst FiCt v. 14100 LS Ai R. — 	KIT R.J a.Tey:; 

% Df FERENC E. 
0 

-0-2. 

- 0.9 
I 

1.44: 

3.87" 
TQA FEW RATE 7.6Z- 

IC -43"  30 

AFTER OR I FICA 

14,10G 
Sc.finct. P 

14,0 80 LeiNQ _ Is. 
(3,1 80 	oR.IFIcE 
13,660 	-TANK. 

0 
LL 10 

A
V

E
R

A
G

E 

0 
tl 

w 
Z 

41. 
tl 

an 

1.447 
• 3.137 AFTER WATER TET ORIFICE 

- - - 7-6Z- 
-------- 10405" 

PO 1 rioN OF SUPPLY PIPE 
TO 	WATER ANMu LU 5 

0 45 90 135 ISO 225 270 ,$IS 360 
DEGREES 



11 

This was determined from temperature measurements with 

calibrated thermometers accurate to 1/10°C, at the 

condenser inlet and in water tapped from the main duct 

ty a suitable scoop, the latter being fixed in turn to 

one of the six upper hatchways. Sampling from No. 7 

hatchway was found to be impracticable due to the limited 

clearance above the rig table. The difficulty of changing 

the scoop from one hatchway to another with the condenser 

pressure above atmospheric and the complications arising 

in operating the scoop (described hereafter) at vacuum, 

limited this investigation to one at atmospheric pressure. 

The construction of the scoop is shown in figs. 1 and 

2, the optimum degree .of penetration of the mouth being 

determined by trial and error•. It was endeavoured to 

bleed off cooling water without extraneous steam-air mixture 

which would cause errors in the cooling water temperature 

measurement due to further heat transfer occurring before 

the cooling, water contacted the thermometer. It follows 

that the scoop mouth had to penetrate into the duct just 

sufficiently to ensure collection of the cooling water 

to the exclusion of the steam and air. The unavoidable 

surface break-up of the cooling water, due to turbulence, 

made impossible an accurate assessment of the interface 
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position but best results were obtained using a scoop 

having, an outer lip at a radial position corresponding 

to the inner face of the cooling water orifice. During 

a test with this scoop, tte cooling water collected 10.6" 

from the orifice was only xt, less than that passing through 

it as measured by the venturimeter, (fig. 4). 

At the outset of the main runs it was noticed that 

the bulk tempelature of the cooling water was very 

sensitive to the -pressure difference between the scoop 

and the main duct and readings of temperature were 

therefore taken only when an accurate static pressure 

balance was achieved on an inverted water manometer. 

Although the manometer lines were purged with water before 

eac'l reading the variations in cooling water temperature 

obtained at any hatchway at one condition, made essential 

further improvement in the experimental technioue. The 

system of operation of the scoop at this time consisted 

of slowly opening the scoop pinch-cock at a uniform rate 

and noting the cooling water temperature when pressure 

balance was achieved. (opening the scoop water line 

caused an increase in the water flow together with an 

increase in the average water temperature). It was observed 

that in the region of pressure balance a characteristic "flat" 
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was evident in the cooling water temperature rise and 

for reasons explained hereafter, the temperature 

corresponding to this "flat" was taken as the reading. 

The figure found by this technique was far more sensitive 

to pres,r;sule change than that obtained using the water 

manometer as an indication of pressure balance, the 

consistency of readings being high on rechecking. The 

following sequence of events is offered as an explanation 

for the changes in cooling water temperature in the scoop 

drain when the latter is opened steadily by unscrewing 

the pinch-cock on the scoop hose:- 

(i) With a fully closed scoop the cooling water flow 

in the condenser is simply disturbed by the obstruction 

created by the scoop mouth. 

(ii) With the scoop drain slightly opened, most of the 

water entering the scoop is thrown 

out again into the main stream, that 

passing for temperature measurement 

and drain is from the region of the 

jet nearest to the condenser wall, 
Scoop 

sliir;htly opened 
	

i.e. cold water. 

(iii) Further opening of the scoop will permit more 

cooling, water to pass for temperature measurement, 



the extra water coming from regions in the jet nearer 

the steam-air phase, i.e. warmer water. 

14 

(iv) The scoop will take away for temperature 

:ileasurement all the water flowing 

in that sector of the duct 

occupied by the scoop mouth. 

baciRows  

Se (1;le 42. Ci v) 

(v) Further opening• will drop the level of the turbulent 

"back-flow" in the outer region of the scoop mouth and for 

a limitea extent the temperature of the water alters 

little. When using steam-air mixtures, the very high air 

content about the scoop mouth further reduces any tendancy 

for condensation inside the scoop. 

cvi) The scoop appears to behave as an extractor, drawing 

steam and air noisily from the condenser, the condensing 

steam causing a temperature rise of 5 - 10 C above that 
recorded in stages (iv) and (v). 

At an axial distance down the condenser corres;onding 

to the scoop mouth position in each hatchway the heat 

transfer rate from the steam-air mixture was calculated 

using the average of 6 bulk temperature readings on the 
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cooling  water at 00 spacings around the jet. With 

circumferential non-uniformity of jet flow the heat 

transfer rate to the water should more correctly be 

assessed by summating the heat transfer rate at each 

of the 6 scoop positions. Fortunately it was found 

that the heat transfer rate calculated in accordance 

with the average bulk temperature was within 1 of that 

obtained by summating the heat transfer rates at each 

scoop position for a maximum circumferential flow error 

of 5% (a figure achieved). It was thus unnecessary to 

read the cooling water flow rate through the scoop to 

the orifice tank, at each scoop position. This would 

in fact be an extremely tedious and lengthy operation 

due to the settling time required in the tank. 

Steam-air temperature traversing gear. A copper-constantan 

thermocouple, 29 S.W.G. wire (0.013 ins) was used in 

conunction with a normal null-system potentiometer to 

read the steam-air temperature. The thermocouple was 

housed in a stainless steel tube and sealed with Araldite 

cement. The steel tubing was suitably cranked (fig. 1) 

to prevent cooling water from splashing onto the i_robe. 

The couple position in the duct was determined by the use 

of a steel scale attached to the mounting plate, the 
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latter being located in turn in different hatchways 

down the duct, fig. 3. 

Flow visualisation. An interchangeable Perspex condensing 

duct was used for observation of the flow pattern. Over 

the range of conditions covered when condensing steam in 

the presence of air, nothing worthy of note was discerned 

in the behaviour of the water phase. When condensing 

steam without premixed air, the cooling water jet was 

subject to instability at certain conditions. This is 

dealt with on page 38. 

Main dimensions of aet condenser  

Condenser body - brasstube. 2.375 ins. diameter x 0.033 ins 
wall thickness. 

Steam-air inlet pipe at entrance to condenser, 2.445 ins. 
diameter. 

(area, 3.62 sq.ins., 0.02515 sq.ft.) 

Water orifice plates, 

a) 0.050 ins. width x 2.145 ins. inside diameter 

(area, 0.345 sq. ins., 0.02397 sq.ft.) 

b) 0.025 ins. width x 2.145 ins. inside diameter 

(area, 0.1705 sq.ins., 0.01184 so.ft.) 

Header section length, 3.75 ins. 

Header cooling water annulus width, 0.35 ins. 



Vertical location of cooling water sampling scoop and 

traversing thermocou le:— 

Hatchway 
Number 

Distance from condenser entry (ins.) 
0.050 ins. orifice 

plate 
0.025 ins. orifice 

plate 

I 1.425 1.460 

2 2.400 2.435 

3 3.865 3.900 
4 5.62o 5.655 

5 7.620 7.655 
6 to.63o 1:o.665 

7 13.620 13.655 

17 
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II. 	ANCILLARY EQUIPMENT 

A diagrammatic sketch of the various services is 

shown in fig. 5. Descriptions of each are now given 

under their respective headings. 

Steam. air and water metering. The flow meters were 

designed according to B.S.S. t042 "Flow measurement" and 

fitted in 2" diameter pipes, each meter being provided 

with the stipulated lengths of straight piping on the 

upsteam and downstream sections. 

a) Steam flow The steam flow rate was measured by 

a nozzle type meter, 2" x 1.149". The pressure 

tappino were from Piezo rings to steam condensation 

chambers and then to an inverted water manometer, 

which measured the metering.  head. The metering pressure 

was tapped from the upper end of the water manometer 

as shown:— 

stow 

nlekril nozzle 

CO iocknsca-ron 

ChambevS 

mere Or y 
•nomomeley 
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The true upstream pressure is given by:- 

(ins. F.) hw. 	hd. 
T-376 Pupstream 	= Pobserved 	+ 2 x 13.6 -  

(allowing for whether the position of the mean level in the 

water manometer is above or below the static level.) 

Initially, the mercury manometer was tapped directly to the 

upstream pressure line but the possibility of air bubbles in 
X the vicinity of "X", dictated the method 

shown over. The metering of the nozzle 

was checked by fitting it in the air 

supply line and comparing with a pitot 

traverse in another section of the line. 

The percentage difference was as follows:- 

19 

Mean bulk velocity in 2" pipe 
(ft/sec) % difference 

By air meter By pitot traverse 

172 171.1 +.5 

132.5 134.0 -1.1 

93.7 92.3  -+1.5 

168 170 -1.2 

122.7 122.5 0 

With no gauzes 

in bend prior 

to pitot tube 

With suitable 

gauzes in bend 

prior to pitot 

tube to correct 

velocity profile 
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The accuracy of the meter was thus established and a 

steam flow chart was calculated using the B.S.S. flow 

characteristics for steam nozzles. 

b) Air flow To cover the wider range of flow 

required, compared with the steam, 2 interchangeable 

meters were used. The first was a facsimile of the 

steam nozzle, and for low air flow rates a sharp-edged 

orifice was made, 2" x 0.4485", corresponding to the 

highest area contraction ratio, U.05 : 1, which B.S.S. 

permits. The nozzle flow meter was checked in the same 

manner as the steam meter and found to be within an 

average accuracy of 424 over the same range of flow. 

The orifice piste could not be checked by this technique 

as the air velocities in the 2" pipe were too low for 

accurate pitot measurement, when within the range of the 

meter. 

c) Water flow The suitably proportioned venturimeter 

was connected to an inverted water manometer fitted with 

an air valve and purging tap at its ul_per end. The flow 

curve was calculated from the B.S.S. data and the curve 

was verified by weighing tank and stop-watch. 



21 

System of steam, air and water supay. The general 

arrangement is shown in fig. 5. 

a) Steam su>✓U:ly The high pressure boiler steam was 

reduced to about 6 - 8 psi gauge across the Forster-

type reducing valve, further reduction being achieved 

after the flow-meter. Although the main reducing 

valve was automatically compensated for variations in 

upstream pressure, tis was not very effective for 

fluctuations of the order of 2 - 3 psi and constant 

recourse had to be made to adjust the stop-valve on 

the boiler main. Steam flow rates of less than 

250 lb/hr. were usually taken from the laboratory boiler 

but above this figure the College boilers had to be 

used. A steam by-pass was fitted across the jet condenser, 

to allow adjustments to the latter to be made without 

shutting down the steam; it also allowed the steam supply 

pipe to be warmed up while any necessary adjustments to 

the condenser were being made before running commenced 

and was a very useful expedient in saving time. 

b) Air supyly A sliding-vane compressor delivered air 

through a filter, passed a bleed valve to the metering 

pipe and mixing chamber. The air supply remained 

substantially constant after adjusting the bleed-valve 
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and allowing conditions to settle for 30 - 40 minutes 

and only minor adjustments of the bleed were required to 

correct the flow during the subsequent run. 

c) Water sup.ay The centrifugal pump, fed from a 

constant head tank, held the flow rate constant 

indefinitely, as the pump was for most of the time 

running nearly closed (maximum capacity - 42,000 lb/hr., 

maximum water flow rate used - 7,700 lb/hr.). A 120 mesh 

gauze was fitted in the water line to ensure that the 

condenser water jet orifice was not fouled. 

The steam state at the condenser inlet was maintained 

at the saturated condition throughout, as the work was 

confined to condensation as distinct from desuerheating 

and condensation of steam. Provision had to be made for 

initially superheating the steam to allow for the heat 

lost when mixing with air at about 20°C. For ease of 

adjustment, heating of the steam is best carried out 

during the mixing process with air as this offers a quick 

response to control of the mixture temperature. However, 

the only available means of heating was a standard gas-fired 

steam superheater with r piping, by which the degree of 

high pressure steam superheat was adjusted until the 

temperature of the low pressure steam-air mixture in 
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the condenser entry pipe, indicated about one degree of 

superheat. This system suffered from a slow response 

(about 30 minutes) in the steam-air mixture, to addustment 

Of the superheater gas supply. 

Water separators and secondary condenser. It was 

appreciated that steam with premixed air in the quantities 

required, could not be completely condensed in the length 

of condenser possible on the available site and provision 

had to be made for the condensation of effluent steam from 

the working section. The uncondensed steam and air were 

first separated from the cooling water in a suitable cyclone 

and then passed to a secondary spray-condensing box using a 

iu  diameter spray nozzle at 50 psi water pressure. This 

condenser was able to cope with uncondensed steam over the 

conditions of the investigation. The saturated air from the 

secondary condenser passed through a side exit and the 

cooling water and condensate was run to drain together with 

the water from the cyclone separator. 
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111. 	MUDL OF RIG OPERATION 

lisipt, steam without i,:remixed gr. The cooling water system 

was first started and the venturimeter manometer lines were 

thoroughly purged of air by opening the bleedcock at the 

upper end of the inverted water manometer when the water 

pressure in the venturimeter was about 3 - 5 psi. With 

the bleedcock closed, the manometer water levels were 

adousted by introducing air into the upper end of the 

manometer through a valve ad i,oining the bleedcock. The 

circumferential flow distribution of the water jet was now 

checked and adjusted with the sampling scoop in No. 1 

hatchway (page 9). Steam was introduced into the 

condenser after the flowmeter condensation chambers had 

been fully primed with water. When the steam supply line 

had been pressurised to 3 - 5 psi the inverted water 

manometer levels were ad6usted in the same manner as those 

for the cooling water system. The superheat of the steam 

was then adusted until it had a value of about 1°C in the 

condenser inlet pipe (page 22). 

When conditions were steady a temperature traverse 

was ruLde in two or three hatchways in the lower part of 

the condenser to determine the extent of the region of 

pure steam. This was necessary since the later stages 
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of steam condensation occurred in a mixture with air, 

the latter being present as the working section was 

run at atmospheric pressure and the absence of steam 

necessitated the presence of air. Bulk temperature 

readino were then taken on the cooling water from the 

scoop, by the procedure already described (page 10), in 

six circumferential positions at each hatchway in the 

zone of pure steam condensation. The time required to 

complete a run at one condition was made lengthy (6 — 9 

hours) by the initial settling time and the 32 screwing; 

operations required at each change of hatchway position 

for the thermocouple i,robe or scoop as 8 studs were 

necessary to ensure an adeouetely tight uoint. 

Using, a mixture of steam and air. The operation of the 

cooling water and steam systems was the same as when 

condensing steam only. The most suitable air metering; 

orifice was selected for the desired air content in the 

steam and the bleed valve between the compressor and the 

metering line was ad,usted to give the correct air flow 

in the condenser. The superheat of the steam was then 

ad,,usted until it was about i'c in the condenser inlet 

pipe. 
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As the steam-air phase had a finite velocity 

throughout the condensation process, there was no 

trouble due to tne ingress of external air from the 

downstream end of the condenser, as occurred when 

condensing pure steam. Cooling water bulk temperature 

readings were taken at 6 different circumferential 

positions at each of 6 hatchways. Temperature traverses 

were made in the proximity of the water phase at 4 

circumferential positions in each of 3 hatchways 

kNos. 2, 4 and 6) as the time available for each day's 

running did not permit radial temperature traverses in 

ever; hatchwaty. 
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1V. TiihAALT1CAL CuNS1DERAIJON6 AND LXPERL:ENTAL 
CURAIIA2ION 

Preliminary. The physical problea in this investigation 

concerns the diffusion of steam through air from a 

turbulent mixture stream to the surface of a thin sheet 

of water flowing in a direction parallel to the 

steam-air mixture. From the theoretical aspect this 

mechanism is best considered as a problem of heat 

transfer into a thin slab of infinite extent exposed 

on one side to a temperature which decreases as some 

function of time. No exact solution has been found for 

the relation between interfacial temperature and time 

of water exposure to the steam-air mixture. Thus it has 

not been possible to compare directly the actual heat 

transfer rates obtained by experiment with calculated 

figures based on the molecular diffusion of heat in the 

cooling water phase, as the true driving force in the 

water is not known. 

As a first step in developing a satisfactory method 

.of correlating the results it was necessary to determine 

tie increase in heat transfer rate associated with 

turbulent flow over that expected under conditions of 

molecular diffusion of heat and use was made of the constant 
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surface temperature condensation obtained with pure 

steam. It will be shown later that a condensing 

steam-air mixture exhibits the same turbulence effect 

on the condensation rate as pure steam. 

Condensation of steam onto a thin rnovin lamina of  

water.  The annular water oet can with negligible error 

be considered as a thin flat moving lamina of infinite 

extent as the curvature is small (the minimum diameter/ 

thickness ratio was 44 : 1). The heat transfer, 

associated witn the condensation of steam within a given 

distance of the orifice, to the thin moving lamina or 

slab, is the same problem as the heat transfer to a 

static slab suddenly exi.,osed to the steam saturation 

temperature for a time T, corresLonding to the time of 

flow of the moving.  lamina. Neglecting conduction from 

the water surface remote from the steam, the slab may be 

considered to be of thickness 21 and exposed on both 

sides to a temperature, Gs. If -0x>(,, the temperature 

at any l_oint in tae slab is given by:- 

=-- s 
Can 	TT2-  T 

Oiric. 2n 4-I • e 	4C 	.cos.(an+  

...ref.(2) 
* The surface coeffecient of heat transfer is sufficiently 
high to ne6lect the temperature drop between the steam and 
the water face - ref. (1). 



The bulk or mean temperature is 

4L 	
I 	—̀ )(.4(Zn+1)2741--  

9,,, = eire.dt 	8T12.(zn• 41), e  4t.i• 

n=0 

Fol a slab of thickness', exposed on one side to a 

temperature, Os, and insulated on the Opposite side, the 

bulk temperature is given by the same equation. Fig. 6 

shows a curve of t vs. c)(:
L2'

- • 

Determination of turbulence factor when condensing 

steam only. From fig. 6 the cooling water bulk 

temperature can be -iredicted providing 'rand L are known. 

The time of exposure 1—  was calculated assuming the 

acceleration of the uet was only influenced by gravity. 

Drag on the „et due to wall friction and interfacial 

shear with the steam were not Allowed for, the net effect 

of these two forces being incorporated in the turbulence 

factor mentioned hereafter. Using.  fib:. 6 and actual 

temperature rises, a direct comparison can be made between 

the molecular and effective thermal diffusivities in the 

cooling; water oat for different steam and water rates, or 

alternatively, the theoretical and actual temperature rises 

29 
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can be compared. An attempt was made to correlate the 

actual results with theory on a basis of diffusivity 

ratios but the scatter in the results was prohibitive. 

From results obtained with varying steam inlet 

velocity at constant water rate (fig. 7) it was seen 

that the percentage of steam condensed was independent 

of the steam inlet velocity, being only a function of 

4  the condenser length (the percentage of steam 

condensed/unit volume was independent of the steam inlet 

velocity). More correctly the dimensionless time of 

cooling water exposure, of  -lr-  , instead of condenser 

length, is the basic ,aramter of transient heat flow 

and it follows that the percentage of steam condensed 

is a function of 0(.1- 

Now 

HS WS0 

With constant pressure condensation, Hs  is a function of 
44s 

trd 

1, • 

i.e. 	
= 

Wso 	
f, (c'ci.?") 

Wc Hs  = 

• Ww  
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@db = 	ft't 
will be denoted by r̀'  

Combining with equation (1) 

The ratio 

:r_ifpKwar) 
-ct-1-1; k-127,  

lm plotting the results in the manner suggested by 

equation (2), figs. 8 and 9, it was found that the 

turbulence effect in the water was represented by an 

exponent of0.17 and not unity as indicated by the 

ecuation. It will be noticed that the raphs are 

plotted using steam and water velocities and not flow 

rates as is also suggested by equation (2). This is 

explained PS follows :- in the experimental work using 

steam without premixed air, only the 1 orifice, 0.050" 

width, was found capable of producing stab-de water „jets 

as uets from smaller orifices invariably colla:csed onto 

te steam core. The experimental cooling water rates 

used were taus always the same function of the water 

inlet velocity and with a fixed duct diameter the steam 

flow rate was, to the first order, a fixed function of 

the steam velocity. The turbulence effects of mass flow 

and velocity of the two phases could not, therefore, be 

separated in the results obtained. When analysing later 

(2) 



32 

results using steam-air mixtures with different water 

orifices it was found that the cooling water turbulence 

correction factor was better expressed in terms of 

velocity and for this reason the steam and water rates 

in figs. 8 and ) are presented in these units. The 

interpretation of figs. 9b and 9c is dealt with later 

gage 

Variation of the water surface temperature when  

condensing steam in the jresenee of air. The 

condensation of steam when diffusing through air, very 

quickly lowers the water surface temperature due to the 

build-up of the air content in the steam-air mixture at 

the surface, the temperature of wlb.ch for all practical 

purposes, corresponds to the partial pressure of the 

steam. The effect of the air is twofold; firstly, the 

creation of the diffusive resistance to the steam in the 

steam-air phase and secondly a decrease in the heat 

transfer driving force in the coolint, water phase. Some 

knowledge of the behaviour of the water surface temperature 

was required in order to develop a means of comparison 

between exlerimental data and to determine the eddy 

diffusive resistance within the steam-air core. No 

direct theoretical analysis has been found possible 
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for estimating the surface temperature and it is 

tentatively suggested that:- 

8surf - Gm +( 	
\

63- 	
where k is some constant -/31)pendix 1) 

This equation satisfied the two boundary conditions, 

viz :- 	
( ) when -‘1-c_. O 	es„;  Gs  

( ii) when 	c>0 Qs.,r4 = 0 m 

Tile mean terwerature Orn of a thin lamina of infinite extent  

witiA zero initial ternI,erature and suddenly exi,os ed to a  

medium of tern, ere ture 	+ (Gs- 0,)e. 	on one side , no  

heat nom occUrrink throu;,h the opvosite side. 

The lamina may be considered to be a thickness 2 and 

ex os ed to the medium on both faces . 

The solution to the general case of a slab ex, os ed 

to medium at te aperature f (11 is , ref (3) : 

4t. 
Te.(2n +021- 

• cos(2)1+1) 2L 	 ().:Pt 	 

	

)1+1) 2. 	 • c Trxt2r1+0"ribc-(-0 	4 	 

	

r,.,(•zn-ifyrrl'A 	
(4) 

f( ?) - 6,, 4 (BS-  0,.„) e s?\  
Subs titutinL in (4; and inteL  rating :- 

a1Tx_ 9- G.,(i- 	
4 	

• Cos(2..n+i) if) 
n 

-4- (Gs 	4TT 
1n4n+0 	le-(2,1 4 )1.11 

n.1(41140-4  IS( 	e 	ftos(anft 21 
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Equation (5) can be conveniently written as: 
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G = 0 
And 	Q. dx. 

where 

4 	 4-t 
.7._ r 9' 	+ 	z c/K a  

....(6) 

-°011(ani OIT 

	

4L 	. cos(Zni 011- -• 

G-, ( 1-ft-cizin+Ife 4  
-°<42,rti.102-1115  

h=0 

Equation (7) gives the mean temperature of the slab when 

exosed (do a constant surfece temperature, Gm  (cf. equation 

(1) and fig. 6) 
4 ...0 

G„,  64s-0.1 (1 )"(2.n4i)  
- 	zi IT 	

/ 4,-t• --Pc_2:Y(z Y.  
("tr:042-_4cIckwt(e --"e• 41% n411  ' ) cos (2n 4 la zt.

4 	.1 ca 

 . 	 ),_,i- 	I  p n 
. "AL  = .")S--7s/- 	(2n-4-0.4 1T2 4kr‘  

h=o 	 04.. 

00 

\ 	 

- 8  ( 6)s- GL (zn41)2f-ALS.  e-c3c4‘;11-1,:(4"r'r 
r1.43 

• • 

-°01.1(znorl- 
- 	

(es -.a)(2,1•11  or it= 41<1,1  • e 
c7c.,  

( 7 ) 

(8) 
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Leuntion (8') gives the mean temperature of the slab, when 

exposed to a surface temperature (65-9,.)e_ 

The mean temperature of the slab when exposed to a surface 
-0- telaperature 	IS,. I-  (Os -0.,)e 	is given by 

-a gm 	61).‘,.   (6) 
Curves of  G."2-  vs °C,T  have been computed from (95— 	La* 
equation (8) for various values of 	o(p,  , (fig. 10). It 

will be noted t.lat the curve,
at  
 = 0, is identical with 

fig. 6. 
,ustification for use of turbulence fctor determined from  

the condensation of pure steam. for condensation from a  

steam-air mixture. Curves of percentage of steam condensed 

vs. condenser length at constant initial air content, are 

shown in fig. 11. With the exception of the run 22 

(ertry velocity of 42 ft/sec), these curves indicate the 

same inde-pendence of "gas" velocity as the results obtained 

using, steam witnout premixed air, fig. 7. It is seen later 

(fig. 22, that the above mentionod run shows a substantially 

higler cooling water temperature rise 	than should be 

expected and this is accounted to erroneous temperature 

measurements on the cooling water. Neglecting this run, 

tne curves in fig. 11 justified the use for steam-air 

mixtures of the turbulence factor "r", ottained by the 
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for different values of 

— 2 (2,n 4 1 )2--e—lo(L1:4  
11 ,- 

res-6):- 
v5. adz 

condensation of steam without premixed air, the inlet 

velocity of the "gas" now being, that of the steam-air 

mixture. The effect of turbulence on steam-air 

condensation ratio is incorporated in the tentative 

theoretical relationship as follows:- 

= r 	- by definition. 

Combining with equation 03): 

is the same relation as plotted in fig. 10. It will be seen 

later that these dimensionless parameters form a very 

convenient method of presenting the experimental data 

when condensing steam with premixed air, despite the fact 

that the actual results do not follow the trend of the 

theoretical curves, i.e. the cooling water surface 

temperature decay function does not truly represent the 

actual, surface tem,:erature variation. 

16 
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V. 	kaiEhlMLNTAL RESULTS 

The main exlerimental work was completed in two stages:- 

(i) Condensation of steam without premixed air. 

(ii) Condensation of steam with premixed air. 

(i) Data at 8 conditions are presented for this part, these 

being the best results of 27 runs. These figures are 

indicative of the difficulty of obtaining reroducibility 

in tne results during the earlier stages of the work; only 

when the final sampling technique had been developed was 

there any consistency in the bulk temperature readings of 

the cooling water. The conditions covered are summarised 

in the following  table:- 

hun 
Nu. 

Symbol Steam Flow 
(lb/hr) 
Allowing 

for Candel- 
sation in 

Header 

Steam Inlet 
Velocity 
(lb/hr) 
Allowing 

for Conden- 
sation in 

Header 

Cooling.  
Water 
Flow 
Rate 

(lb/hr) 

Cooling 
Water 
Entrance 
Velocity 
(ft/sec) 

Initial 
Thickness 

of 
Cooling 
Water 
Jet 

(Ins.) 

1 V 287.2 84 2780 5.2 0.050 

2 b 210.7 61 2780 ,.2 0.070 

"3 g 137.7 40 2780 5.2 0.050 

4 a '340.5 101 3840 7.2 0.050 

5 (:: 278.5 81 3840 7.2 0.050 

t) -.11.5 61.5 3840 7.2 0.050 

7 .4. 287 84 7700 14.4 0.050 

8 'V 211 61.5 7700 14.4 0.050 



'L3 

This data was solely obtained to estimate the effect of 

turbulence on the temperature rise in the cooling water. 

A wider-  range of results was desirable but stable 

conditions were not found possible at steam inlet 

velocities greater trian about 100 ft/sec. and with a 

jet orifice width of less than 0.050m. The symptoms of 

instability were violent manometer fluctuations on the 

pressure tapings, absence of cooling water in the scoop 

drain due to the collapse of the water (j et, and the 

flooding of the main steam line by the sucking back" of 

the cooling water. 

(ii) The operating procedure in using the sampling 

scoop, hsd been finalised before runs were attempted with 

premixed air. This, together w_An the inherent stability 

of the steamr-air mixture and coolinb  water, accounted for 

a greater degree of consistency in the results compared 

with runs using.  pure steam. 20 runs were completed at 

varying conditions with steam-air mixtures and of these 

15 are presented in this thesis, the conditions being 

summarised as follows:- 
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Run 
No. 

.0111Do1 
on 

Graphs 

initial 
% Air 

Content 
by 

Weight 

Steam 
Flow 

(1b/hr) 

Steam- 
Air 

Inlet 
Veloc- 
ity 

(ft/ 
sec) 

Cooling 
Water 
Flow 
Rate 

(lb/hr) 

Cooling; 
Water 

Entrance 
Velocity 
(ft/sed 

Initial 
Thickness 

of 
Cooling 
Water 
oet 

(ins) 

9 

Po
in

ts
  n

ot
 

sa
w

n
  o

n
  f

ig
.  

Va
 	
•
 	

,
2 '3

  f
o
r  

c
la

ri
ty

 	
0
  

I: 1
 	

-
+
 (3  

43 '
 

10.2 346 109.7 2780 5.2 0.050 

10 10.2 353 111.0 5660 to., 0.050 

11 10.2 345 110.7 2780 10.5 0.025 

12 10.3 344 108.0 5660 21.3 0.025 

13 10.3 283 90.5 2780 10.5 0.025 

14 16.9 213 69.4 2780 10.5 0.025 

15 28.5 213 77.5 2780 10.5 0.025 

16 9.2 209 65.6 3840 14.5 0.025 

17 19.9 212 71.6 3840 14.5 0.025 

18 45.7 203 89.1 3840 14.5 0.025 

19 60.3 206 114.1 3840 14.5 0.025 

20 5.2 218 70.5 2780 10.5 0.025 

21 5.2 218 70.3 5660 21.3 0.025 

22 10.4 135 42.0 2780 10.5 0.025 

23 26.7 133 47.2 2780 10.5 u.025 

Runs 9 - 15 and 20 - 23 include temperature traverse date in 

the steam-all phase to enable calculation of the eddy 

diffusivity in the mixture. 
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Allowance for condensation in header section when usin  

steam without vrer4xed air. To estimate the heat transfer 

rate through the header section, the latter was treated 

as a simple annular chambercontaining water flowing at a 

uniform rate throughout its length. The steam-side 

surface coefficient is sufficiently large to neglect during 

the early stages of condensation, 

ref (4), and the overall heat 

transfer coefficient is therefore 

given by: 
1  

k, 	hh 

where th  is the mean thickness of 

the steam tube. 

kh  is the thermal conductivity. 
section 	of 

hh is the annulus water film 
header annulus  

coefficient. 

The annulus water film coefficient has teen plotted 

(fic,. 12) in terms of the cool ink;  water flow rate and the 

mean water temperature from the data of Carpenter, Colburn & 

Schoenborn, ref. O. From the diagram above, it is seen 

that the flow is not truly parallel over the whole extent 

of the annulus. it was, howver, considered ;justifiable to 
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30o0 	.4000 	...Socc) 	ex_ )c-> 	7- -o< 	Socro 
C<oi_tric, WATL.k flow kr) 1  E 	4‘; 



treat it as such and estimate the heat transfer rate 

using a constant annulus water film coefficient 

calculated for the zone of parallel flow as the higher 

transfer coefficient associated with the increased water 

velocity at the surface in the al.proach to the main 

orifice, counters the lower coefficient in the region 

of water stagnation above the shroud orifices. 

A balance between the heat transferred through 

the wall and the heat picked up by the cooling water 

gives:- 

- (L  

u  
UGh 

The steam condensed in the header section is given by: 

1.1ArE _([• AlPwl 

L 
- $ 

The measured cooling, water inlet temperature and the 

steam flow rate to tile header were corrected by equations 

(10) and (11) to give tr,e true conditions at the entry to 

• the ,et condenser proper. 

AnalYsls of results. The method of analysis of the 

experimental data is best illustrated by specimen 

calculations on one run from each of the two series of tests. 

41 
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0) Condensation of steam without premixed air. The 

following calculations are on data obtained in run 1, 

to determine the effect of turbulence on the tneoreticnl 

temperature rise in the cooling water. 

Experimental results  

Steam flow rate by nozzle 	295.5 lb/hr. 

Condenser pressure 
	

30.4 ins. 
14.6 p.s.i.a. 

Corresponding steam temperature 	= 100.4 C 

Cooling water flow rate by 
venturimeter = 2780 lb/hr. 

Cooling water inlet temperature 	
- 

0 
to header 	= c 2 C ,, 

Cooling water orifice width 	= 0.050 ins., 
0.00417 ft. 

A radial temperature traverse , at station 6 (1u.63 ins. 

from condenser inlet) indicated that the steam at this 

position was not contaminated with air from the downstream 

end of the condenser. Cooling water bulk temperature data 

taken to station 6, the lowest workable position for the 

scoop, was, tuerefore, relevant to the condensation of 

pure steam. 

The bulk temperature rise of the cooling. water 

was :— 
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Circum- 
ferential 
position 
of scoop 
-arbitrarily 
caosen. 

Number of hatchway and distance from 
condenser entry 

No. 	1 
1.43" 

No. 2 

2.40" 
No. 3 
3.87 

No. 4 
7.b2" 

No. 
7.62 

No. 
10.b3" 

1 14.8 20.3 26.1 32.7 37.4 44.3 

2 10.1 24.3 31.4 38.1 44.1 49.8 

3 17.3 23.9 31.1 37.4 42.9 48.8 

4 18.b 28.3 36.5 43.2 46.5 51.2 

17.0 27.7 33.9 39.6 43.3 50.6 

6 13.3 18.6 22.2 28.2 31.4 38.7 

AveraLe 10.52 23.85 30.20 36.53 40.93 47.22 

Fit,s. 13 and 14 show the circumferential temperature 

distribution and the average bulk temperature rise down 

the condenser. 

(I) Correction for steam condensation in the header  

section As a first approximation it was assumed that 

t mt.) 	Nv- i.e. 	= 5.2°  tm 	C. 

From fib. 12, hh  - 270 Chighr.ftYC. 

43 
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k 0 
For the brass steam duct, .t - 64 	= 7700 CHU./ftr.ft. C. 

bh 0.10/12 
where the mean thickness of the tubing is 0.10". 

U = 	1 	= 261 CHU./hr.f .j.°C. 
1 + 1 

7700 270 

The surface area, 	Sh  = (  TT x 2.15 x 3.75) :-- 0.1755 sq.ft. 
144 

based on the outside of the inner annulus tube. 

From equation (10), 

664 = 261 x 0.1755 (100.4 - 5.2) = 1.55eC. 
1755i 2780 + 	x 0 

2 

By successive aiTroximation, the annular water film 

cJefficient; hh, for a mean cooling water temerature of 

(5.2 + 1.55)% is 
2 

hh = 275 01-11J/hr.f:.0C 

•*- U = 	1 	= 265 CHU/hr.ft. C 
. 

1 	 1 
7700  +175 
265 x 0.1755(100.4 - 5.2) = 1.580c  

2780 + 2vp.5 x20.1755) 

This is sufficiently accurate for the purpose 

Fro.0 ecuation (11) 

= 265 x 0.1755 [100.4 - (5.2 + 1.6)]  
539 	2 

Wch ' 8.32 lb/hr. 
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At the condenser entry p.roper, 

Cooling water temperature, two = (5.2 + 1.6) = 6.8bC 

Steam flow rate, Wso = (295.5 - 3.3) = 287.2 lb/hr. 

Steam velocity, Vso = Wso x 	267.2 

AaPs 	k600 x 0.02515 x 0.0378 

= 83.8 ft/sec. 

(ii) Determination of turbulence factor  From fig. 14, 

the actual temperature rise of the cooling water was read 

from the curve at 1", 2", 4", 6" & 8" from the condenser 

entry and the following; calculation for conditions at a 

distance of 1", was repeated at each of the points in turn:- 

Actual cooling water temperature rise, em = 13.266C 

Actual cooling water temperature, t 	= 20.066C 

Water orifice area, 	= 0.345 sq.ins.  

Aw 	= 0.345)  = 0.002796 so.ft. 
( 144 ) 

Water inlet velocity = 	ft/sec. 
00 Awl,„ 

= 5.ia ft/sec. 

By the laws of gravity, the time to fall 1" with an 

initial velocity of ;,.18 ft/sec. = 0.0162 secs. 
-6 

Time of exposure, 	= 	= 4.50 x 10 hours. 
3600 

When ceculating the dimensionless time factor --- 
C' 

it was aAreciated that the theoretical relation between 
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• 

B and 
ck„,11- 

(equation (1) and fig. 6), was obtained by 

integrating G with resi_ect to 	C1(.4  and L being 

considered constant throughout the period of heat transfer. 
Variations in 0< and cannot therefore be accommodated 

with great accuracy. In this work, the changes in oc., 

are not critical (fig. 15) but the 

decreFse in I amounts to 410 after 

a distance of 10" with a cooling 

water flow of 2780 lb/hr. To make 

some allowance for changes in c‹,., 

and L , these quantities were taken 

0-006 

     

     

     

      

C-0(155 

     

     

      

       

0.005
o 
	

20 	4o at their arithmetic mean values 
Ternperav re °C 	

during the corresponding time of 
Fit..4). Thermal 	

exposure, 1- diffusivity of water  

During condensation in the first inch of condenser 

length, the mean bulk cooling water temi,erature, 

= 6.6 + 20.06 	().83  = 15.4°C. 
2 

Hence the thermal diffusivity, °Cw = 0.u0549 ft /hr, (fig.15) 

The water jet thickness is modified by 2 factors 

during condensation; 

a) Thinning due to gravitational acceleration. 

b) Thickening due to steam condensation. 

(The overall effect of turtulence on the uet,is found later) 



a) Water jet velocit,y at 1" from the entr;y- , 

Vw = 111,0  + 2g x 1 
12 

.*. Vw 	7.07 ft/sec. 

The correspondin6 jet thickness = 0.050 x 
5.67 

= 0.0456 ins. 	0.00380 ft. 

1) 	The steam condensed to Live a temperature rise, GM 

in the cooling water, can easily be shown to be:- 

47 

Wc 

59 .6 lb/hr.  .• We =-7.  2780 x 13.26  
639.4 - 20.06 

The increase in jet thickness due to steam condensation is 

= (We 	x 	 ft. 
3600 Vw • IT Di 

where Di is the internal diameter of the water jet = (D-2L )ft. 

Di = (2.375 - 2
2
x 0.04563 

1 

.". Di 	0.190 ft. 

Fierce 	Qt = 7.75 x 10-s  ft. 

(0.00380 + 7.75 y 165  ) = 0.00188 ft. 

.%Mean value of 1 	= (0.00417 + 0.00388) = 0.00402 ft. 
2 

From tne above cXwTh= 0.9Q546 x 4.5 x 10-4= 0.00152 
0 . 00402)1. 

• ern 	r 0 . 	1 , 	(fig. 6) . 
Ts- 

ft. 
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0.041 x (100.4 - 6.8) 	3.81°  C 

	

13.26 	3.46 
4)(11 
	'3.63 

i.e. r = 3.46 

The correlation of r with steam and air velocity 

is dealt with elsewhere (page 30 et seq.). 

(2) Condensation of steam with remixed air. The 

following; calculations are on data obtained in run 10. 

Experimental results  

steam flow rate by nozzle 	= 353 lb/hr. 

Air flow rate by nozzle 	40.1 lb/hr. 

Condenser i_.ressure 	30.3 ins.Hg, 

steam-air temperature in 

condenser entry duet 	= 98.8°C. 

Cooling water flow rate by 

venturimeter 	= 5660 lb/hr. 

Cooling water inlet temperature 

to header 	= 7.8°C. 

Cooling water orifice width 	0.050 ins. 



The bulk temperature rise of the cooling water was:- 

Cireumfer- 
ential 
position 
of scoop 
-arbitrarily 
chosen. 

Number of hatc:may and distance from 
condenser inlet. 

No.1 
1.43" 

No.2 
2.40" 

No.3 
3.87" 

No.4 
5.62" 

No 15 
7.62°  

No.6 
10.63" 

1 3.7 6.1 6.3 7.9 9.i 11.0 

2 4.1 7.5 8.5 10.3 11.9 15.4 

3 5.2 9.5 9.5 12.3 13.5 17.2 

4 4.9 9.6 9.6. 12. 1'3.4 18.2 

5 4.5 9.7 9.7 12.5 14.7 17.2 

b 4..3 7.1 6.6 8.5 9.9 11.0 

Average 4.45 8.25 8.37 10.67 12.08 15.00 

Figs. i6 and 17 show the circumferential temperature 

distribution and the average bulk temierature rise down 

the condenser. 

Radial temperature traverse readings were taken through 

hatclmays 2, 4 & 6:- 
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Station 2 - 2.40 ins. from condenser inlet 

Clrcumfer- 
ential 
position 
of prote 

Distance from duct wall (ins.) 

0.07 	0.085 	0.12 	0.155 	0.180 
Steam,-air temperature °C. 

1 21.5 39.9 82.1 96.4 97.5 

2 20.2 33.8 68.4 y3.1 96.15 

3 1d.9 31.4 73.1 94.2 97.2 

4 18.9 30.1 86.5 96.85 97.1 

Station 4 - 5.62 ins from condenser inlet. 

Circumfer- 
ential 
position 
of probe 

Distance from duct wall (ins.) 

0.07 	0.085 	0.12 	0.155 	0.180 

Steam-air temperature °C. 

1 26.7 	46.0 79.8 95.3 96.9 

2 26.5 	37.5 61.5 90.9 95.5 

3 27.7 	38.6 76.5 95.2 96.9 

4 2d.2 	49.6 75.3 96.4 96.85 

50 

Radial traverses 

were taken at 4 

circumferential 

positions in duct 

at 90 displacements 
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Station 6 - 10.63 ins. from condenser inlet. 

Circumfer-
ential 
position 
of iirobe 

Distance from duct wall (ins`  

0.07 	0.085 	0.12 	0.155 	0.180 

Steam-air temperature °C. 

1 27.7 	38.2 	74.6 	93.2 95.93 

2 27.7 	32.8 	60.3 	89.85 95.2 
3 24.0 	33.6 	73.3 	94.15 96.3 
4 20.7 	29.7 	66.t 	92.0 95.75 

Fig. 18 shows the steam-air teml,erature Lradients Ft 

the above stations. 

Inlet conditions. Me accuracy of the steam and air 

metering was checked by comparing the observed steam-air 

inlet teMperature with the saturation temperature of the 

-steam corresponding to the steam-air weight  ratio at the 

condenser pressure. From a. graO1 of L 	,113 (= 	) vs. t drawn 
Ws 

for mixture pressures of 29, 30 and 31 ins. 116 fig. 19a, 
0 

the saturation temperature is 98.5 C. This compares 
_  

tevourably with the observed temperature of 98.8 C in the 

entry duct. The saturation temperature, determined as above, 

was taken as the true inlet temperature of the steam7-air 
mixture. 
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To facilitate analysis of the experimental data, 

e curve of p vs. t for constant mixture pressure, fig.19b, 

was used to find the inlet steam-air mixture density. 

irom fig. 19b, at 98.54C, 	= 0.092 lb/cu.ft. 

The steam-air inlet velocity V - 	W x 1 
0600 Po.f) 

:. V = 	(351 + 40.1) 	x 1 = 111.0 ft/sec. 
3600 	0.0',_ 15 x .0)2) 

Also, 	As 	= (98.5 — 7.8) = 90.7 °C. 

The water inlet velocity = x 	1 = 10.5 ft/sec. 
3600 

For reasons mentioned on page 8, no allowance was made for 

the small percentage of steam condensed in the header from 

steam-air mixtures. 

Deterw,ination of r6,5-0:„  . From fig. 17, the actual 

temperature rise of the cooling water was read from the 

curve at -, 1; 2, 4, 6, 8 & 10 ins. from the condenser 

entry and the following calculation for conditions at a 

distance of 1 in. was repeated at each of the points in 

turn. 

Actual cooling water temperature rise Am = 4.10C. 

Now 

  

(6), page 34 

o'..(1- 	= 
1  0- 



Now 	cl"C"nr  = 0.000744 - by the method of the 

previous section, page 46-7. 

.% 	= 0.0325 	(fig. 6) 

	

4.1 	(1 - 0.0325) = 3.97
a 
 C. 

Referring to fig. 9c and ignoring at this stage the 
V:rr  curves shown by broken lines, 	was assumed constant 
V 

valued at 0.00. (Full interpretation of figs. 9b and c 

is treated overleaf) 

r = 0.0b x 1tt.0  = 4.47 

10.5 

, 3.97  
r0s-0;„ 0.47 x 90.7) - 4.1 

= 0.01086 

kregentation of results. The main endeavour of this work 

is to show quartitively the effect on the steam 

condensation rate of the operating variables, viz. 

a) Steam/air ratio and velocity. 

b) Cooling water velocity & det thickness. 

A means of reducing, all these factors to two parameters 

was not found but it was hoped that the effect of steam 

and coolin water velocity and thickness would be 

allowed for in the parameters developed in Chapter IV. 
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Curves of , m' , vs. 	were therefore drawn for 3-9L 	1.‘ 
cacti of the runs 9 - 23. It should be noted that as 

441  is small compared with r& )5  and GIL, is nearly equal 

to stn  see page 53), 
9M1 	can be interpretated as a 
rOs-Q- 

mtasure of the temperature rise in the cooling water. 

LSfeet of coolingwater velocit,y and .jet thickness Runs 

9 - 12 were taKen with constant initial steam/air ratio 

and steam-air velocity and vardin.t; cooling water velocity 

end jet thickness. The results are shown plotted in 
ooGV 

fi6;. 20 using  a turbulence factor, r - 	obtained 

from the results wrien condensing steam without premixed 

air, fig. 9c. The agreement is poor and inspection of 

the curves shows that the effect of the water velocity 

has been undercorrected,i.e. the exponent of 0.17 on VW 

is too small. Other values were tried and a figure of 

U.30 was found to provide the best agreement. Reference 

was ten made to fig. 9b and a line of slope 0.30 was 

drawn on the graph. This slope was considered to be a 

plausible interpretation of the results from Series 1, 

the difficulty of obtaining consistent results in the 

first series (page 38) again being empnasized. Fig. 9c 

shows that an exponent of 0.30 lilts the curve, 

Vw  = 14.4 ft/sec, (average of 2 runs) well above the 
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curves V 	5.2 and 1.2 ft/sec, (each being an average 

of 3 runs). Giving weight to the latter, the revised 

value of ''y 3  was taken as 0.077 and fig. 21 shows 

the resLlts of runs 9 - 12 calculated using this figure. 
The scatter is sufficiently 

variation in water velocity 

satisfactorily accommodated 
„41-  

and o(  

.ffect of steam-air entrance  velocity Three curves are 

snown in fig. 22, with constant steam/air ratio and 

cooling wEter conditions and varying steam-air inlet 

velocity. Tne data from runs 14, 	and 20, corresponding 

to 5.2, 16.9 and 28.5(/ air content, were cross-plotted to 

give the temperature rise in the cooling water expected 

with 10.2% sir content. These figures were then reduced 

to the basic parameters and plotted with values from 

runs 11 and 13. The agreement between the curves 

substantiates tne use of the steam- air velocity 

correction term in the turbulence factor. 

Effeetofinitialsteam/airratio As the variation of 

cooling water temperature rise with steam-air entrance 

velocity and cooling water velocity and jet thickness, 

55 

small to conclude that 

and jet thickness have been 

in the parameters r Gs — 
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has been accom 	 e" "L in the _parameters --=k and 

the effect of varying the initial steam/air 

ratio can be expected to be a series of curves, each of 

fixed initial air content, on a graill with the above 

coordinates. The following runs are_lotted in fig. 23 

illustrating the quantitive effect of initial air content 

on the temperature rise in the cooling-  water. 

Run 
No. 

Initial % 
air con— 
tent by 
weight 

,--- 
Steam 
flow 

(1b/hr) 

Cooling water 
entrance 
velocity 
(ft/sec) 

initial thickness 
of cooling.  water 

jet 	(ins.) 

20 5.2 218 10.5 0.025 

14 16.9 213 10.5 u.025 

15 28.5 213 10.5 0.025 

16 ).2 209 14.5 0.025 

17 19.9 212 14.5 0.025 

18 45.7 203 14.5 0.025 

19 60.3 206 14.5 0.025 

22 10.4 135 10.5 0.025 

23 26.7 133  -10.5 0.025 

Lxoei_ting run 22, these results are largely consistent 

with each other, on the effect of the initial air content 

in the steam on the temierature rise in the cooling water, 
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i.e. on the steam condensation rate. 

The overall effect of initial air content .on the 

steam condensation rate is shown in fig. 24, for runs 

16 - 19 where the steam condensed was calculated 

according to api_endix 2. Unfortunately, instability of 

the cooling water het prevented a run with no air prdsent 

in the steam. For this case, using the average steam 

flow for the four runs, the turbulence factor, r, was 

calculated for the case of no air present and the 

teml,tratuie rise expected in the cooling water was then 

fuund for values of LL  , corresponding to the vertical 

distance down the condenser. The 1.ercentage steam 

condensatior was readily estimated from the cooling water 

teml„erature rise, the curve being snown as a broken line. 

The curves together show clearly the marked reduction in 

the condensation rate with increasing air content in the 

steam, the ma or decrease occurring in this case with the 

first 9% of air. Runs 14, 15 and 20, fig. 23, indicate 

that the first 5% of air content in the steam is sufficient 

to prova(e the ma,,or part of the resistance to heat transfer 

in the stew -air 1-hase. 
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VI EDDY DIFFUSIVITY IN THE STEAMAIR MIXTURE 

The steam condensation rate in the presence of air 

is 1:rimarily controlled by the rate of diffusion of the 

steam to the water surface and an investigation was made 

under different conditions of the variation in the 

turbulent coefficient of diffusion, better known as the 

eddy diffusivity. 

The rate of eddy heat transfer through the steam-air 

mixture is: 	
d(f1-1) 
d3 	CriU/ftl.hr. ...Alpendix 3. 

The rate of mass diffusion from the turbulent steara-air 

mixture to the cooling  water surface is: 

W 	f •dR_ fl.c_lf) lb./ft:hr. ..Appendix 4. s 	 fet ci3  
The rate of heat transfer by convection in this diffusion 

of mass is: ki.) HS CO/ft:'.hr. 
The total rate of heat transfer to the cooling water is 

therefore: 

q 	— 	d  S31-) — EMHs Cf:: cf 	d ) CHU/ftthr. 

q = — E, di  1+ Hs (f-cci(f?),4) — .go))1 cFavft,2-. . 
dl 

where y = 

Previous worriers have found that the eddy diffusivities 

of mass and heat are not necessarily the same, but Perry 



ref. b states that the use of 44 = EH does not involve 

differences of more than 3Q%. In this investigation 

Lid was assumed ecual to EH, i.e. 	= 1. 
Q — -E cl(P)  ( I I) 040P. hr 	(12) 

where I 	.''E d(M' 
I is F function of the temperature and pressure of the 

steam-air mixture and thus for constant pressure 

condensation, I only varies with temperature. Using the 

steam data of Callendar, ref. 7, curves of I vs. t were 

constructed for mixture pressures of 29, 30 and 31" 

The effect of pressure over this range was negligible and 

fig. 25 shows the variation of I with t for a nominal 

mixture pressure of 30"Hg. 

Considering, an elemental cooling water temperature 

rise de:,„ the heat transferred is (Am  + M-0
) .dqn CHU/hr. 

The corresponding elemental surface area 

of the water is TTD4,clz 

o 
0"'IC)  0;2 CdU/ft:thr. Tmc 	a z. 

Combining with equation (12) 

— 04,410 . c1,16): 	f-eLihr. 
in> (I 4 j .Clqba,1H)  
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Now d f 	_ 
- 

d( fW) . dt. 
ci 3 	ctt- dy 

Viw+ Vic • (jc?Z" 
111Dc. (lir) d( 

(13) 

where Ati) and I are at the surface temperature of the 
dt  

cooling water. 

Surface temerature of the cooling water. It has been 

shown above that a knowledge of the water surface 

temperature is necessary before an estimate of the eddy 

diffusivity in the steam-air mixture may be calculated. 

Tne method now indicated is open to criticism but is used 

for lack of a more satisfactory solution. 

A comparison between the shape of actual and 

theoretical curves of r6 m0;~ and -Tr , figs. 21 - 23, 

indicates an appreciable de2arture of the actual surface 

temperature of the cooling water from the theoretical 
-kr 

assumption, 	surf Qm (Gs - Qm).e . This prevents 

an accurate assessment of the surface temperature. 

Fortunately the degree of accuracy required in the 

surfsce temperature estimation is not high as the 
e9,ue,t0;m05), 

functions ct(f") and Ado not vary critically with d t-  0 
temperature over the range of 150C to 30 C, (fig. 25). 

This temperature range was found to cover vahles of the 



01 

surface temierature at the hatch positions of the 

thermocouple probe used in this work. For the present 

purpose, the surface temperature of the cooling water is 

taken as: 	surf r--  QM 	(Gs - k4111)e 
Acr 

where k is interpolated from the appropriate curve 

(figs. 21 - 21) at a value of c)4̀ 1-  corresponding to 

the relevant position along the condenser. 

ReJnolds number of the steam-air mixture in the condenser. 

Sherwood & Woertz. ref. 8, found that the eddy diffusivity 

in a gas stream was a function of the Reynolds number and 

it was decided to plot the present diffusivity results on 

the same parameter. Evaluation of the Reynolds number 

necessitated a knowledge of the flow rate and viscosity 

of the steam-air mixture along the condenser. These were 

determined at the average steam-air condition at the 

point in question, the flow rate being readily found. 

A search through the literature revealed that the 

most practicable method of determining the mixture 

viscosity was that developed by Wilke and Buddenberg, 

refs. 9 and 10. They developed an expression for the 

viscosity of a gaseous mixture from the physical properties 

and ratios of its components. Other workers have studied 

the problem but calculation by their techniques are 



lengthy and require an extensive knowledge of the kinetic 

theory. The theory of Wilke and Buddenberg is not 

absolute but has been found to predict viscosities within 

20 of experimental values. Their expression for the 

s team-air mixture viscosity is 

	/4L  
= 

[ 	40201h4 	1(fisliVr 1 	 4 
4[14T114: 	

lkulji. 

	.( 14) 

where g and .g are the steam and air densities at the 

pressure of the mixture. To quote, "For ideal gases, the 

denominators are nearly independent of temperature and 

pressure. For components'at temperatures below their 

boiling.  points, hypothetical vapour densities may be 

estimated on the basis of the gas laws m. It was, therefore, 

necessary to select a gas constant for steam to cover its 

behaviour at partial pressures below atmospheric pressure. 

A figure of 15.25 ft.lb/lb:b. for. R was within an error 

of 1 from 0 to 80% air content and this was used to 

predict g . From eolation (14), a. curve of viscosity 
vs% air content in the steam. air mixture was drawn and 

62 



2p o 
Mixture_ Pressure. 

30 ins 1-1g 

o 440 Go go loo 
% Air content 

Fig. 26. Viscosity of  
the  steam7-air mixture.  

is shown in fig. 26. 

The characteristic diameter in 

the Renolds number was taken 

as Di i.e. the inside diameter 

of the water jet. 
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6:Jecimen calculation for E. The following calculation 

is on data obtained in run 10, pages 48 - 50, and 

corresponds to the conditions in the condenser at 

station 2, i.e. 2.40" from the condenser entry. The 

calculating procedure was repeated at each of the other 

two thermocouple probe positions, station 4 and 6, used 

in this run. 

= ciz 	1.58 degrees/inch, 18.96 degrees/ft. (fig.18) 

steam condensed, Vic"- ‘A°9:-  = c66o x 6.6 
 ) 
- 59.8 lbkr. 

[45-t. 	038.8 - 14.4 

Total water flow = Ww  + We  = (5660 + 6o) = 5720 lb/hr. 

Estimation of Li:- Water inlet velocity Vw0  = 10.50 ft/sec. 

Vvv. = J11,005d. 	26. x 24P  

= 	11.12 ft/sec. 
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(0.050 x 10.50) 
The corres,donding ,et thickness = ( 	11.12) 

= 0.0472 ins., 0.00393 ft. 

Now Di = D - 21. 

Di --,- (2.3
12
75 - 2 x .0039 = 0.190 ft. 

(  

(the magnitude of L in comparison with D, justifies 

the neglect of change in thickness, 4L due to steam 

condensation on the ,et). 

Estimation of cooling water surface temperature:- 

It is assumed that ()surf  = 	+ (8s  - OtaekT  

Now cKwir-  = 0.00176 , from a plot of °'--W vs. 
Li  

condenser length,using values of 
L' 	

in fig 21. 

kt
Q  

and 	= 950 , 	from fig. 21 by cross-otting. i 
, 	

O 
 

= 1.672 

0 

surf 
	= .6.6 + (90 - 6.6) x 0.188 = 22.4 C. 

Surface temi,erature = (gsurf Iwo ) QC = (22.4 + 7.8) = 30.2C 

From fig. 25, I r,  0.89 and 

From ecuation (13), page 6o, 

4= 0.0752 dt- 

E = -5720 x 18.96 	ft,./hr. 
Tr x 0.190 x 1.89 x o.0752 ot) 

07) 

E 
 = T

.278000) ft :L. /hr. 
dt)'dr 

.% kir = 0.00176 x 950 

• e = 0.188 



The actual temperature 6radient in the steam-air mixture 

is:- 

d= -1076 deLrees/in., - 12900 degrees/ft., (fig.18). 

E = 1,278,000 = 99.0 ft./hr. 
12900 

For reasons discussed elsewhere, page 71, a second value 

of E was determined using a temperature gradient complying 

with the calculated water surface position, whence 

dy = -683 degrees/in, -8196 degrees/ft., (fig. 18) 

.% E = 1,278,000 = 156.0 fe./hr. 
8196 

Reynolds number of the steam-air mixture:- 

Re = Gd. = 4W  
TTY, ytk 

And w = wS  + Wa  = (353 - bo) + 40 = 333 lb/hr. 

Di 	,-- 0.190 ft. 	(page 64) 

Air content by weight = 40.1 = 12.0% 
333 

.-./-L= 131.6 x 10 6  poise 	(fig. 25) 

.% /(1.= (131.6 x 10-6  x 242) = 0.0319 lb/ft.Hr. 

	

.% Re = 4 x 333 		= 70.100o. 
TT x0.190x0.0319)  

Presentation of the diffusivity data. Fig. 27a shows the 

variation of the eddy diffusivity E with the Reynolds 

number, where E is based on the measured temperature 
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gradient in the steam-air mixture. The number of points 

on the graph are limited as satisfactory readings at the 

lower end of the temperature curve were not obtained 

regularly, due in some 1,art to elements of cooling water 

breaking away from the main jet and contacting the 

thermocouple. In every traverse, however, the upper end 

of the temperature curve was at  parent and this was used 

in conjunction with the calculated surface temperature 

and interface position to determine a temperatureipmdient 

not influenced by the effect on the thermocouple of the 

"winnowing"  of the cooling water. This alternative 

temperature gradient is shown in fig. 18 for run 10 and 

all values of h. so calculated are plotted in fig. 27b. 

Comparison between the eddy diffusivity of this and other  

work. To the writer's knowledge the only other relevant 

data are those of Sherwood & Woertz, ref. 8. These 

workers used a vertical rectangular duet, 24" x 2.1" in 

cross—section, in which water and calcium chloride solution 

were allowed to flow down the opposite 24" walls. From 

pressure and hot wire anemometer measurements in the 

central gas stream and measurements of the mass transfer 

rate of the water, values of the eddy mass diffusivity and 

eddy viscosity were found, these being constant over any 
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cross-section and a function of the corresponding Reynolds 

number. The tests were run using air, carbon dioxide and 

helium in turn at room temperature. For comparison, the 

curve of Sherwood & Woertz for water diffusing through 

air is shown in figs. 27a and b. Bearing in mind the very 

different conditions in the two investigations the general 

agreement with Sherwood & Woertz is considered satisfactory. 

The effect of noncondensable ases other than air, on the  

steam condensation rate. Figs. 28a and b show that the 

eddy diffusivity of steam mixed with a noncondensable gas, 

is inversely proportional to the steam-gas mixture density. 

From fig. 28b the eddy diffusivity of steam in a mixture 

with any noncondensable gas can easily be calculated. 

However, the prediction of the heat transfer rate from the 

mixture to the cooling.  water is not easy and involves step-

by-step-integration of a tedious nature but a rough estimate 

of the effect of any 1.articular noncondensable gas when 

comoared with air, can be obtained. For example, the eddy 

diffusivity of steam in a mixture with carbon dioxide is 

about 66% of that in a mixture with air. It can therefore 

be assumed that the heat transfer rate from a carbon 

dioxide mixture will not be less than 66% of that from a 

steam-air mixture. 
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VII DISCUSSION 

Sources of error. The prime requirement for an 

investigation of this problem was a satisfactory means 

of measuring the rate of steam condensation. This 

necessitated the use of a device for measuring the bulk 

temperature of the complete cooling water jet over a 

number of cross—sections of the condenser as considerable 

variations can occur in bulk temperature "point" values 

at any fixed lengthwise position in the condenser 

(figs. 13 and 16). The arrangement adopted was not ideal 

tut did permit temperature readings to be obtained over 

the whole (et. The development of the cooling water 

sampling system was accom.anied by much trial and error 

as the author was not familiar with any previous work 

using a similar device. The range of conditions covered 

has not been as wide as was desired mainly because of 

limitations to the operating conditions under which the 

cooling water sampling device would function satisfactorily. 

At a very early stage it was found that temperature 

readings on the cooling water could vary by 10°C or more 

by altering the back pressure on the scoop drain and thus 

the accuracy of the temperature measurements and, therefore, 

the whole results depended on the validity of the pressure 
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balancing technique. It was obvious that some means of 

rep isterir& pressure balance between the scoop and the 

duct was recuired with a greater sensitivity than that 

of a water manometer system. The latter experienced 

slow fluctuations of up to 4 or 5 ins. of water due to 

the slash and irregular flow pattern inside the scoop 

and this fluctuation trouble gave rise to latitudes of 

up to about 5°C when condensing steam with no air present 

and 2°C when using steam-air mixtures. The system finally 

adoited, whilst found somewhat fortuitously, did on 

examination seem plausible (;ages 13 -14) and gave a degree 

of consistency not obtained previously. Any absolute 

errors of measurement that were incurred by the use of 

this technique will be consistent throughout and the 

relative effects of the variables investigated will not 

be altered. 

Other sources of error can lie in the flowmeter and 

steam-air temperature readings. The flowmeters were 

reLularly cleaned and before each run the steam and water 

manometer lines were well purged of any air present. A 

constant check on accuracy during the runs with steam-air 

mixtures was the comparison between the measured steam 

temperature and the saturation temperature corresponding 



to the mixture ratio at the condenser pressure. With 

close agreement between these figures any error in flow 

rate must exist in botn steam and air meters. Errors 

in the steam-air temperature readings will, of course, 

only affect the diffusivity data. It was feared that 

cooling water surface disintegration and splash onto 

the thermocouple probe would invalidate the readings by 

lowering the recorded temperature. Splash would be more 

prevalent nearer the water surface, i.e. at lower steam-

air temperatures and would thus indicate a steeper 

temperature gradient than the true value. A comparison 

between measured temperature gradients and values in 
the. 

accordance withAcalculated water surface temperature and 

position does bear this out (fig. 18) and more reliance 

is placed on eddy diffusivity figures complying with the 

latter gradient. It is considered that the errors 

involved in fixing the position of the lower end of the 

steam-air temperature curve by the calculation of cooling 

water surface temperature and position, will have a lower 

effect on the temperature gradient than that of splash on 

the thermocouple readings. 

The cuolint_ water surface temr)erature. Without knowledge 

of the exact mode of behaviour of the cooling water 
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surface temperature when condensing steam from a mixture 

with air, no exact theoretical analysis is possible. If 

the correct expression had been found for the surface 

temperature decay rate and the resultant equation for 

transient: heat flow was capable of integration, the first 

series of tests using steam without premixed air would 

have been unnecessary for the analysis of the results 

using steam-air mixtures. As it was, with only a 

tentative assumption available for the surface temperature 

decay rate, the most that could be hoped for was a 

satisfactory means of correlating the experimental data. 

This required the use of a turbulence factor accommodating 

the effects of "gas" and water velocity on the cooling 

water temperature rise obtained from the results of steam 

condensation with no air present,as in this case the 

theoretical temperature rise can be predicted. It is 

thought that a more thorough study of the whole mechanism 

must involve a better understanding of the surface 

temperature behaviour of the cooling water although this 

is extremely complex. 

An approximate calculation of the cooling water 

surface temperature (fig. 17) indicates an extremely 

quick decrease in the initial stages of condensation. 
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This emphasizes the need for a high degree of internal 

turbulence in the water jet and the necessity for a high 

cooling water surface area and a minimum ,et thickness. 

Tile efficacy of the common practice of using circular 

cooling water orifices is questioned as these offer the 

smallest surface area/jet size ratio possible in the 

region where the greatest Quantity of heat should be 

transferred. Thin slots would appear to offer the 

best means of introducing cooling water at the low initial 

velocities required. 

Steam congensation in the presence of air. The effects 

of the initial steamr-air ratio, steam-air velocity, 

cooling.  water „et thickness and velocity have been shown 

for what is otherwise a fixed condensing arrangement. The 

departure of the latter from normal practice was a 

necessary expedient but unfortunately it prevents any 

useful assessment of the heat transferred or steam 

condensed/unit volume as these figures bear little relation 

to the much higher rates obtainable with the usual multi et 

cooling water system dispersing throughout the steam-air 

mixture. "Seperation" of the steam-air and water phases 

does not, however, alter the general effect of steam/air 

ratio, steam-air velocity, cooling water velocity and 
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thickness on the condensation rate from that in a more 

intimate steam-air-water mixture. 

The virtual independence of the percentage steam 

condensed/unit volume with initial "Las" velocity for a 

constant steam/air ratio is interesting but there is 

obviously some upper limit for which this is true. This 

limit is probably operative at a cooling water thermal 

ratio not reached in this work; the runs covered thermal 

ratios up to .48 and as far as is known this figure is 

not exceeded in practice. It would be unwise to assume 

the above identity holds for a steam-air velocity range 

much higher than that used (40 - 110 ft/sec.). 

From a heat absorption standpoint, maximum utilisation 

of the cooling water is achieved with a minimum water 

entrance velocity although the net gain is small over the 

range investigated (fig. 9a). The pressure change across 

the condenser will suffer as a consequence of low water 

inlet velocities due to increased momentum drag but if 

water utilization is not important, its decrease with 

high water velocities may be outweighed by the improved 

pressure change across the condenser. 

For the different steam-air mixtures used, the 

percentage of the steam condensed varied between 20 and 



60% of the initial steam flow but this was sufficient to 

give a ouantitive effect of the initial air• content, 

fig. 23. The marked reduction in the heat transfer 

rate occurring with increasing air content, is shown to 

be progressive up to a maximum of 60% air, but the 

major influence is however exerted by the first few 

"percent" of air present. 5% was the lowest air content 

used, but much less than this will effectively blanket the 

cooling water surface. 

EddY diffusivity. The present results substantiate the 

data of .iherwood & Woertz on the effect of Reynolds 

number on the eddy diffusivity. This increase in 

diffusivity with Reynolds number accounts for the 

proportionality between steam condensation rate and steam-

air entrance velocity. The correlation of Ef with Re, 

fig. 28b, shows the advantage of working the condenser 

at as low a pressuie as possible. Such an arrangement 

would involve higher steam-air mixture velocities, which 

themselves are conducive to rapid heat transfer rates, but 

also the heat traLsfer rate is augmented by the increased 

eddy diffusivity associated with the lower mixture density. 

The effect of other noncondensable gases compared 

with air, on the basic heat and mass diffusion rates is 
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easily found from fig. 28b but the overall effect on 

the steam condensation rate is very complicated. The 

Iercentage cane in condensation rate will, however, be 

always less than the iercentage eddy diffusivity change. 



CuNCLUSIuNS  

In a parallel-flow ,et condenser, condensing steam 

from a turbulent mixture with air:- 

1. The heat transfer rate has been presented in terms 

of the cooling water temperature rise on parameters 

developed from the transient heat flow equation for 

the cooling water, using a tentative assumption for 

the surface temperature decay relation. 

Allowance has been made for the effect of steam 

air mixture velocity, cooling water „et velocity and ,et 

thicKness on the condensation rate. 

2. The steam condensed/unit volume is proportional to 

the steamrair inlet velocity over the range investigated, 

(40-110 ft./sec.), otner factors being constant. 

3. Water inflected with a low initial velocity and in 

a fine state of dispersion is most efficiently utilized 

from a heat absorption stand-point. 

4. Increased air content in the steam causes a 

progressive reduction in the heat transfer rate. The 

reduction is considerable with the first 5% of air, 

further increase in air content produces a less pronouced 

change. 
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• Values of eddy diffusivity in the steam-air mixture 

confirm the work of Sherwood and Woertz, ref. 8, and 

examination of the latter results shows the influence 

of non-condensable gases other than air. It is also 

seen that the rate of steam condensation is improved 

by operation at low condenser pressures. 
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SuGGL6TiUN6 FOE FIJET,AER WORK 

This thesis is offered as some groundwork to the 

complex problem of heat transfer in a jet condenser 

when steam is mixed with air. Much more data than that 

given is required on the condensation process before an 

adequate understanding is reached for practical 

application. 

The problem of pressure change through the 

condenser has not been touched and this can form the 

subject of a new line of research as it is necessary 

to link up the pressure change relations with the 

condensation rate data before any attempt at design 

can be made. 

A theoretical analysis of the cooling water surface 

temperature relation would be useful, as it is considered 

that this provides the key to a better knowledge of the 

condensation mechanism discussed in this thesis. 

78 



BIBLiUGRArHY 

"Heat transmission by condensation of 
steam on a spray of water drops" p.17 
Ph.D. Thesis, University of London, 1948. 

Carslaw, H.S. & Jaeger, J.C. 
"Conduction of heat in solids" p.a3 
Clarendon Press, 1947. 

3. Ibid, p. a7. 

4. Cari,enter, F.G. "Heat transfer and pressure drop for 
condensing pure val,ours inside vertical 
tubes at high vapour velocities", 
Ph.D. Thesis, University of Delaware,pp.37-8 
October, 1948. 

Carpenter, F.G., Colburn, A.P. 
"Heat transfer 
annular space"  
Engrs.V 42. p. 

and Schoenborn, E.M. 
and friction in an • 
. Trans. Am. Inst. Chem. 
184, 1946. 

6. Perry, J.H. 	"Chemical Engineer's Handbook". p. 543 
1950. 

Revised Callerdar steam Tables (1931) Arnold & Co. 

8. Sherwood, T.K. & Woertz, B.B. 
"Miss transfer between phases". Ind. 
Eng. Chem. V 31. No. 8. pp 1034-41. 
Aug. 1939. 

9. Buddenberg, J.W. and Wilke, C.E. 
"Calculation of gas mixture viscosities". 
Ind. Eng. Chem.V 4. No. 7. pp 1145-7. 
July, 1949. 

10. Wilke, C.R. 	"A viscosity equation for gas mixtures" 
Jo. Chem. Phys. V 18. No. 4. Apr. 1950. 

79 

1. Brown G. 



11. Reynolds, U. 	"Un the dynamical theory of 
incompressible viscous fluids and 
the determination of criterion". 
Roy. Soc. Phil. Trans. V 186A, pt. 1. 
pp. 123-164. 1895. 

"Uber die ausgebildete 
Proc.2nd International 
Applied Mechanics. pp. 
Zurich, 1926. 

ao 

12. Prandtl, L. Turbulenz" 
Congress for 
62-74, 



81 

APPENDIX I  

The surface terape;ature and mean temperature rise of the  

coolin water when condensim: steam in the presence of air- 

The lack of any exact knowledge on the behaviour of 

the surface temperature necessitated the adoption of so-le 

relation which would:- 

a) appear a reasonable assumption. 

b) comply with the boundary conditions. 

c) be capable of integration in the general 

equation of transient heat flow. 

An exponential decay function was considered to satisfy 

the above requirements and two alternatives were available. 

(i) °surf = Bin (Os - 

This satisfies the actual boundary conditions:- 

when 	0' @surf = Os 
oc) ) surf 7--  OM 

- 
(ii) surf 	Qm 	(Qs - Qrr).e, 

This satisfies the theoretical boundary conditions, the 

effect of turbulence being neglected:- 

when 	= 0, 	surf = Qs 

= 2̀6°, surf Om 

This first equation was thAight to be the most applicable 

and was inserted in the general equation of transient heat 



--Pc, n -0)111-  
ztt' 

flow for a slab with zero initial temperature and with 

a surface temperature, f(')') 
The lamina is considered to be,  of thickness, 21, and 

subuect to the temperature, f(1r) on both surfaces :- 
Then 

0 	 •2_ 
(zr, 4 j11-• 	t(zn  +4)TpKwofr 0(v, (1..n + Tr ti 2  6 = 	e 4tt 	• cos(2.n+92- 2. 	 e 41  • f(t)•dA 

11=0 

now 	a) = 	(Vs- 6(1,)e 

Substituting in (1) and in teLral.i.r.L:- 

1-ir -*11.-ct(an iTz 
-61,„ (1 	arw *(= 	 2-17  

+(es ' (4n40  
le(4n41)'-41:1.1 .e -e 2f1-7 6"4 1) 

Icos(P-v+)att_ 
	( 16) 

6(uation (2) can be conveniently written as 

4 Cz_ 

4( 

And 	= 2L1Odic , p).dx 4- 19,  d'L 
2.1 
-1 

= 17) 

  

8 2 

( 1 

And 
-e(z,41- 

.(1 	cos01+07.2r dx - 
21.  

h:0 
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Lcuation (18) gives the mean temi.erature of the slab 

when exposed to a constant surface temperature o. 

(cf. equation (1) and fig. 6) 

+1. 
_,T 

zL 4  

 

.1GAn401-1,1  
e -e 

oc„
)C05114-i 

 

1

- -c>5ri 74w c,42narr 
2n4Tr-4k11 e

aw 
h,"7_42i 

 

( 19 ) 

  

Ecuation (19) gives the mean temperature of 

when exposed to a surface temperature (Os  — 

g.„  

the slab 
-kl- 
e 

wrr and c  The Lraphical relation between 

is identical with fig. 5. With the above coordinates it 

was hoped to accommodate the effect of turbulence on the 

temperature rise, but inspection of the parameter 

shows that it increases with turbulence and is thus 

unsuitable as a means of presenting the experimental 

results. Pecourse was, therefore, made to the second 

alternative assumption for the cooling water surface 
- 

temperature decay rate, Gsurf  = Om  + (Os  — 	
0, (page 33)• 



84 

AFTLND1X 1I  

Steam condensed from a steam-air mixture in terms of  

the temperature rise of the cooling water. 

A heat balance between the cooling water and the 

steam-air mixture gives:- 

Wwtwo + Wscjiso WaC/to = (WW We)tw WsHs WaCpt 
= Ww(tw - two) - Arso(Hso -  HS) - WaCi,(to 	t) 

Hs  - 

Now tw - two =Vim, 	lo,y definition 

= Ww.GTITI 	f 1 - Wso 	- Hs  + Wa  .Cp(toll lb/hr. 
Ws--  -77'6 L 	ww 	 11770 

	(20) 

As t and Hs  are not obtained exi:erimentally, equation (20) 

is solved by successive al4,roximation as follows:- 

(i) Assuming no air content in the steam, the 

concensation rate is calculated from the relation 

WO = WW 

(ii) The residual steam flow, lb/hr. and Ws m  Wso - We 
the corresi,onding  air/steam ratio, Wa  , follows. 

(iii) The average steam-air mixture temiferature, t, is 

found from fig. 19a. Hs  is then determined. 

(iv) We  is now calculated from equation (20). 

assuming 
ec 

heat of 
water 
= 1. 



(v) if We  differs from that calculated in (i) by more 

tier t, tne irocedure is repeated with the new value 

of W. 
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AkIIIII.UX III  

Liddy heat transfer in a fluid of varying. density. 

Reynolds, ref. 11, conceived that et any point in 

two-dimensional turbulent fluid system, the flow was 

composed of an average fluid velocity V on which were 

sulerimposed fluctuating velocities 1.-e and U!. The 

diffusion is in the present case towards the wall and 

heat is transferred from a high to a low heat density 

level by thefluctuating velocity, a". 

By Prandtl's mixing length theory, ref. 12. 

The neat density = heat/unit volume = 13 1-4 

(Pr-0"  = 1 clIttl)  dy 
The heat transferred, q = -(N)"bc , where 

denotes the time averabe of the instantaneous fluctuations. 

q 	 d(ft4)  dy dy 

But E = /lc & by ay 	definition. 

_El d (f i-10  q dy 
The eddy thermal diffusivity is usually denoted by FE 

as investigations by different workers have shown that 

the diffusivities of heat mass and momentum are not 

necessarily the same. 
i.e. q 	Ew 	 

dy 
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APP1111J1X IV 

Eddy mass transfer of steam throui,h air to a receiving 

surface. 

The basic equation of mass diffusion is 

where c is the concentration (wt/unit volume) 
(LT= 

of the diffusing component. 

D is the diffusion coefficient. 

This is known as Fick's law. 

It car. be  slown in a similar manner to that of 

appendix 11I that the same formula is ecually applicable 

to turbulent diffusion providing; the coefficient is modified. 

Thus UY= Ems4 where Flu  is the eddy mass diffusivity. 

For the case of a vai.our (steam) diffusing through 

a non—condensable Las (air), the density gradient of the 

"inert" component will cause it to diffuse in opposition 

to the vapour diffusion. As tne air is not removed by 

condensation and is in 

equilibrium in a direction 

dam;,., 	normal to the surface of steam 

condensation, its diffusive flow 

must be balanced by an ecual and 

opposite convective flow, 

'iteam and air density  velocity U,. This convective 
k_radients  

sEoom 
44..evon 

convective \ 
c.orrent 

y positive 
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flow au6ments the vapour diffusive rate and the air and 

steam diffusion equations of mass rate are: 

UJ. = —F y + 	O 	(21) 

	

(-Us = 	fi-Lt. 	 (22) 

Jrorn (21), 
U f  = Em 

rc, 	a I 

E 	[4..c14  

	

i.e. uys 	M C- •d_L _t  cif dy 	4. cly 
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