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ABSTRACT 

Studies in compressible fluid flow have shown that it is 

possible to obtain a total pressure rise in a hot fast moving gas 

stream by cooling it.. 	The aerothermopressor, a device designed to 

achieve this by injecting cold water, has been extensively 

investigated both theoretically and experimentally but until now the 

maximum pressur6 rise possible has been undecided. This has made its 

utility uncertain. 
The following work has been carried out to determine maximum 

performance more precisely. 

An examination of liquid atomization principles indicates the 

types of water injection nozzles suitable for maximum performance. 

Tests on these in a small scale aerothermopressor reveal which are best. 

These are shown to differ for subsonic and supersonic gas flow. 

Numerical solutions of the governing equations are given for 

a small scale supersonic aerothermopressor together with a corrected 
method for extrapolating to large scale solutions. 

Subsonic experiments show that agreement between theory and 

experiment may be improved by slight modification of the theoretical 

model assumed for analysis. 
Supersonic experimental results differ widely from their 

predicted numerical solutions. 	Shook wave formation which contracts 
the water spray is demonstrated to be the cause of the discrepancy. 

This makes the supersonic aerothermopressor inferior to the subsonic 

aerothermopressor. 

These results together with those of previous workers 
indicate that maximum total pressure rise is achieved at the highest 
possible Mach Number obtainable with best possible water/air ratio in 

subsonic flow. This corresponds to M I  se 0.78 and 	0.24 at 

Tot. 15000R. With these parameter values a maximum total pressure 

rise of about 20% is possible 	own."04.,dte 04.06, 



Experiments also show that the aerothermopressor has 

fouling problems which complicate its practical application. Its best 

use is probably not as a means of raising total pressure but rather 

for Mach Number control and reduction of friction loss in large high 

speed flow gas ducts. 
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NOMENCLATURE  

A 	= 	cross-sectional area of duct 

0 	speed of sound in gas phase 

Cp 	= specific heat at constant pressure of gas phase 

CpE 	= specific heat of water-An droplet 

CIN2 = mean value of c between 1 and 2 

GD 	drag coefficient of droplet 

d 	= 	volume-surface mean droplet diameter 

do 	= value of d immediately after atomization 

dpi 	= value of do  given by Nukiyama and Tanasawa formula 

D 	= duct diameter 

diffusivity of water vapour into air 

m Po z  
skin-friction coefficient of pipe 

ha 	= specific enthalpy of air 

he 	= specific enthalpy of liquid water in droplet 

11,1 = specific enthalpy of water vapour 

PIT 	= film coefficient of heat transfer 

hp 	film coefficient of mass transfer 

ho 	stagnation enthalpy of gas phase 

hoa  = stagnation enthalpy of air 

haw  = stagnation enthalpy of water vapour 

k 	. 	ratio of specific heats for gas phase 

= 	thermal conductiliity of gas 

L. 	= length of evaporation section 

= 	latent heat of water vapour at temperature 

S4 	ms Mach Number o gas phase = 

Nut, - Nusselt Number for mass transfer = fik.d 

Nui " Nusselt Number for heat transfer 10 

p 	m 	static pressure of gas phase 

PA 	= atmospheric pressure 

Po 	= stagnation pressure of gas phase 



Po 

Pr  

R 

Ra, 

Re 
Se 	.. Schmidt Number so—am  

e.dtr- 
b . time 
T 	s.. absolute temperature of gas phase 

stagnation pressure of mixture 

Prandtl NuOber . CP44  

heat added per unit mass of gas 

gas constant of gas phase 

gas constant of air 

gas constant of water vapour 

universal gas constant 

relative Reynolds number of droplet =  p.d I  lie--vk  I  
1.4  

-re 
To  

V 
ve 
tAY

4tra, 

w 
Wa 
Wa 

90 

Fi 

Q 
Qt 

Pew 

temperature of droplet 

stagnation temperature of gas phase 

gas velocity 

droplet velocity 

▪ mass rate of gas flow 

mass rate of air flow 

mass rate of water flow 

mass rate of water injected 

• moleoular weight of gas phase 

molecular weight of air 

molecular weight of water vapour 

fraction evaporated .  co coo  rgpeco4 
Ve 
V 
longitudinal distance from inlet plane 

mixture stagnation temperature 

viscosity of gas phase 

mass density of gas phase 

mass density of water in droplet 

spatial mass density of saturated water at droplet 

surface 

spatial mass density of water vapour far from droplet 

surface 



Tur 	shear stress at pipe wall 

03 	= specific humidity of gas phase lbs of water per lb of air 

initial water/gas ratio 

Subscrirets  

at inlet of evaporation section 

at exit of evaporation section 

3 	at exit of diffuser 

a a air 

water 

water vapour 
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1. REVIEW OF PREVIOUS WORK 

Summary  

The origin of the idea that it is theoretically possible 

to raise the total pressure of a hot fast moving gas stream by cooling 

is first demonstrated. It is then shown that cooling by injection of 

cold water is the most practicable method for achieving this. The 

development of a device designed specifically for this purpose and 

called the Aerothermopressor is reviewed. The governing equations 

are given, and their principal characteristics explained. Relation 

between theorr and experiment is presented for subsonic flow. 

Finally practical application of the Aerothermopressor is discussed. 

1.1 	The Fundamental Equation 

In 1947 Shapiro and Hawthorne (ref.1.) developed the 

following equation showing how simultaneous changes in various factors 
affect the isentropic stagnation pressure of a gas stream. 

AEI=  —khla dr [o 4 
Po 	

a 	+ idz  am71 	2.0_0 ch_tri O.) 

This equation derived in appendix A, is based on a simplified analysis 

of flow in a duct assuming, one dimensional flow, stepwise injection 
and evaporation of liquid, and negligible changes in specific heat and 

molecular weight. 

The most significant feature of equation (1) is that if the 

change in total temperature dro has a sufficiently large negative 
value to make the whole term in the brackets negative, then the change 

in total pressure L& will be positive. In physical terns; if the 
Po 

gas stream can be cooled sufficiently quickly, the adverse effects 

of pipe friction 4 idz and injected liquid drag 2(t-9)d 	will be 
1) 	 Of 

overcome, and the stagnation pressure will rise. 



and gas streams may be written: or OH. 
ur ht +fgVE4  de, 

g 

4,;  o. kr 
(ur+dtir)(v+d v)t 

a g 
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This result, though contrary to intuitive ideas based on 

cooling a gas under static conditions, is more familiar as the reverse 

of the steady flow combustion process where a total temperature 

increase always results in a loss of total pressure. 

In order to cool the gas stream two methods are available. 

a) By heat exchangers 

b) By evaporation of a volatile liquid 

1.2 	Cooling with Heat Exchangers  

Cooling with Heat Exchangers only, equation (1) reduces to 

d pa _  
Po 

[ _,, k MI  CI To + 44 dz 
a To  D 

 

   

Reynolds analogy between heat transfer and wall friction 

demonstrates that (la) can only be positive if the wall temperature 

of the duct is negative. 

Since negative temperatures violate the Second Law of 

Thermodynamics it is impossible to raise the total pressure of a 

gas stream by cooling with heat exchangers. 

1.3 	Cooling by Evaporation of a Volatile Liquid 

To determine whether evaporative cooling can raise the 

total head pressure, assume that the injected liquid has an initially 

negligible forward velocity and that wall friction is absent. 

Equation (1) then becomes: 

dp. 	_ kMZ[ dr. 	dw  
+ 	 (1. 

Po 2 5-  
The steady flow energy equation for the combined liquid 

which reduces to: 

1.4f.  d htr 2-? /-; = d le - K) 	dur (\Ake)  
2 g 
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Neglecting the kinetic energy increase of the injected fluid and 

assuming the vapour to be a perfect gas, this becomes: 

- ur. cp. d 	= 	ht),clio 
	

(2) 

Substituting (2) in (lb): 

dp, 	_ kivla  r, (h..4„.0  dte 
Po 	a 	LL- 	c:1-0 J 

where hv. • Enthalpy of evaporated liquid in equilibrium with gas 
phase. 

ht  a Enthalpy of injected liquid. 

The criterion for a total pressure rise is therefore: 

cp.T(I+ k Mt) 
kir ht 	 (3) 

Injecting a liquid of high latent heat appears the most 

likely way of raising the total pressure. This suggests the use of 

water. The following table gives values for the left hand side of 

equation (3) with water as the injected liquid. 

Table 1  

T R 	M.1 	Ma2 	IL:22 	,. 
500 8.0 8.0 7.7 7.4 7.4 
1000 5.0 4.9 4.6 4.3 4.2 
2000 3.5 3.3 3.0 2.7 2.7 

Figures in Table 1 are so much greater than 2, that even 

allowing for the adverse effects of friction and change in molecular 

weight, an overall increase in total pressure indicated by the 

simplified theory still appears possible. 'Approximate numerical 

solutions of equation (1) given in ref (1) confirm this and show 

the rise to be a maximum at values of M between 1 and 2. 
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Equation (1) was derived to demonstrate the effect of 

simultaneous change of all possible variables in an infinitesimal 

length of duct. Such a system involving stepwise injection and 

evaporation of water was not intended specifically for raising total 

pressure. For this purpose Shapiro, Wadleigh, Gavril and Fowle 

(ref.2) 1956, presented a paper discussing the possibilities of a 

device which they called the Aerothermopressor. This essentially 

comprised a length of duct with water injection nozzles at the entry, 

the entire water content being injected at the duct inlet to ensure 

maximum residence time for all the water. Evaporation was thereby 

achieved in the shortest possible length keeping wall friction losses 

to a minimum. 

1.4 	Equations of the Aerothermopressor  

Ref. 2 derived equations predicting Aerothermopressor 

performance and change in stream properties as indicated in Appendix B. 

These were obtained for an infinitesimal length of duct by simultaneous 

solution of the equations demonstrating, the First Law of Thermodynamics, 

the Conservation of, Mass, Momentum, and Energy, the Equation of State 

of a perfect gas mixture obeying the Gibbs Dalton law, and the defini-

tions of Mach Number and Stagnation properties. 

It was assumed that the flow is one dimensional throughout 

and that the water is injected as a cloud of spherical droplets of equal 

diameter uniformly distributed over the duct inlet plane having velocity 

and temperature with which it leaves the injection nozzles. 

The result of this analysis with two algebraic corrections 

to the original is reproduced in Table 2 as a table of influence 

coefficients. This constitutes a series of 8 total differential 

coefficients forming 8 simultaneous 1st order non-linear differential 

equations with 7 independent derivatives and 8 dependent derivatives. 
Though these cannot be solved analytically, examination of the influence 

coefficients together with information gained from numerical solutions 

indicates the nature of the process. 



etc d Mt=  28 dA 
Ma 	i-Mt.  A 
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Influence coefficients with the term (1-M2) in the 

denominator indicate that the corresponding parameter has opposite 

effects in subsonic and supersonic flow. Thus friction 4fiz_c 
and liquid acceleration

(0  
tt_A 

V 
 drive Mach Number towards Imity 

so reducing the static temperature in subsonic flow and increasing 

it in supersonic flow. 	Similarly evaporation- ÷ drives 

Mach Number away from unity with corresponding effect on temperature. 

Numerical solutions show that though all properties change 

simultaneously, the net effect can be qualitatively described by 

dividing the process into 3 regimes in each of which one parameter 

is dominant. For simplicity consider a duct of constant cross 

sectional area. The sequence of events may then be described as 

follows. 

Regime 1 Droplet Drag Predominant  

Initially the water droplets are accelerated to gas stream 

speed. This is achieved in a very short distance in which friction 

and evaporation effects are small. Total pressure is reduced and 

Mach Number driven towards unity. 

Regime 2 Droplet Evaporation Predominant  

Acceleration being virtually complete, the hot unsaturated 

gas stream permits high evaporation rates raising the total pressure 

and driving the Mach Number away from unity. Wall friction effects, 

though significant, are still small. 

Regime _3 Wall Friction Predominant  

As evaporation proceeds, the water droplet surface area 

decreases and the gas cools. Ultimately wall friction takes control, 

driving Mach Number back towards Unity and reducing the total pressure. 

Regime 3. should be avoided and the fluid stream made to enter a 

diffUser while still in Regime 2. 

The whole process is indicated diagramatically in Fig.A. 

in  Total Pressure 

fi 
	-4 	3 	 

Fig A 
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From this smilmary of Aerothermopressor behaviour three 

important features may be demonstrated. 

1. Transition through the speed of sound is possible in a constant 

area duct. 

2. The Aerothermopressor must be a large scale unit. 

3. For maximum possible total pressure rise, the cross sectional 

area of the duct must vary along its length. 

1.4.1 	Transition through the speed of sound 

The opposing effects of droplet drag in Regime 1. which 

drives M towards unity and evaporation in Regime 2. which drives M 

away from unity can be so balanced that provided correct initial 

values of Mach NuOber, Stagnation Temperature, and water/air ratio 

are chosen, continuous transition through the speed of sound can be 

achieved in a duct of constant cross sectional area. Refs.(2 and 4) 

give experimental confirmation of this in increasing from subsonic 

to supersonic speeds, but report failure in the opposite direction. 

1.4.2 	Scale Effect of the Aerothermopressor 

Given the initial temperatures, velocities, and relative 

masses of the gas and water streams, the length of the evaporation 

section is proportional to the residence time required for the 

droplets to evaporate. 	Since this residence time is independent 

of the absolute mass flow, a large scale Aerothermopressor reqUires 

no greater length than a small scale unit. 	However, the greater 

the duct diameter the smaller the wall friction losses which are 

proportional to 	D. Numerical solutions in ref (2) show that 

a total pressure rise is impossible if D,;K2". An effective 

Aerothermopressure must therefore be a large scale unit. 

1.4.3 	The Importance of Area Control 

The last 2 lines of influence coefficients show that: 

	

d p, 	M2  (terms giving difference between Wall Friction, Drag, 

	

Po 	 Evaporation etc.) 

M2.E 
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In Regime 2. E is governed by evaporation which is 

dependent on the heat transfer rate. This in turn depends on the 

temperature difference between the gas and liquid streams. As 

exaplained previously in Section 1.4. the effect of evaporation is 

to drive M away from unity. In subsonic flow, M2  will be reduced 

increasing E while in supersonic flow, M2  will be increased so 

reducing E. The constant area duct is thus self cancelling. 

Area ohange shown in Table 2 by 421 has no direct effect 
A 

on pc)  but it can be used to control M and hence keep a favourable 

balance between M:2 and E. In general it appears that M should tend 
towards unity as evaporation proceeds and the duct area should 

decrease before reaching the diffuser. 

There appears to be no direct analytical method for 

determining best area variation, for by sacrificing the gains at 

one section of the duct a greater return may possibly be achieved 

elsewhere, but ref (2) indicates a design method for maintaining 

212_ a maximum at every point along the duct. This method 
requires extensive numerical computation. 

1.4.4 	The Length of the Evaporation Section  

As stated in Section 1.4.2 the length of duct required is 

proportional to the water residence time. Ignoring Regime 1. which 

is of the order of 1" - 2" and assuming that the enthalpy rise of 

the evaporated water is approximately proportional to the temperature 

difference between the gas and liquid streams, it can be shown that 

evaporation time t oC ca where do is the initial droplet 

diameter. 	Atomization data show that d.oC 
V‘4 where V is the - 

air velocity and VV  the liquid velocity. 

If Vt  is small then do  cK: \ I/  

Evaporation Length L oc. V. t oc. (*) d a  oC d c< 

This demonstrates that duct length is decreased; 

a) by increasing the initial gas velocity. 

b) by decreasing the initial droplet size. 
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1.5 	Relation Between Theory and Experiment  

To assess the worth of the Aerothermopressor, a large 

number of numerical solutions are required for varying values of 

M,11, To, 1), and area variation. Ref (2) gives several numerical 

solutiohs in subsonic flow. In additionaa simplified intOgral 

relation for overall total pressure rise was developed which though 

not accurate, served as a guide for further computation. The result 

of these solutions indicated a probable total pressure rise of 

10-20% in a subsonic Aerothermopressor. 

Experiments on a small scale subsonic unit showed fair 

quantitative agreement between theory and experiment. 

1.6 	Application 

Ref (2) considered the most likely practical application 

of the Aerothermopressor to be as a power and efficiency boost to 

the Gas Turbine. 	The expansion ratio of the turbine could be 

increased by reducing the back pressure so raising power output and 

efficiency. The exhaust gases at sub-atmospheric pressure could be 

discharged to atmosphere by passing through an Aerothermopressor. 

Though less effective than a heat exchanger for raising 

cycle efficiency it boosts the power of a given size gas turbine and 

has the advantage of small weight and volume and mechanical simplicity. 

It was also claimed to be free from fouling and corrosion. 



2. AIMS OF THE RESEARCH  

2.1 	Object  

The aim of the research is to make an assessment of the 

Aerothermopressor by more precise determination of its maximum 

performance limits. This would be best achieved by: 

a) determining the best method of injecting the water 

b) investigating the possibilities of a supersonic 

Aerothermopressor. 

2.2 	The Method of Water Injection 

Improvements in atomization technique reduce the constant 

of proportionality between gas velocity and droplet diameter. As 

shown in Section 1.4.4. this reduces duct length. Hence total friction 

loss is reduced and performance thereby improved for any given initial 

parameter values. 	It is possible that determination of the best 

method of injection may limit the range of initial parameter values 

practicable. 	This would simplify finding their values for maximum 

performance. Alternatively given these values as independent of 

injection technique, the maximum possible total pressure rise can only 

be determined quantitatively when the best method of water injection 

is established. 

2.3 	The Supersonic Aerothermopressor 

Determination of the ideal initial parameter values and 

duct shape is necessary for estimating maximum total pressure rise. 

Unfortunately, as Section 1.4.3. indicates, the selection of these 

by direct analysis is impossible. 

Ref.(2) gives only one numerical solution of the equations 

in supersonic flow for a full male parallel duct and no experimental 

results in this region. 

Section 4. of this thesis will show the probability that 
the best Aerothermopressor is entirely supersonic. It will also be 

shown that in the supersonic region theory and experiment may not 
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agree as closely as in the subsonic case. 

An exhaustive quantitative investigation of the supersonic 

Aerothermopressor is beyond the scope of this research but 

examination of a particular supersonic Aerothermopressor both 

theoretically and experimentally, is useful. By this means agreement 

between supersonic theory and experiment in the whole supersonic 

range may be verified. In addition, though not determining the best 

values of Ma etc., together with results in ref.(2) a particular 

solution should indicate more precisely in what range these values 

are likely to be found and, together with results of atomization tests, 

what order of magnitude the maximum possible total pressure rise will 

be. By performing the investigation on a small scale Aerothermopressor 

and extrapolating to full scale, an idea of the effect of area control 

may be obtained. 	Since the inoreased friction effect in a small 

scale unit drives Mach Number to unity more rapidly than in a large 

scale unit of similar shape, provided account is taken of the 

additional total pressure losses incurred, the Mach Number variation 

obtained by this means is equivalent to that obtained in a full scale 

duct with favourable cross sectional area variation. 
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3. THE ATOMIZATION OF WATER 

Summary 

This section reviews the water injection requirements of 

the Aerothermopressor and describes the basic theory of liquid 
atomization. From these considerations, possible injector designs 

are derived. 

3.1 	The Requirements of the Water Injection System 

Immediate, fine, atomization and diffusion of the injected 

water is of prime importance. The water spray may be compared to 
a large heat exchanger. The smaller and more widely dispersed the 

droplets, the greater the heat transfer surface. Evaporation is. 

thereby completed in a shorter length of duct and performance 

improved as described in Section 2.2. 

From Section 1.4 it may be seen that the net rise in total 

pressure in the Aerothermopressor is the difference between 

acceleration losses and evaporative gains. By decreasing the 
relative velocity between the injected water and gas streams the 

total pressure loss due to acceleration may be reduced. Either 

reduotion in M1  or increase of liquid injection velocity achieves this. 

Since the Aerothermopressor effect is due to the compressibility of the 
gas, the Mach Number must be high. The best means of reducing momentum 

transfer to the water stream would therefore be to inject the water at 

high velocity. 

Section 1.4.4. shows that droplet size is inversely 

proportional to the initial air/water relative velocity. Reducing 

momentum loss increases droplet size. Evaporation gains are therefore 

simultaneously decreased. 

With these conflicting tendencies, the best injection 

system must produce rapid break up and uniform distribution to 

conform with the theoretical assumptions, and in addition either: 
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a) Use low velocity injection to yield minimum droplet 

size; or 

b) Inject the water at high velocity by some means which 

does not produce too large a droplet size. 

Ref.(3) describes 20 different methods of injection tried. 

Final results for Aerothermopressor performance are given in it and 

Ref. (2) using the best of these. The method of choice of the 

original 20 appears to be quite arbitrary and unrelated to atomization 

theory. There are many methods of injecting and distributing liquids, 

but after consideration of the basic principles of atomization, it may 

be seen that only few of these are suitable for our purpose. The 

following outline of these principles serves as a guide to selection 

and design of injection nozzles meeting Aerothermopressor requirements. 

3.2 	The Mechanism of Liquid Atomization  

The principal method of atomizing a liquid is to increase 

the surface of a rod or sheet until it becomes unstable and disintigrates. 

This is usually achieved by the interaction of the liquid and its 

surrounding atmosphere. 

In the case of a rod or jet of liquid, internal turbulence 

causes wave motion which is increased by the local accelerations and 

shearing action of the air. Thin ligaments of liquid are rapidly 

drawn off. These attenuate and break up into small droplets. 

When the liquid is injected in tke form of a flat or conical 

sheet it attenuates as it travels from the orifice. Instability forms 

waves in the sheet which are intensified by the atmosphere. This 

produces holes in the sheet. Under the action of surface tension the 

holes rapidly grow larger and the surrounding liquid contracts into 

ligaments which quickly break up into droplets. 

Although the shear action between the liquid and atmosphere 

is the most important, other factors affect atomization. 
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These are: 

Liquid Surface Tension: If reduced, atomization is improved. 

Liquid Viscosity: Increase coarsens droplets. This effect is slight. 

Atmospheric Viscosity: Increase produces finer droplets. Effect is 

slight. 

Liquid Density: Increase improves atomization. 

Atmospheric Density: Increase improves atomization. 

Liquid Turbulence: Increase yields smaller droplets in a jet. 

From this discussion the following conclusions may be 

demonstrated. 

a) Liquid atomization is not normally achieVed by sudden. 

disruption but by a progressive though very rapid 

process. 

b) The main cause of liquid break up is shear between 

liquid and atmosphere. 

c) Given initial Aerothermopressor parameters, the only 

fluid property that could be varied easily to improve 

atomization is the water surfaoe tension. 

d) Given the properties of the liquid and, atmosphere and 

velocities, the atomization of a jet of liquid can be 

improved either by increasing the liquid turbulence 

or by promoting break up by some means additional to 

the shear action. 

3.3 	Design of Nozzles  

The requirements of Sections 3.1 and 3.2 may now be applied 

to a rationalized design of Aerothermopressor water injection nozzles. 

Conclusions (a) and (b) of Section 3.2 show that all water 

injection in a moving gas stream should be parallel to the gas flow. 

Conical sheets will be collapsed by the gas dynamic head resulting in 

a large droplet size while radial injection will reduce the contact 

area and shearing effect by producing air eddies on one surface. The 

inferiority of radial injection has been confirmed experimentally by 

Hrubecky ref. (14) 1958. 
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Conclusion (b) suggests that to obtain maximum shear forces 

the injected liquid should present as much surface area as possible. 

3.3.1 	Low Velocity Water Injection  

To meet requirement (a) of Section 3.1 one of the following 

nozzle designs is likely to be the best. 

a) Axial jet. 

b) Axial Attenuating Sheet. 

o) 	Axial Non Attenuating Sheet. 

Axial Jet  

This was used. in refs (2) and (3) and results gave good 

agreement between Aerothermopressor theory and experiment in subsonic 

flow using the Nukiyama and Tanasawa droplet size equation ref. (13). 

Axial Attenuating Sheet  

This is usually formed by a fan spray nozzle. In view of 

its large contact surface it may be better than the jet. It should be 

noted that attenuating sheets are primarily designed for a relatively 

fast moving liquid discharging into a slow moving or static gas where 

they give superior atomization to jets at velocities up to 400 ft/sec. 

In the Aerothermopressor where the effect is reversed, the external 

air forces may reduce the fan angle excessively so contracting the sheet 

and coarsening the droplets. 

Axial Non Attenuating Sheet  
The possible contracting effects of the air stream on a 

fan spray can be prevented by forming a continuous non attenuating 

surface. Injecting the water as an annular sheet gives large contact 

surface, good distribution and minimum injection velocity. The nozzle 

together with the surrounding duct could be area controlled to give 

identical Mach Number to the air passing through and around it. There 

are no known atomization data for such a nozzle but it appears to offer 

the best atomization conditions possible. 
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Reduction of Surface Tension 

The most obvious way of doing this is to add detergent 

to the water, "Tide", a typical product in 0.1% solution reduces 
the surface tension of water from 72 dynes/cm. to 28.5 dynes/cm. 
(Ref 20). The main drawback to this is that it takes approximately 

0.01 secs from the formation of a free surface until the surface 

tension is actually reduced. If the water entry velocity is 

sufficiently low, this may be effective before break up occurs. 

If successful, performance of all three low speed nozzles could 

be improved. 

3.4.2 	High Velocity Water Inflection  
Requirement (b) of section 3.1 is difficult to meet for 

high velocities generally rule out large contact surfaces and 

consequent shearing forces. Reduction of surface tension using 

detergents is not likely to succeed. Increasing the turbulence of 

a jet or promoting additional break up are the only remaining likely 

methods. These could be achieved by: 
a) Using nozzles with rough surfaces. 

b) Injecting the water at high pressure with Carbon 

Dioxide or some similar soluble gas dissolved in it. 

Nozzles with Rough Surfaces  

By using nozzles with roughAedges and surfaces the water 
turbulence will be increased. This method is not to be recommended 

as results will be difficult to reproduce. 

Injection with High Pressure Carbon Dioxide  

High injection velocities require high injection pressures. 

If the pressure is obtained by compressing with a highly soluble gas 

such as carbon dioxide, a "soda syphon effect" could be obtained at 

the nozzle exit. Atomization would be improved by increasing the 

initial turbulence as the gas comes out of solution, by promoting 

more rapid ligament formation due to the foaming of the jet, and 

possibly at sufficiently high pressures by disrupting the jet 

immediately and hence presenting the air stream with a larger contact 
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surface. 	This effect would increase with injection pressure. 

Fig. 1 (a) shows the solubility of carbon dioxide in 

water at various pressures while Fig.1 (b) shows the correspond-
ing water velocity due to these pressures. 

The success of such an injection, method depends on the 

rate at which carbon dioxide comes out of solution and the nature 

of the disturbances it causes the liquid. The rate at which the 

carbon dioxide comes out of solution and the degree of disturbance 
it causes are likely to be proportional to the volume of gas 

contained in unit volume of water. The nature of the disturbance, 
i.e. the manner in which the carbon dioxide comes out of solution 
must be determined by inspection. 

If P1  is the compressed water pressure and P2  the gas 

stream pressure, then the injected water velocity VeoCIF,-IT, 
The amount of carbon dioxide in solution oc P1 and its final 

specific volume coC 

Final volume of Carbon Dioxide / Unit Volume of Water oC.J1  
By reducing P2, which in a gas turbine exhaust will be less than 
atmospheric pressure, the degree of disturbance is greatly 

increased without much increase in injection velocity. Such a 

mode of injection applied to an axial jet will therefore be more 
successful the higher the initial Mach Number. 
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4. THE SUPERSONIC AEROTHERMOPRESSOR 

Suimnary  

The case for an entirely supersonic Aerothermopressor 

is first made. It is shown that experimental confirmation of 

supersonic theory is necessary. Two exact solutions for a 

typical small scale supersonic Aerothermopressor are given and 

the extrapolation of results to a large scale unit discussed. 

Extrapolation by the method of ref (2) is shown to be incorrect 

and likely to overestimate large scale total pressure gains for 

most cases in both subsonic and supersonic flow. 

4.1 	' The Case for the Supersonic Aerothermopressor  

As explained in Sections 1.4 and 1.4.3. it 

to determine the best possible values for M1  au fl 

but the following considerations favour the entirely 

Aerothermopressor. 

a) 	Results of subsonic experiments given 

show that maximum total pressure rise increased with 

subsonic choking conditions. 

is not possible 

analytically 

supersonic 

in Ref (2) 

M1 up to 

results of Ref (1) give 13.2. to be .  
po, 

b)  

a maximum for 

c)  

sonic results 

Duct diameter 

d)  
indicate that 

in supersonic 

e)  

The qualitative 

1 < 	< 2. 

If MI>1.8 OD values would be reduced below sub-

for M1>  0.5 because of the decreasing flow/unit area. 

for a given mass flow would thus increase. 

Experiments of Keenan and Neumann, ref (22), 

the value of f for a dry duct is more than 25% lower 

flow than in subsonic flow for equal values of Re. 

In subsonic experiments, injecting water raised the 

value of f from 10 - 20 above the dry duct values. The effect of 

water injection on friction coefficient in supersonic flow will 

probably be less since the larger thermal gradients in the boundary 

layer will greatly increase the local evaporation rate and reduce 

droplet contact with the duct walls. 
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f) Given a subsonic and a supersonic Aerothermopressor 

of equal performance based on droplet size calculated from the Nukiyama 

and Tanasawa formula, any fractional reduction in drop size equally 

effective in both will raise the performance of the supersonic unit 

more than that of the subsonic unit. This is because the net total 

pressure rise in supersonic flow is a smaller percentage of the total 

evaporative gain than in the subsonic case. 

Seotion 3.4.2 shows that high velocity water injection 

is more likely to be effective the higher the value of M1. 

Disadvantages of the Supersonic Aerothermopressor are: 

a) Increased friction losses 

(Pei —N)Friction OC L—.1\42  

for a given size duct. From Section 1.4.4. 

L 0C 	DC / +#71 Ma  V 	M 

Pc%)Fricion °C MJf +II:I  MI  

It is not certain where increased friction plus increased acceleration 

losses become larger than increased evaporation gains. 

b) Due to normal shock, diffuser losses may be higher 

than in the subsonic case. It is likely that this difference may be 

small since normal shock will also raise the evaporation rate by both 

increasing temperature difference between gas and water streams and 

raising the local Re of the droplets. In addition momentum transfer 

from the unevaporated drops to the gas stream will then raise po. 
Uncertainties of the Supersonic Aerothermopressor are: 

a) Lack of atomization data in supersonic flow. 

b) Possible shock formation between water and air 

having unforseen effects. 

It is clear from the foregoing that existing theory and 

experiment need further correlation in supersonic flow. 
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4.2 	Numerical Solutions for a Typical Supersonic Aerothermopressor  

4.2.1 	Selection of Initial Parameter Values  

The solutions were carried out not only to give theoretical 

values for possible Aerothermopressor performance, but also as a 

basis for comparison with experiments. 

Selection of Mi  was determined as follows. If Mi. < 1.4 
instability due to choking effects is likely. If Mi> 2.2 the 

temperature difference between gas and water becomes too small for 

rapid evaporation. Considerations (c) and (g) favouring the supersonic 

Aerothermopressor in Section 4.1. require M1  to be as high as possible. 

At the time this research was begun a 2" square supersonic nozzle 

designed for M1  1.86 together with some parallel ducting was available. 

This was considered to be suitable for the experimental work. M1  = 1.86 

was therefore taken as the initial value of Mach Number for the 

solution. 

Water/air ratio is virtually independent of Mi being roughly 

a function of T01  only. Subsonic results showed Pau 
poi  mcwimurri 	to 

be fairly insensitive to fl . 	A value of it 	0.2 was selected 

as being not only approximately correct but also directly comparable 

to subsonic results. 

Two solutions were attempted. The first was based on 

assumed duct properties and the second on measured values. The initial 

values are listed as follows: 
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1st Solution 	2nd Solution  

M1 	1.86 	1.86 
Tel 	150008 	1500°R 

0.2 	0.2 

Pol 	14.7 p.s.i.a 	14.1 p.s.i.a 

4f/D 	.008/ins 	.0095/ins 
Vg 	 8 ft/sea 	7 ft/sec 

Initial Gas 	Dry Air 	Air and Town Gas 

Condition 	 Combustion 
Products. 

Duct Shape 	2" Square 	2" Square 

Parallel 	Parallel 

4.2.2 	The Method of Solution  

The influence coefficients of Table 2. relate 8 dependent 

derivatives to 7 independent derivatives. Given M1, Li 
	

To, P 0, 
f, and duct diameter and shape, the independent derivatives become 

functions of a single variable. The choice of independent variable is 

arbitrary, but for convenience the fraction evaporated >(=: uri.1 )  

is selected. The method of solution adopted was by stepwise 

integration, i.e. successive determination of the increments of all 

the variables for a given increment of X. 

Euler's method was adopted for the solution. This is based 

on the approximation that if y = 5(x) such that dx  = f (x, 

then given x.0  , 9. , the increment in y corresponding to an 

increment 6.X, 	is given by: 	Liy, = f(x0,90) p x, 
The solution was completed in 31 stages for increments of 

A ?C varying between 0.005 and 0.03 depending on the rate of change 

of properties. It is shown graphically in figs 2-7 where it is 

referred to as the lst Solution. 

Lateroomparison with theory and experiment showed wide 

differences. Apart from other reasons to be discUssed in Section 7 

the difference was thought to be partly due to the numerical solution 

being non representative of the true experimental conditions. This 
was because: 
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a) Subsonio experimental results showed that for 

/1 v 0.2, 	
Dr 
W at 	= 1.13. Assuming this to be true for 

y 
supersonic flow, the value assumed for f was 19% low. 

b) The gas stream was assumed to be initially dry air, 

and its properties, i,e. viscosity, specific heat, and thermal 

conductivity, remained those of dry air throughout the process. The 

latter assumption was not considered serious but the initial 

assumption was. Since 11 = 0.2 and Xmc,„ 0.6 	maximum 

fraction of water vapour in the gas stream 	0.12. The 

combustion products contain roughtly 2 moisture. Since conditions 

approach saturation towards the end of the solution, the error in the 

moisture content of the gas stream of 21% is significant. 

o) 	In the last 8 stages of the solution, Euler's 
approximation, wherein properties for the stage were considered to be 

those at the beginning of the stage, led to stage errors of up to 8% 

in the heat and mass transferred per stage. It is important to 

differentiate between stage error and total error since the former is 

to some extent self cancelling. The overall computation error for 

the solution derived from integral momentum and energy balances assuming 

mean average.values for ;,each Number eta., was as follows. 

Error 	Percentage Error 

Pressure 	-0.05 p.s.i. 

Temperature 	-32°R 

-0.02% 
-5% 

It was somewhat reluctantly decided that a more accurate 

solution was needed bearing closer relation to the true duct and fluid 

properties. 

This is shown graphically in figs. 2-7 where it is referred 

to as the 2nd Solution. This assumes that: 

The average friction coefficient . 1.13x measured dry friction 

coefficient. The initial properties of the gas stream are air plus 

combustion products. 
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The viscosity, specific heat, and thermal conductivity of the gas 

are conservative properties of the air-water vapour mixture. 

A modified version of Runge's method was used for solution. This 

assumes that if dx  =f(x)  y) , given 3C, , yo 	and A DC , then: 

A Y = fPc0+1-11=,  Yo -1- 1-f(x0,Y0)41x1 

In this case 6y 	was obtained by plotting values of the second 

differential for the previous terms against JC and extrapolating. 

Tice final calculated values of Lly were always within 2% of the 

assumed values. 

The solution was completed in 42 stages, )( 	0 - 0.20 

Ax a 0.01, and x ms 0.20 - 0.64 Lix a 0.02. 
Both solutions had a tendency to become unstable. This 

was due to the method of obtaining change in liquid temperature Te. 

Given: 

d 	-1 [ot hr(T-Te)  
x 	Cpe(1-X) 	(etreTirse) 

LiTe is the small difference between the large quantitiesoie 

the latent heat of evaporation, and hr(-r- Te) 	, the heat trans- 
h.D(Q.rt-Rva) 

tarred per unit mass evaporated. 	Calculation of Z1Te involves 

small errors. 	According to ref. (2) eLre  oC T, 	in the range 

of values considered. 	A small error in ZITe produces a large 

error of similar sign in ?Iri  in the following stage. 	This in turn 
Cr-Te)  gives 	 a large error causing ATE  of the following stage 

D 	elf.2) 
a large error of opposite sign. 	Oscillations in Te of increasing 

magnitude so produced, in turn affects the whole solution. 

It was found that once Tt reached the local wet bulb 

conditions its subsequent variation is small. The solution was 

modified to assume Te constant for a given increment. 



dEllp(ert- 1,7.8) = hT(T -11) 

for each stage. T2 was found from this by iteration. Sufficient 

accuracy was obtained on either the first or second attempt as the 

solution proceeded. 	By this means the error feed back was 

eliminated and the solution remained stable. 

4.2.3 	Comparison of Solutions  

The two solutions are based on different assumptions and 

are therefore not easily comparable, but certain trends may be observed. 

In the second solution the increased value of f reduces the average 

value of Mach Number (fig. 4) but this keeps the static temperature 

higher (fig. 5). 	Therefore despite the increased humidity, the 

evaporation rate is maintained and even overtakes that of the first 

solution as the computation proceeds (fig. 7). The lower average 

value of M to some extent counters the higher value of f so that total 

pressure loss due to friction which is proportional to f.M2  is not much 

reduced. 	The fihal value of po  in the second solution is 

therefore only 3% less than that of the first solution (fig. 2). The 

higher static temperatures in the 2nd solution keep up the velocities 

even though the Mach Number is reduced (fig. 6). Most important for 

the purpose of comparing theory and experiment, the second solution 

has a final static pressure 9% higher than the first solution. 

4.2.4 	Extrapolation of Solutions  

The utility of small scale numerical solutions and 

experiments is greatly increased if they may be extended to predict 

full scale performance. Ref. (2) suggested the following method of 

extrapolation. 

polKi  
Poi se Total Pressure at Diffuser Exit. 

is made a factor in the denominator to reduce the sensitivity 

of performance to Mach Number effects. The significance of this will 

become more clear subsequently. 

p03-po, 	is defined as the Coefficient of Performance, where 
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Coefficient of Performance may be expressed as: 

Po 3 Po,  = y 	k.L  
Po, • Mil  

By oomputing or measuring the Coefficient of Performance 

for a small scale unit, Y may be obtained. Y was claimed to be the 

effect of all terms other than friction and therefore independent 

of size. The total pressure rise for any size of Aerothermopressor 

with the same Mach Number distribution as the small scale unit 

could then be obtained by substituting different values 9f p in 
the expression 

Po'—Po.  = Y M'z  k. ' 
 2.5.L  

Po, 	 ID 

By this means it was claimed that an Aerothermopressor 

with MI  0.78, To, 	1500°R, and Cl - 0.24 would give a total 

pressure rise of 13% without any friction losses i.e. 1= 	0 and 

10% rise with L  . 5 which oorresponds roughly to a 12" diameter 
duct or the exhaust of a 1500 H.P. Gas Turbine. This was thought 

to be =almost certain minimum since duct area variation though 

favourable, was unlikely to be the best possible. 

Using this method of extrapolation in the two solutions 

described in this section we get: 

let Solution 2nd Solution 
Poa —Poi -0.0906 -0.0969 

Pos•IAL  

2.. 	k 0.2167 0.2515 

0.1261 0.1546 Y 

 
1-_. = 0 Po3 — Po. 0.436 0.535 

Poo 
= 3 

D 
Pao — po, 00.324 0.405 

Po, 
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. 3 corresponds roughly to the size of Aerothermppressor 
needed for a 1500 H.P. Gas Turbine. 

These gains in total pressure are so much larger than the 

results of ref. (2) that at first sight the supersonic Aerothermopressor 

offers revolutionary opportunities for the Gas Turbine. A closer 

examination of this method of extrapolation shows the error. 

The term k.P411:21* is given as the frictional loss in a 

duct with Mach Number variation identical to that of a small scale 

Aerothermopressor. In fact it is the frictional loss of a duct of 

constant Mach Number M1 and mean diameter D. 

The true method of extrapolation is as follows: 

For any two Aerothermopressors with the same initial parameter values 

and Mach Number distribution, differing only in size. 

PoPoi n  (Evaporative Gains Term - Friction Loss Term) 
Po, 	L 

a 	(Constant — PI - :f . l'.6441 d a  ) 0 
Pea— Po{

M = ( IA
Constant 	I 11 f k . Mt  dz\ 

P0,--, 	' 	
mi20  •  D  . / 

Given M12  and assuming k . Constant, 

L 
PO Po 

r,41. = 	Yr rue — 2. "4S.k j 14-  dz) 
.7  0 "D  

(4) 

Given P°3:-Pc" for a parallel duct then Y calculated by ref.(2) 

will be incorrect since 

y- Yrrve 	k D -m.a(i— 

where Mm2  

 

L 
nerdz  
L i.e. (Mean Mach No)2  /Unit length. 

 

How Mm  differs from M1  can be seen from fig. 4 where it 
is roughly 15% less than Ml  in Solution 1. In general this result 

together with the small scale results for an almost similar size 

duct given in ref. (2) shows that M1  is greater than Mm  for all 

tyt,;, 
M 
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values of Mi  except for the unique case where M passes from subsonic 

flow in Regime 1 to supersonic flow in Regime 2. In all cases of an 

Aerothermopressor of this scale and shape other than this singular 

solution Y will be overestimated. 

TTrue. may be found from a small scale numerical solution 

for a parallel duct by finding Mm  graphically but extrapolation to 

a large soale unit is not easy for the duct will no longer be 

parallel. 	Equation (4) cannot be solved because 
0j Padz is now .D 

a function of three variables. 	Average values of L 	may be 

selected for insertion but what size of Aerothermopressor they 

correspond to on a mass flow basis, the true size criterion, is not 

exactly certain. 	From this discussion it is clear that extrapolation 

of results from small scale to large scale is ohly possible if the 

governing equations can be solved analytically. This is what the 

method sought to avoid. 

The two solutions given in this section were obtained by 

manual computation. It was possible, having knowledge of the 

property values at every step, to calculate the true theoretical total 

pressure rise and duct shape for a large scale unit of similar Mach 

Number variation where 	so 0 without much effort. 
The true total pressure rise was obtained by adding the 

term 1--2:4f-Az. 	 11-EL — to each calculated increment 	. The a 	 Po  
corresponding area change was obtained by ensuring that 	mt  M 
remained unchanged. 	From Table 2 

L A 	k.tviL  41.4z  
A 

The results of these solutions are given in figs 8 and 9. The true 

full scale total pressure rise is almost identical for the two 

solutions and is given below together with the small scale results 

and interpolated practical values. 



L 2nflL_ — =-- 2. 0 	•. 
D poi  

L = 0 	P03 POg  

D Pop 

L_ = 3 	P03-  Pe,  
D Po, 

From the last row the penalty of high Mach Number may be 

seen and hence the significance of the form of coefficient of- 
performiance becomes more apparent. 	Despite early promise, it 

appears at least in this case that supersonic results are not 

significantly better theoretically than subsonic though area 

reduction is more severe being 45% in our case while only 25% in 

the subsonic case. 

We may conclude that unless the variation of each 
influence coefficient is obtained separately as with manual 
computationy small soale solutions have limited-usefulness and 

cannot be extrapolated to large scale results simply, without 

serious error, while small scale experiments are equally restricted. 
Both-should-only-bs-used-for-aumpargtive-purposes_to verify _the 

-3,04.4_91.-the=tbstretioal-assumptions. 
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let Solution 
	

2nd Solution 

	

-0.314 	-0.3353 

	

0.20 
	

0.20 

	

0.123 	0.120 
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5. THE DESIGN AND CONSTRUCTION OF APPARATUS  

5.1 	The Technique  
Experimental investigation was carried out on a small 

scale Aerothermopressor. The general layout is shown in fig.10 

and Plate 1. It consisted of a gas fired combustion chamber as 
an air heating source connected through a nozzle to a parallel duct 
used as a test section. Water was admitted at the entry plane of the 
test section. The hot air, water, and vapour were drawn through the 
test section via a cooler by an exhaust pump which discharged the 
mixture to atmosphere. The whole unit thus operated at sub-atmos-

pheric pressure. The desired Mach Number in subsonic flow could be 
obtained by varying the air flow through the duct with the aid of a 
by-pass control valve connected directly to the pump. In supersonic 

flow no air was by-passed and Mach Number was determined by fitting 

a convergent - divergent nozzle of suitable dimensions. Water was 

supplied from a pressure vessel and the flow maintained by compressing 

with gas from a high pressure cylinder. 

Performance was estimated by measuring static pressure 

variation along the duct and atomization techniques compared by 

performance results. A short length of duct with quartz walls could 

be fitted immediately after the nozzle to give further information on 

spray formation with the aid of high speed flash photographs. 

5.2 	Gas Flow Compbnent Design. 

Gas ducting was adapted from components originally made 

by undergraduates for a final year project (ref.23), and considered 

to be suitable for this research. 

5.2.1 	Combustion Chamber  

The combustion chamber used was a single can of a Whittle 

W.2. 700 jet engine adapted to burn town gas. This is of the 

reverse flow type shown in fig.10 and Plate 2. 

Modification was achieved as follows. On the outer casing 

the interconnectors were blanked off, and the torch igniter removed 

and replaced by a detachable plugged socket. The kerosene burner 



attachment was sawn off and a boss fitted to take various types of 

burner. The burner fitted was of the "gypac" type milled out to 

permit sufficient gas flow. A transition piece was fitted to the 

inner flame tube as shown in fig. 10 and 17 and Plate 2. reducing 

its size from Eri" diameter to 2" square. 

5.2.2 	Gas Nozzles  

The supersonic nozzle available was taken from a design 

given in ref. (25) and scaled to 2" square at outlet. A 2" square 

parallel nozzle was also made for subsonic experiments and for 

supersonic experiments with the annular water injection nozzle. 

These are shown in fig. 11. Both were made from 20 S.W.G. stain-

less steel bent to shape and welded. Neither was wholly satisfactory 

as the weld seams distorted and penetrated the thin metal causing 

entry effects in subsonic flow described in Section 6.4. and oblique 

shocks in supersonic flow which are discussed in Section 7.1.2 (b) 
5.2.3 	Test Section  

The original was made in two parts as shown in fig.12. 

The short section had been intended to be detachable to permit 

access to the water injectors but accessibility was later found to 

be unnecessary. The construction was of 20 S.W.G. stainless steel 

bent and welded as for the nozzles. Consequently the duct suffered 

from similar defects which together with lack of sufficient pressure 

tappings-led to its ultimate rejection. It was replaced by a new 

and more adaptable duct shown in fig.12. The old duct was not 

entirely discarded for use was made of its two component construction 

to substitute a spray photographing section shown in figs. 13 and 21 

in place of the short section. 	As this was only used for 

examining initial spray break up, previously raised objections to 

its use no longer applied. 
5.2.4 	Cooler 

This followed the test section as shown in fig.10 and was 

inserted to prevent erosion of the exhaust pump by the hot gas. 

It was composed of two water cooling units, one consisting of 

staggered water tubes perpendicular to the flow and the other of the 

honeycomb film type. 
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5.2.5 	Exhaust Pump 

The Holland Exhaust pump was bf the rotary vane type 

comprising 24 vanes sliding in a rotor eccentrically mounted. It 

was driven by a 90 H.P. squirrel cage motor. Control of the gas 

throughput was by two upstream valves shown in fig.10. One 

admitted atmospheric air, and the other admitted gas from the 

cooler. 

5.3 	Water Injection System 

5.3.1 	Initial Flow Control System 

This is shown in fig.14. but was never satisfactory 

because it was designed for low pressure injection. The large 

pressure drop across the main flow control valve caused entrained 

air to come out of solution despite insertion of a downstream 

pressure regulating valve and a bleed-off cock to drive out residual 

air. The entrained air upset the level of the manometer and flow 

readings could Aever be relied on. 

5.3.2 	Injection with Carbon Dioxide  

A small pressure vessel was constructed from a 3" bore 

drawn steel pipe as shown in fig. (15). This was used to determine 
COL  

Water 
Inlet and Pressure Rolease 	 No zie. 

Fig. 15. 
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whether to proceed with construction of fUll scale apparatus for 

high velocity injection tests with carbon dioxide. A stroboscope 

was used to view the spray formation. Using carbon dioxide at 

pressures up to 35 p.s.i., in addition to the characteristic foaming 

action, large drops were seen to grow into bubbles and finally burst 

into fine droplets. This final bursting took place rather far 

downstream about 3 ft from the nozzle implying that carbon dioxide 

comes out of solution rather slowly. Above 35 p.s.i. the water 

velocity became too rapid to permit observation with a stroboscope 

but the low pressure tests appeared so encouraging that 1411 scale 

high pressure injection apparatus was constructed with the hope that 

the rate of separation of the carbon dioxide would increase with 

pressure. 

5.3.3 	Final Flow Control System  

This is shown in fig. 16. It was built for pressures up 

to 1,000 p.s.i. and was used for all injection tests in view of the 

deficiencies of the original system. A pressure vessel used for 

other tests many years earlier was found and adapted for this 

purpose. 	The water needed considerable agitation to ensure that 

it was fully saturated with carbon dioxide. Tests showed that a 

propeller type agitator giving upward thrust approximately 2" below 

the surface and rotating at high speed would give considerable 

surface break up. The stirring motor and baffles shown, were fitted 

to do this. To prevent overfilling and consequent damage to the 

motor, the tube leading to the pressure release valve extended down 

to the maximum water surface level. On filling the vessel with 

water, the valve was opened at intervals and if too full, the excess 

water would be driven out by the air pressure built up in the vessel. 

Details of the high pressure fittings are given in fig.l7. 

5.3.4. 	Water Tube Fittings 

According to ref. (2) the number of injectors required was 

between 0 and 2 per square inch of duct cross section. Taking 1 

per square inch as a mean, 4 were required. These were fitted to 
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the duct upstream of the nozzle to permit axial injection free from 

shocks and downstream disturbances. Originally the tubes were 

secured individually with collets and nuts. This had many fitting 

disadvantages but was ultimately rejected due to persistent gas 

leaks round the collets. The final construction and fitting of the 

tubes is shown in fig.18. 

5.3.5 	Water Nozzle Construction 

a) Open Tubes 

To make flow rate and pattern identical for each tube all 

were lapped internally and on the ends. 

b) High Speed Injectors 

These were designed by calculating water flow rates and 

assuming CD  • 0.6. The nozzles were drilled undersize and lapped 

on all surfaces in contact with the final jet. The small pressure 

vessel described in Section 5.3.2. was adapted to flow check each 

nozzle and to determine that flow patterns were identical. The 

nozzle bores were then increased till each gave the correct flow 

to ± 1%. Final dimensions are given in fig.19. The nozzles were 

fitted to the tubes by brazing. 

c) Fan Spray Nozzles  

These are shown in fig.19 and were manufactured by 

Messrs H.T. Watson & Co.Ltd., Attachment to the tubes was also by 

brazing. 

d) Annular Nozzle  

The annular nozzle was designed to be fitted in the parallel 
subsonic gas nozzle. Originally it was intended to test it in 

subsonic flow, but minimum material requirements showed that it was 

impossible to make without forming a throat in the gas duct. It was 

therefore designed for supersonic tests at M1 = 1.86. No known 

design technique was available for the outer gas nozzle formed 

between the square duct and the outer diameter of the annulus. It 

was realised that flow both inside and outside the annulus would be 

three dimensional producing weaker downstream oblique shocks than 



two dimensional flow. Bearing the deficiencies of the existing 

square convergent divergent nozzle in mind, the design was 

simplified bj making the area ratios in the inner and outer 

nozzles identical to those of the two dimensional nozzle and 

cutting short where the wall became too thin for machining. The 

resulting design is shown in fig. 20 and. Plate 2 (b). The annulus 

was originally made 0.001" t 0.0005" thick but machining distortion 

and blockage through fine particles in the water stream made it 

necessary to increase the gap to 0.004". The water contacting 

surfaces were lapped to size. Waterproof sealing of the inner and 

outer parts and set screws was by "Quigley" high temperature 

porcelain cement. Attachment of the nozzle was by cutting back the 

four water tubes and brazing into position. 

5.4 	Instrumentation and Measurements  

Measurement of the fluid properties in a two phase stream 

presents many difficulties. To avoid these, it was decided to 

compare theory and experiment initially by recording only static 

pressure variation along the duct. This restricted comparison 

between theoretical and experimental total pressure 'rise-to a 

qualitative basis. Results given in section 7 did not justify 
further downstream measurements. These would have required con-

struction of a special probe described in ref. (2). The problem 

was to determine flow conditions at the test section inlet and 

downstream static pressure variation. For this purpose measure-

ments were made of: 

a) Total Temperature at test section inlet. 

b) Total Pressure at test section inlet. 

c) Static Pressure at test section inlet 

d) Downstream Static Pressure 

e) Water Flow Rate. 
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5.4.1 	Inlet Total Temperature  

This was'measured by a chromel/alumel thermocouple 2i" 
upstream of the nozzle in position shown in fig.17 and assuming 

that flow through the duct was adiabatic. The thermocouple was 

made to traverse the duct in order to get a true mean temperature. 

At first a shielded couple with high recovery factor and low 

radiation loss was made according to ref. (29). Two subsidiary 

thermocouples were fitted to account for conduction loss near the 

walls. The results were unsatisfactory as the heat transfer 

coefficient to the main couple could not be estimated accurately. 

The design was modified to the form shown in fig.21. The main 

thermocouple was unshielded but recovery factor was easily obtained 

from cold static and dynamic tests while heat losses were calculated 

according to Appendix D. 

	

5.4.2 	Inlet Total Pressure  

This was measured by a total head pitot shown in fig.21. 

It was fitted in the test section inlet plane and for correlation 

putposes on dry runs at various downstream positions shown by the 

.ports and blanking off plugs in fig.12. Like the thermocouple, it 

was made to traverse the duct to obtain a mean value. 

	

- 5.4.3 	Inlet Static Pressure  

This was taken from the mean of 4 wall statics in the 
'test section entry. For comparison, 2 or 4 statics for mean values 

were measured in any total pressure traversing plane as shown in 

fig.12. 

	

5.4.4 	Downstream Static Pressure  

Wall Statics connected to a multiple manometer board 

were used. Tappings were made from the top of the duct to prevent 

water accimilation. The spacing was staggered according to fig.12 

to give more readings in the region of sudden change near the test 

section inlet, 
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5.4.5 	Water Flow Rate  

An orifice plate designed according to B.S.S. 1042 and 

scaled down for a i" bore pipe was made and calibrated. It was 

used in conjunction with an inverted U manometer shown in figs 

14 and 15. 
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6. EXPERIMENTAL PROCEDURE AND DEVELOPMENT PROBLEMS  

Summary  

In addition to the developments described in Section 5, 
the following gives some of the outstanding problems and shows 

how experimental techniques were finally derived. 

6.1 	Starting Procedure  

Dangerous explosive mixtures of air and gas formed if 

the gas was lit when air was already flowing through the combustion 

chamber. The most satisfactory starting procedure was to start 

the exhaust pump with the shut-off and by-pass control valves wide 

open to reduce the starting load. When running, the shut-off valve 

was closed. The gas was then lit by inserting a taper through the 

torch igniter boss. The shut-off valve was then opened fUlly. 

Desired Mach Number and temperature were obtained by regulating the 

gas flow and by-pass control valves. 

6.2 	Leaks at the Duct Flanges  

High gas temperatures burned up most jointing compounds 

while insertion of gaskets between components of the ducting 

disturbed the flow pattern. Leaks between metal to metal surfaces 

were hard to eliminate. These were eventually cured by lapping all 

flanges flat to give good contact. 

6.3 	Flop bisturbances caused by Thermocouple and Pitot 

After temperature traverses indicated the position of the 

thermocouple for mean temperature measurement, pitot traverses showed 

that the thermocouple was causing downstream disturbances in subsonic 

flow. Accordingly the thermocouple was withdrawn after setting to 

the desired temperature and the gas flow and by-pass control valves 

were adjusted to restore initial conditions. To eliminate 

disturbances due to the pitot, traverses determined the static 

pressure at the test section inlet corresponding to a given Mach 

Number. The pitot was then removed completely and a plug substituted 

for it. Downstream correlating traverses were performed at 

identical inlet static pressures. 



	

6.4 	Irregularities in Static Pressure Distribution  

Static Pressure distribution in early subsonic tests had 

an upward kink at entry when running dry. This was increased when 

water was injected. Investigation showed this to be a double fault. 

Small area change between test section and nozzle produced the kink. 

Injecting water improved the suction of the Holland raising the Mach 

Number. Both faults were overcome by putting the subsonic nozzle 

after the test section. Initial disturbances were then smoothed out 

before the water injection plane was reached. After turning on the 

water, the by-pass control valve was adjusted to give the same static 

pressure distribution upstream of the water injection plane as in the 

dry run. This had the disadvantage of reducing the instrumented 

length of the test section. 

	

6.5 	Fluctuating Pressures in Subsonic Flow  

About 30 seconds after turning on the water, the static 

pressure started to fluctuate and if the water flow continued for 

more than 1 minute the Holland tripped out on overload. This was 

attributed to water collecting within the Holland. In order to get 

all readings down before fluctuation began, the entire manometer 

board was photographed. Though this instability did not persist 

in supersonic flow this technique was continued throughout the tests 

as it improved the accuracy of the readings. 

	

6.6 	Liming up of Duct  

After 45 minutes running time with water injected, a 

calibration check in supersonic flow showed that the normal shock 

position on a dry run had moved 1 diameter upstream. This was 

found to be due to roughening of the duct walls due to deposition 

of dissolved solids in the water. Subsequently the duct was rinsed 

with boiler descaling fluid for every 10 gallons of water injected. 

This eliminated water hardness problems but due to acid attack 

frequent wall static tube replacement was required. 

	

6.7 	Spray Photography  

As soon as first results were obtained, it became 

apparent that their interpretation would be aided by observing , 
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the water spray break up. The aim of this was to give information 

on how quickly the water was atomized, how uniformly it was 

distributed, and in the case of carbon dioxide injection, how the 

dissolved gas came out of solution. For these purposes shadowgraph 

photography was considered to be most imitable. This also had the 

advantage of simplicity as it required no lens system. 

As mentioned in Section 5.2.3. a short section of duct 

with quartz walls together with the old test section were fitted 

for photographic runs. In order to get a clear picture of the spray 

formation only 2 tubes were used for injeoting water while the other 

pair were blanked off. 	The lighting system is shown in fig. 22. 

While exposing the plate the apparatus was run in darkness. The 

20 joule flash unit had a 5 	sec discharge duration which is slow 

for these gas speeds. 	The exposure time was reduced by using 

Process N.40 plates and developing with a high contrast developer. 

As the image was formed by a direct shadow, it was not 

possible to synchronize the flash with ashutter mechanism. 

Photographs were first taken by sliding back the plate holder 

exposing the plate, and then triggering the flash. Hot runs produced 

fogged negatives as the glow from the combustion chamber was 

reflected down the duet and illuminated the spray. This was over-

come by arranging the sliding portion of the plate holder to press 

a bomb release switch operating the flash. In this way the overall 

exposure time was reduced to approximately i" seo. 

It was seen that water evaporated before reaching the 

quartz walls but the dissolved solids deposited a film on them which 

interfered with the passage of light. To avoid this the two tubes 

discharging water were bent as shown in fig.23. 	This procedure 

was only adopted during the spray photographing runs. 



It was found to be impossible to take cold spray 

photographs without evaporation in supersonic flow as the temp-

erature drop in the expansion through the gas nozzle caused moisture 

condensation on the quartz walls. 	As a compromise, the temperature 

was set so that the static temperature of the gas was equal to that 

of the atmosphere. 

When spray photographs were completed, shut down of the 

apparatus had to be performed with care to avoid failure of the quartz 

in thermal shock. 	For subsonic tests, where the mechanical stresses 

due to pressure difference between the inside and outside of the duct 

were low, slow steady closing of the gas flow control valve followed 

by switching off the compressor was satisfactory. 	In supersonic 

flow, before reducing the gas flow it was necessary to relieve the 

quartz of meohanioal stress by opening the compressor by-pass control 

valve slightly first. This induced a normal shock in the convergent 

divergent nozzle. 	Shut down was then completed as for subsonic 

flow. 
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7. EXPERIMENTAL RESULTS 

7.1 	Selection of Mean Values  

Realistic comparison of one dimensional flow theory and 
experiment is only possible if suitable mean values are taken which 

allow for boundary layer growth and flow profile irregularities in 

the duct. 	Tyler (ref 30) demonstrated that mass flow is the 

controlling parameter in one dimensional compressible flow. If 

mean Mach Number and other parameters are calculated from mass flow 

and static pressure measurements, the one dimensional assumption is 

accurate for all parameters except total pressure to within 2% even 
for fully developed flow. 	Estimation of total pressure by this 

means is liable to up to 10% error. Fortunately, change of total 

pressure, which we are concerned with, is also accurately derived 

on a mass flow basis to within 2%. This assumes that total 

temperature and static pressure are constant across any cross 

section. 

7.1.1 	Mean Values in Subsonic Flow 

a) Total Temperature  

Results of subsonic total temperature traverses for MI m 

0.5 are given in fig. 24(b) for T o, 	1500°R. 	As can be seen, 

temperature profile is fairly independent of the absolute temperature 

values and has a variation of approximately t 5% from the mean value. 

This is a large variation for results to be based on Tyler's 

assumption. The measurements were taken just past the entry of 

the 2" square section of the ducting where there are still radial 

components of acceleration while the water injection plane is 31 

diameters downstream. 	It is assumed that in this extra distance 

the profile would even out to more acceptable limits. 

b) Mass Flow, Mach Number, and Total Pressure  
Total pressure traverses giving Mach Number distribution 

at the water injection plane and 21" downstream are shown in fig.25 

(a) and (b). These are based on the assumption that measured static 
pressure is constant across the duct cross section and that the 

relation between pc, and p is isentropic. 	Mean Mach Number was 



obtained by numerical integration of the curves assuming symmetric 

flow in the duct and the mass flow was calculated from the mean 

Mach Number. 	Trial calculations show this method to give results 

differing negligibly from those obtained by numerical integration 

of mass flow per unit area and subsequent derivation of Mach Number. 

Therefore due to ease of calculation this area based mean is used 

for all traverses. Results of the traverses plotted as functions 

of atmospheric pressure are as follows: 

Water Inlet Plane 	.948 PA 	0.50 	0.188 p p  

21" Downstream 	.925 pp 	0.514 	0.186 p A  

The two independently derived values of mass flow agree 

within 1.1%. 

Final values on which water/air ratios and non dimensional 
static pressure variation is based are for To, 	1500°R and M1  . 0.5 
at duct inlet: 

Aft. 	0.187 PA 	 P 0, 	0.943 PA 

c) One Dimensional Friction Coefficient  

This was obtained for the dry duct from the mean curve of 

static pressure variation down the duct given in fig.30 and assuming 

adiabatic flow. From this we get fFANN0  w 0.0043 
Assuming from ref. (2).4211."1*— 	. 1.13 	for n. = 0.2 

4.ony 

S WET 
D = 	0 • 0024-1/ins 

Deviation of points from the mean curve beyond the entry length in 

fig.30 is less than t 



7.1.2 	Mean Values in Supersonic Flow Convergent-Divergent Nozzle  

a) Total Temperature  

Results of total temperature traverses for M1  = 1.86 are 

given in fig. 24 (a). In shape and variation from the mean values 
they are similar to the subsonic traverses in 24 (b). It is assumed 

that the profile evens out as for subsonic flow. 

b) Mass Flow Mach Number and Total Pressure 

Figs 26 and 27 give results of total pressure traverses at 

To, . 1500°R assuming relation between po  and p is according to the 

Rayleigh pitot tube equation. These are summarized below. 

/ mean 	M 	W 

Water Inlet Plane Vertical 

3 	" Downstream Vertical 

3 	" Downstream Horizontal 

.143 PA 

.166 p4  

.166 p4  

1.68 

1.61 

1.69  
PA 

pA  .0162

#001135 	pA  

The large variation in mass flow calculation implies either 

a wrong assumption or incorrect measurement. The error is in 

assuming that the mean of the 4 wall statics is the mean static 
pressure across the duct. Examination of the shape of the profiles 
shows a rather complex flow pattern. Fig. 26 (a) shows a pattern 

of flow similar to that anticipated and on which water/air ratios 

were originally erroneously calculated. The two minima correspond 
to the wake of the water tubes. Fig. 26 (b) shows that downstream 

in the same plane the area change after the termination of the water 
tubes has produced a Prandtl Meyer expansion while fig. 27 shows 
that at the same distance downstream but in the horizontal plane 

there is evidence of a two dimensional oblique shock pattern. The 
static pressure is therefore varying across the cross section and 
the measured value depends on the position of the shook wave. Since 
this is indeterminate with the given instrumentation the following 

procedure was adopted for obtaining mass flow. From fig. 29 

where a shock wave was introduced in the diverging portion of the 

annular nozzle and the traverse performed in the subsonic region, 
assuming choking at the throat we get poi  = 0.97 pa 	. This 
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value is assumed identical for the two dimensional nozzle since the 

throat area only differs by the small area of the water tubes. Since 

an oblique shock pattern is regular in form a periodicity may be 

detected in the static pressure variation in the dry duct given in 

fig. 31. The mean line in this figure upstream of the shock is 

obtained from a least squares plot and the value of p at which it 

cuts the vertical axis is taken as the mean static pressure at the 

test section entry. These assumptions give the final values at 

test section entry on which interpretation of wet runs was based as: 

	

To. 	Po, 	 wa  

	

1500°  R 
	

0.97 PA 
	1.87 	0.0165 pA 

The high value of Mach Number is attributed to the change 

in area ratio produced by insertion of the water tubes. The 

accuracy of these assumptions is of the order of It 3% due mainly to 
the large scatter of points in fig. 31. 

c) One Dimensional Friction Coefficient  

This is based on the slope of the mean line upstream of 

the normal shock in fig 31 and assuming adiabatic flow. Then 

FANNo 

Ley 	
is identical with subsonic Assuming unfavourably that 	T  

experiments, for 	0.2 we get frr 	= 0.0024/ins. 

7.1.3. 	Mean Values in Supersonic Flow Annular Nozzle  

a) Total Temperature  

This profile is assumed to be identical with that of the 

Convergent-Divergent two dimensional nozzle. 

b) Mass Flow, Mach Number, and Total Pressure  

Results of traverses 3:t" downstream given in figs 28 and 

29 are 

0.0042 



Supersonic Vertical 

11 

1.55 0169 .196 PA . 	

wet 

p 0  
Supersonic Horizontal 1.54 .195 PA .0167 p o  

Subsonic Vertical 0.49 .743 PA 
Subsonic Horizontal 0.48 .744 PA .:117608 :: 

Assuming W Q, .0168 PA  and choking at the throat .  
po, gm 0.97 pA  neglecting friction loss from nozzle throat to 

nozzle exit. Pi  is obtained from a least squares plot of static 

pressure variation down the dry duct(Fig. 48). This gives final 

result as: 

To, 	111 	Po, 
1500°R 	1.86 	0.97 PA 	.0168 pA  

The accuracy of these assumptions is of the same order 

as for the two dimensional convergent-divergent nozzle i.e. t 3%. 
7.2 	Results of Subsonic Aerothermopressor Tests  

These are given in figs 32 - 40 and Plates 3 - 8. 
7.3 	Results of Supersonic Aerothermopressor Tests  

These are given in figs 41 - 49 and Plates 9 - 14. 
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8. DISCUSSION 

Summary 

Results of subsonic experiments show that of the 

injector types tested,low velocity axial jets give the best results. 
A closer agreement between subsonic theory and experiment using 

this method of water injection is forecast by using a revised drop-

let size equation and a slightly modified model for theoretical 

analysis. Supersonic experimental results show that in this range 
fan spray nozzles are best. Agreement between supersonic theory and 
experiment is poor and this is attributed to shook formation between 
the water and air streams. From these experiments and results of 

ref. (2) the maximum performance of the Aerothermopressor is estimated. 
Finally, application of the Aerothermopressor is reconsidered. 

8.1 	Subsonic Flow Experiments  

8.1.1 	Injection with low Velocity Axial Jets  

As a basis for comparison, water was injected under 

conditions as nearly as possible identical with those of ref. (2) i.e. 
with low velocity axial jets from open tubes. By fortunate coinci-

dence the value for 15' of the author is so close to that of ref. (2) 
that direct quantitative comparison is permissible. This is given in 

fig. 32. 

Agreement between the two values of po, is probably closer 

than that given in fig.32 since ref (2) appears to have ignored total 

pressure loss due to combustion. 	Differences in friction coefficient 

do not exceed likely experimental error. 

The two results show remarkably close agreement well within 
the limits of experimental error. It appears that the number of 

water tubes is not critical within the limits of 1 and 2 per square 

inch of duot cross section. The author's results are probably more 

accurate where they deviate most from those of ref. (2) namely near 

the water injection plane. This is because the number of wall 

statics in the first 611 length of test section is 6 compared to 3 in 
ref. (2) 
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Comparison of theory and experiment shows that weal-

eration losses are lower in the experiment than in the theory, while 

examination of e- -1° shows that evaporation gains are at first higher dz. 
but, as the process oontinues, ultimately lower than predicted. 

Plate 3 gives the corresponding spray photographs. It 

may be seen that breakup is complete in approximately 	- 1" while 

distribution becomes fairly uniform within 3". This is sufficiently 

soon after breakup is complete to make closer tube spacing. 

unnecessary. Hence the close agreement between the two experimental 

curves in Fig. 32. The anticipated effect of this difference between 

theory and experiment is a "flattening off" of the total and static ti  

pressure curves near the beginning of the process as a result of 

the merging of Regime 1 into Regime 2. This accounts for the re-

duced acceleration losses, but not for the increased rate of evap-

oration at the beginning of Regime 2. 

A preferable explanation is that the effects of extended 

acceleration and gradual distribution are to some extent self 

cancelling in Regime 1. 	Apart from the resulting decrease in the 

total amount evaporated in this region the difference between theory 

and experiment is rather due to incorrect calculation of droplet 

size and heat transfer rates. 

The experiments of Hrubeoky ref (14) indicate that the 

Nukiyama and Tanasawa droplet equation gives too large a drop size. 

In the experiments of Nukiyama and Tanasawa the water was injected 

at the entry of a converging nozzle while the gas velocity on which 

the equation is based was measured at the nozzle exit. Hrubeoky 

showed that by injecting the water in the nozzle exit plane the 

droplet size was reduced. Since atomization begins immediately the 

water is injected, the higher relative velocities at the nozzle exit 

produced smaller droplets. Injection upstream gives earlier break 

up at lower velocities which results in some of the droplets merely 

being accelerated without further splitting up. The experiments of 



98 

Lane (ref.15) confirm this. Tanasawa in conversation with the 

author agreed with the findings of Hrubecky. It is not certain 

how much the true droplet size is less than that predicted by 

ref. (13). The biggest discrepancies were found at air/water 

volume ratios (Q A  /Q L  ) of about 20 x 103  and at velocities very 

()lose to M . 1 where evaporation and conditions of imminent shock 

were thought to be partly the cause. In these experiments 

Q A  /Q, is 10 - 13.5 x 103  at which values the maximum possible 

Mach Number in subsonic flow is 0.78. At 11.—\4 .= 228 metres/sec 

corresponding toll 	0.75 and CIA /QL 	1305e/03  

do PALASURLD 	ma 0.8 d.0 . This is not directly comparable as 

results shown in fig.32 are based on I = 0.5 and. V - Ve = 278 metres/sec. 

However it appears likely that the true droplet diameter 

do  ze-(0.8 - 0.9)deti for Most subsonic Aarothermopressor conditions. 

The model for analysis in ref.(2) assumes a mean droplet 
size such that the total mass and surface area of the uniform spray 

is equal to that of the actual spray. As evaporation proceeds the 

number of droplets remains constant but the diameter decreases. In 

fact the droplets are not of equal size but vary over a spectrum, so 

that the smaller droplets will evaporate first and the total number 

will decrease. Shapiro, in notes at the end of ref.(2a), shows 

that for the evaporation of a stationary droplet cloud, to which the 

Aerothermopressor approximates for most of the process, a constant 
mean droplet diameter and a varying number of droplets should be 
assumed. This will give a different heat transfer rate, for consider 

the following: 

Tr.d 3  ore  = N.ee . 6 



where N 	= Nurni,e,r o•F Droplets 

If N is constant: 

durt  
dd 

N.  Pe.Thda 

Total Heat Transfer Surface = N. TT. d 

d ( .T 	= z.rr. N ci dd 

[  d (H.T.5)  
ur.e 	N Cons t 	dd 

If d is constant: 

durc 	qe. TT. u 3 

d N 
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and 
	 d(H.T.S) 	rr.d e.  

d N 
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d(H.T.S) 	 6 
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For a given increment of evaporation dt.q 
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d(H.TS)  dd 	4 
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By assuming a droplet cloud of constant diameter instead of 

constant number, neglecting Reynolds Number effects which will 

be small, the heat transfer rate will be reduced for the process 

though initially both rates will be identical. 

The effect of the smaller droplet size will be to reduce 

losses in Regime 1 and raise the evaporation rate at the beginning 

of Regime 2 while as evaporation proceeds, assuming constant droplet 

size will result in a more rapidly reducing evaporation rate. The 

governing physical equations reformulated to assume constant drop-

let size are given in Appendix E. Time considerations did not 

permit a further numerical solution to confirm the accuracy of these 

new assumptions. Examination of the results in ref.(2) shows that 

the experimental curve follows the numerical solution corresppding 

to d-0.8 - 0.9 d 	at the beginning but deviates towards the 

curve corresponding to do  m doj 	reaching its maximum in about 

the distance calculated by the numerical solution for d o  : doj  

and then falling away more rapidly as seen in fig.32. In view of 

this an improved agreement between theory and experiment based on 

a new droplet size equation and the revised model for analysis may 

be almost guaranteed using this form of water injection. 

8.1.2 	Reduction of Surface Tension 

Fig. 33 gives the results of injection of water contain-

ing 0.15% by mass of the detergent "Tide". In accordance with 

Section 3.3.1 this was used in the axial jets at low velocity. 

Results are virtually indistinguishable from those obtained with 

water. This indicates that even at low injection speeds the 

wetting action is not rapid enough to be effective. In addition, a 

practical_ objection to the use of detergent is that it deposited on 

the duct walls as evaporation proceeded with caustic effects tending 

to roughen the wall surface. 	Reduction of surface tension does not 

appear to be a practicable means of improving water atomization. 
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8.1.3 	High Velocity Injection with Carbon Dioxide  

Figs. 34 and 35 give results for injection of water at 
low pressures using nitrogen and carbon dioxide. Compared to 

fig.33 they show a greatly extended acceleration length and a much 

inferior evaporation rate. Carbon dioxide dissolved in the water 

has no effect. Plate 4 gives photographs of the spray formation. 

It appears that the increased velocity of the jet gives it greater 

stability. 	This is in agreement with the findings of Tanasawa 

and Toyoda ref. (17). Break up is therefore prolonged and the 

drawing off of ligaments continues far down the duct. This results 
in large droplets and poor distribution which reduces evaporation 

rates. 

Results of injection of water at 50,100 and 200 psi are 

shown on figs 36, 37 and 38. These are essentially similar to the 

results at 12 and 15 psi but with the acceleration zone increasingly 

prolonged and evaporation rates much reduced. The effect of carbon 

dioxide at 50 psi is negligible while at 100 and 200 psi it appears 

to slightly impair the performance. 	Plates 5, 6 and 7 show the 

corresponding spray photographs. 	These confirm the increasing 

stability of the jet with increasing pressure. Plates 5 and 7 show 

no difference between nitrogen and carbon dioxide compression. 

Plates 6 (b) and(d) at 100 psi show slight evidence of additional 

break up caused by carbon dioxide but the effect is confined to one 

jet and might be only transient. 	There is no evidence to explain 

wiqy carbon dioxide should impair the performance. A possible 

explanation prompted by the visual examination of the carbon dioxide 

compressed water described in Section 5.3.2 is that the carbon dioxide 

comes out of solution far down stream where its effect may be to 

agglomerate already formed droplets. 

The effect of high velocity water injection in subsonic 

flow is therefore much worse than a mere increase in droplet size, as 

it greatly increases break up distance and leads to very uneven 

distribution. 	Up to 200 psi the effect of dissolved carbon dioxide 

is insignificant. 
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8.1.4 	Injection with Fan Spray Nozzles  

Fan spray nozzles gave results shown in fige.39 and 40. 
The two water/air ratios were used in order to get the effect of 

carbon dioxide at different pressures. Break up distance is almost 

identical with that of the open tubes and acceleration losses are 

reduced due to the higher injection velocities. Evaporation rates 

are not so good as with the open tubes and the overall performance 

is inferior. 	The use of carbon dioxide reduces performance at 
75 psi while at 118 psi it has no effect. 	The spray photographs 

are shown in Plate 8. It should be noted that the fan sheets are 

not parallel to the quartz walls but are in diagonal planes joining 

opposite edges of the duct walls. 	Plate 8 (a) shows the typical 
break up pattern for this type of jet described in Section 3.2. 
Plate 8 (b), (0), (d) and (e) show that the break up is rapid and 
distribution 4" downstream good though not quite equal to that of 
open tubes. 

Recently Hooper ref. (18) 1959, has produced evidence 
that at high velocities the fan spray gives larger droplets than the 

jet. Increased relative velocity between water and gat stream 

decreases the wave length and the sheet breaks up nearer the nozzle. 

The sheet therefore does not attenuate so much and is thicker at 

break up. Though initially shorter wave length produces finer 

droplets, a point is reached where the thiCkness of the sheet at 

break up has greater effect than the decreased wave length and from 

then onwards higher relative velocities produce larger droplets. 
The inferior performance of the fan spray to the jet is probably 

due to this. 

8.2 	Supersonic Experiments  
8.2.1 	Open Tubes  

Fig.41 shows results of supersonic experiments with 
axial jets similar to those described in Section 8.1.1. Compared 

with fig. 31 which gives results of flow without water injection, 

the initial scatter of points from the mean curve is increased by 
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injecting water. Shock free conditions are reached in about the 

same distance as in the dry duct. Compared with the numerical 

solutions in fig. 3 it is obvious that theory and experiment only 

agree qualitatively. Regime 1 is approximately 8 times longer 

in the experiment than in the numerical solution. In Regime 2 

the slope 1- shows a much inferior rate of evaporation, and the 

static pressure reaches a minimum in twice the distance predicted. 

The experiment very roughly appears to follow the theory at half 

the rate in Regime 2 andL -- the rate in Regime 1 while increased 
8 

wall friction losses raise the minimum value of p. Reasons for 

this could be: 

a) Wrong estimate of droplet size. 

b) Errors in Regime 1 due to wrong estimation of 

droplet drag coefficients in supersonic flow. 

c) Incorrect values of droplet heat and mass transfer 

coefficients. 

d) Water air interaction unique to supersonic flaw. 

Droplet Size  

The droplet size was calculated assuming the Nukiyama 

and Tanasawa equation is true for supersonic flow. The experiments 

of Bitron ref.(16) 1955 confirmed this, but these were carried out 

on a small scale rig similar to that of ref.(13) i.e. with the 

water injected in the nozzle inlet plane. This mode of injection 

is unsuitable for the Aerothermopressor, since in a large scale 

unit. break up would be complete before reaching the nozzle throat. 

It is therefore unlikely that such an Aerothermopressor would be 

supersonic at all. There is no record of droplet size measure-

ment for truly supersonic injection but subsonic findings suggest 

that the mean droplet size may be smaller than predicted. 

Droplet Drag Coefficient  

No accurate values of drag coefficients for spheres are 

available in supersonic flow at Reynolds Numbers less than 20. The 
value of droplet Re in the injection plane for this experiment 



• 19.6. Extrapolating the values of Bartman, Chaney, Jones and 

Liu ref (32) at M1  a. 1.87 and Re = 19, C, -%.= 2.0. Assuming the 

incompressible values for CD  given in ref. (2) and used in the 

numerical solution, CD  = 3.52. It should be noted that the drag 

coefficient is only in error when gas flow is compressible relative 

to the droplet. This distance is theoretically extremely short 

being of the order of 0.2" according to the numerical solution while 

the total calculated length of Regime 1 is approximately 0.6". 

It is therefore apparent that errors in calculation of drag coeff-

icient cannot account for the large difference between theory and 

experiment either in Regimes 1 or 2. 

Droplet Heat and Mass Transfer Coefficients  

The values assumed in the numerical solutions were those 

given in ref. (2) which were taken from Ranz and Marshall ref.(33). 

Since these were apparently satisfactory in the subsonic solution 

they also would only be in serious error in the first 0.2". In that 

distance approximately 8% of the water is evaporated. Errors in this 

amount cannot seriously affect the solution. 

Water Air Interaction Unique to Supersonic Flow  

Plate 9 gives photographs of the liquid break up. It is 

clear from (b), (o) and (d) that break up is extremely rapid being 

in the order of 	Distribution is far inferior to that in 

subsonic flow shown in Plate 3. The unusual feature is that though 

the water spray starts to diverge at fitst at a larger angle than 

in subsonic flow, it turns in sharply and starts to converge after 

travelling about 	At 	from the nozzles it reaches a minimum 

and thin the process repeats itself but in a greater distance and 

much less sharply. 4" from the nozzles the water flow is parallel 
but by then most of the water has reached gas stream speed and no 

further divergence takes place. 

The reason for this phenomenon is undoubtedly that the 

water initially diverging causes oblique shock waves to form in the 

gas stream deflecting the stream lines. The reflected waves then 



divert the stream lines inwards so contracting the spray. As 

the water stream reaches the gas speed the shook pattern fades 

and the flow continues uniform and parallel. The effect of this 

on the jet break up is two-fold. Contraction of the jet must 

almost certainly cause agglomeration particularly of the outer 

droplets. This reduces heat and mass transfer rates of the 

outer droplets, while the hot gas cannot penetrate to accelerate 

the inner droplets. Acceleration and evaporation are both 

greatly reduced so extending Regime 1. In Regime 2 near the 

beginning the large droplets and poor distribution which leads,  to 

local air saturation reduce the evaporation rate. Further down 

stream the rate of evaporation is greater than the theoretical 

value for the same distance along the duct as the gas stream is 

overall less saturated. 	Mach Number continues to rise for 

nearly twice the length of duct predicted, but the increased 

friction loss reduces the maximum value attained. 

Fig. 42 shows the effect of varying the water/air ratio. 

As in subsonic flow, given in ref.(2), the effect is less sensi-

tive to excess water than lack of it. It is interesting to note 

that the evaporative effect is such that at 11. 	0.085,when a 

total pressure rise could not be expected even theoreticallyt the 

flow remains supersonic to the end of the duct. 

8.2.2 	High Velocity Injection with Carbon Dioxide 

Results of high velocity injection experiMents are given 

in figs. 43, 44 and 45. Carbon dioxide has no effect at 50 psi. 

At 100 and 180 psi there is a marked difference between compression 

with carbon dioxide and nitrogen. The effect of the carbon 

dioxide is to increase the rate of the whole process by reducing,  
the length of Regime 1, increasing the static pressure rise in this 

distance and increasing heat transfer rates in Regime 2. 

Comparison of fig. 45 with the corresponding curve in fig. 42 shaws 
that though Regime 1 is longer than with open tubes, using high 

velocity injection with carbon dioxide compression the evaporation 

rate is slightly better in Regime 2. 	Plates 10,11 and 12 give 
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the corresponding spray photographs. Plate 10 confirms the 

experimental result at 50 psi by showing no difference in spray 

formation between nitrogen and carbon dioxide compression. Plates 

11 and 12 show the effect of the carbon dioxide on the spray. 

Injection with nitrogen produces a spray similar to that of the 

subsonic nozzles except that the break up distance is less than in 

the subsonic case because of the higher relative velocity between 

the water and. gas streams. The effect of oblique shocks is hardly 

visible because the divergence angle of the jet is much less and 

therefore the induced shocks are much weaker. The carbon dioxide 

does not produce foaming or turbulence in the jet. Instead it 

comes out of solution in bursts disrupting the jet into short 

lengths and so accelerating the water disintegration by increasing 

the water surface area. The narrower divergence angle permits the 

jet to continue expansion further downstream than with open tubes 

without much effect from the oblique shook waves, but since the 

divergence angle of the spray is less, the distribution at the end 

of acceleration is still poor. 
The slight superiority of high velocity injection at 

180 psi with carbon dioxide over low velocity injection with open 

tubes is probably not the direct result of finer atomization or 
reduced acceleration loss but since the water/air shock interaction 

is less sharp, agglomeration of droplets is reduced. 

8.2.3 	Injection with Fan Spray Nozzles  

Fan spray nozzle test results are shown in figs 46 and 47. 
Effects of carbon dioxide compression are indeterminate as both 

acceleration and evaporation maximum pressures are raised leaving 
gradients almost identical. This effect is therefore not considered. 

The static pressure gradients together with the low 

minimum pressure reached in evaporation show this method of 

injection to be the best attempted so far in supersonic flow. In Fig. 

47 it is oompared directly with the 2nd numerical solution of Fig.3 
extrapolated for Mi la 1.87 instead of M1 .0 1.86. 



Despite the probable errors due to the large scatter of 

points in Regime 1 and difficulty in assessing true mean values 

indicated in Section 7.1.2 the difference between theory and 

experiment is too large to be reconciled. 	Due to the poor dis-

tribution of water in supersonic flow together with consideration 

(e) in Section 4.1 it is probable that f has been overestimated and 

the true numerical solution is probably nearer the 1st Solution in 

fig. 3. Thus apart from experimental errors the difference between 

theory and experiment is probably larger than that shown. Plate 13 
shows the spray photographs. 	As in the open tubes, initial break 

up is very rapid, initial divergence is large and shook effects are 

clearly visible. 

At first the suggested inferior atomization of the fan 

spray in Section 8.1.4 and the superior results in supersonic flow 
appear to be contradictory. The fan however injects a sheet and 

not a "solid cone" of water. The shock effects and probable 

resulting agglomeration are therefore limited to the fringes of the 

sheet only while rapid evaporation proceeds from the centre of the 

sheet which is still in free contact with the unsaturated air stream. 

This is confirmed in plate 13 by accounting for the high density of 

the spray at the edges in (b), (o), (d) and (e). 

The true total pressure rise using this form of injection 

may be approximately deduced as follows. Assume that the position 

of experimental and theoretical static pressure minima give lengths 

of duct corresponding to the same amount of water evaporated. 
Assume also that equal amounts of water evaporated give equal gains 

in total pressure. Difference in total pressure rise will then 
correspond to difference in friction loss which in turn will be 
proportional to the duct length. Fig. 47 shows 

Experimenbsil = L-rhcore.bisal x 1.75 

Extending the final results of Section 4.2.4. 
3 corresponds to D = 5.25 
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L 	0 	 = 3 	* 5.25 

Po — Po, 0.20 0.12 	0.06 

 

Po, 

This is inferior to the subsonic results. 

8.2.4 	Annular Nozzle  

Static pressure variation in the duct with annular 
nozzle fitted is given in figs. 48 and 49. Flow without water 

,is given in fig. 48. Due to three dimensional shooks being 

weaker than two dimensional shocks, the scatter about the mean 

line is less than in fig.31 despite the approximation of the 

nozzle design method. Normal shock occurs in a shorter length 

of duct and this is due to an increase in the one dimensional 

friction coefficient. The friction coefficient increases 
because boundary layer growth on the walls of the annulus causes 

flow profile irregularities shown in fig. 28 which result in 

radial momentum transfer. 

Fig. 49 shows the result of flow with water injected. 
There is a large increase in scatter in Regime 1 due to the 

water injection. This verifies the suggestion in Section 8.2.1 

that the water injection causes shocks. Acceleration losses, 

even allowing that Ml  . 1.86 and not 1.87 as with the two 

dimensional nozzle are high while evaporation rates in Regime 2 

are disappointingly low. A lower evaporation rate throughout 

the process than with any other form of injection is evident. 
Plate 14 gives immediate explanation of this. Due to the extrem-

ely thin walls and eccentricity of the inner and outer sections, 

slightly uneven water flow rates around the annulus have caused 

variation in the cooling rate of the metal. The metal in turn 

distorted and exaggerated the effect. This results in water 

flowing from the top and bottom of the annulus only. The two 

sheets so formed contract through the aotion of surface tension 

and thicken. Atomization and distribution of the water are there-

fore both poor. It is possible that more carefUl design of the 
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nozzle with internal webs to stiffen the walls might overcome 
this but it is doubtful if the enormous temperature gradients 

near the water injection plane could be prevented from closing 

the gap of only 0.004" partially. Despite its theoretical 

desirability such a nozzle cannot be recommended. 

8.4 	Maximum Performance of the Aerothermopressor 

Results of these experiments together with those of 

ref. (2) permit a more precise assessment of the performance 

limits. The best Aerothermopressor is clearly subsonic and the 

best method of water injection in subsonic flow is with open tubes 

as used in ref (2). 

As already mentioned in section 4.1 (a) the maximum 

attainable coefficient of performance in subsonic flow was attained 
at M1  = 0.78 and 1'1 = 0.24 at To, . 1500°R in a small scale 

parallel duct. This corresponds to subsonic choking conditions. 

Since no advantage is to be obtained in the supersonic region, we 

may conclude that for T o, 	= 1500°R these initial conditions are 

the best possible. Estimation of the maximum possible total pressure 

rise, using these parameter values, is more difficult for not only may 

the duct have a varying cross section but due to the possibility of 

continuous transition through the speed of sound a variety of flow 

patterns with normal shocks at various positions may be obtained. 

By experiment with a small scale rig and using the incorrect 

extrapolation method described in Section 4.2.4 ref (2) forecast a 
10% gain in a full scale rig. It is not certain how incorrect this 

extrapolation is since there is no evidence given of the position of 

the normal shock in the duct and hence it is not known whether Mm  

is greater or less than k. Results of a numerical solution which 

takes account of normal shock and area,ruling g#en in ref (2) 
(A. .6 41 ma.4.47 ,4A40  

indicate a possible total pressure rise of leN Though this may not 
be quoted as an absolute maximum since there is no guarantee that 

either the normal shock is in the best position or the duct shape 

the best possible it is clear that the maximum total pressure rise 

is of this order of magnitude and almost certainly will not much 

exceed 20%. 
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This is far from reversible flow analyses which show 

that at T oi  = 1500°R a total pressure rise of 5400 is possible. 

However it should be realised that reversible flow analyses only 

approximate to practical rosults when processes may be considered 

as approximately reversible. The Aerothermopressor process is a 

synthesis of several simultaneous processes all of which are highly 

irreversible. This large discrepancy may therefore be expected. 
8.5 	Application  

The main advantages claimed for the Aerothermopressor 

as a means of boosting power and efficiency of a gas turbine are 

its mechanical simplicity and small size and weight. In these 

respects it would be superior to the regenerator. The claim that 

it is free from fouling is not substantiated by this research. The 

effect of fouling in a regenerator is to reduce the heat transfer 

coefficient and hence the efficiency of the device. Carbonate 

deposits on the duct walls describe!' in Section 6.6. raise the duct 

friction coefficient and hence reduce the efficiency of the Aero-

thermopressor. Insofar as the• performance of both devices is 

reduced by deposition of solids both may be said to have fouling, 

problems. In the case of the Aerothermopressor this may be over-

come by insertion of water softening equipment. Unfortunately this 

robs the Aerothermopressor of the advantage of weight and simplicity. 

As a device for raising the power and efficiency of a gas turbine 
it is therefore not recommended. 

As pointed out by Spalding & Cole (ref.6) from the purely 

thermodynamic point of view, the Aerothermopressor is a particular 

case of the mixing of a hot compressible fluid stream with a cold 

incompressible fluid stream. 	It is therefore identical thermo-

dynamically with the steam injector, a device invented approximately 

100 years ago. Its only differences are that the equation of state 

for steam is different from that of air and that the mass ratio of 

water to gas is such that the final phase of the mixture is entirely 

liquid, whereas in the Aerothermopressor it is entirely vapour. 
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The thermodynamic efficiency of a steam injector considered as a 

pump is only of the order of 1% and its use is justified in 

locomotives because of mechanical simplicity. 

As an efficient means of actually raising total pressure 

the Aerothermopressor has little worth but this does not rule out 

its use entirely for other purposes. 

It may be useful in any application requiring high velocity 

flow in long ducts without choking or normal shock. 
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9. CONCLUSIONS  

Results of this research lead to the following conclusions. 

9.1 	The Subsonic Aerothermopressor 

a) The best means of injecting the water is by low velocity 

axial jets spaced approximately 1 per square inch of duct cross section. 

b) The best initial parameter values are for subsonic 

choking conditions which at T o, 11. 1500°R correspond to Hi 	0.78 

and IL 0.24. 

c) The maximum possible total pressure rise at 

1500°R is of the order of 20%:e/h. ni,len06:nAr Auct . 
d) Theory and experiment could be made to agree more closely 

by assuming a droplet size 0.8 - 0.9 of the value predicted by the 

equation of Nukiyama and Tanasawa and altering the theoretical model 

for analysis to assume a cloud of uniform droplets of constant diameter 

and diminishing number. 

e) Correct extrapolation of results from small scale to 

large scale involves lengthy calculation and is not generally recommended. 

Large scale numerical solutions should preferably be attempted directly. 

f) Any application of the Aerothermopressor to raise the 

power and efficiency of a gas turbine will have to take account of its 

fouling problems. 

g) The subsonic Aerothermopressor may have use as a means 

of obtaining high speed flow through long ducts without choking. 

9.2 	The Supersonic Aerothermopressor 

a) The best means of injecting the water is by fan spray 

nozzles parallel to the gas flow using one to two per square inch 

of duct cross section. 

b) Maximum performance of the supersonic Aerothermopressor 

is uncertain but due to oblique shock waves formed by water/air it 

interaction it is much inferior to the subsonic Aerothermopressor and 

it is even possible that an overall total pressure rise may be 

unattainable. 
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c) Due to oblique shock wave formation resulting from 

water and gas stream interaction, agreement between theory and 

experiment is only qualitative. Using the Nukiyama and Tanasawa 

droplet size equation the calculated overall rate of evaporation 

is roughly twice that achieved. 

d) The Supersonic Aerothermopressor has possible 

applications for increasing the length of duct in which supersonic 

flow may be maintained given any initial Mach Number. 
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10. APPENDIX A  

The Derivation of the Fundamental Equation. 

Consider an infinitisimal control volume bounded by duct 

walls as shown in Fig 50. Gas and injected liquid flow through it 

such that at the exit plane all the liquid has evaporated and 

attained equilibrium with the gas stream. 
may be regarded as a homogeneous gas. 

A +d A 

The resultant mixture 

 

d z  
V 4-ci V 

I 	T 
Li-- p+dp 

Fig .50. 

The original analysis given in Ref (1) allowed for : 
change in specific heat and molecular weight due to evaporation and 

chemical reaction, external heat transfer and work. Equation (1) 

was then obtained as a particular result when these factors were 

neglected. 

The following analysis illustrates the method by deriving 

equation (1) assuming initially: constant specific heats and 

molecular weights, and no external heat transfer or work. Assume 

that the boundaries of the control volume are the walls of a duct of 

circular cross section 

Equation of State : 	P = R 
• T 	 (4) 

W 

Equation of Continuity: 	fAr + tub = tir + dui 

tat = -( AY 
	

(5) 

V 

p 	
e  



also 	 ur 	= Q. A. V 	 (6) 

= 	V a 	V a. VW  Definition of Mach No: 	 = 	 (7) C L 	k.R.T 

dM2* 	dVL 	 -r d . • 	 (8)
V2 	

T 
MZ  

Definition of Total Temperature: To 	= T + Vz  = 	T(1+ 1171 MI) 

(9)  

2., op 	a 
kfri 	Nit 

d To 	dT 	--a-... 	°the + = — 
To 	T 

k 

I 	, k- 	iviM% M- + 
7".  

Definition of Total Pressure: po 	WI=  f - k-i 	"zyizzi  
' 

d 	dp 
k.M2.  

(10)  
a. 	dMt  

PO 	P 	14, 	M a 

Conservation of Momentum: 
p.A + p c1 A -(p+dp)(A + dA) - 	= (ar+dw)(V4. dV) ur•V - are  VV  (11)  

Defining f = 	 r  and = 	and substituting (5) 	in (11) 

-A.dp = (1-0.V dur + 4.A.r.dV + 9.0 Tr. D . dz. (12)  

Dividing through by A = and substituting (6) 	in (12) 

_dp = PV21dVz  4_ 	4.f.dz 	+a(I-9) (13)  
V L 	D  

Combining (4) and (7) and substituting 	in (13) 

dam _ _kivelolVa (14)  
2. 

4.f.dz-1-  ah-g) du" 
Va 	-ur 

Combining (8) and. (9) and substituting 	in (14) 

dP 	k.fselL  ciTc. 	4.f.cii 	ao.....our (15)  Wye' 
a To 	D 	 <AY is.h:--12. .mt 	Mt 
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Combining (10) and (15): 

d Po  
Po 

_ - k. Mt  d To ± 4.f dz 4. a (1-y) Alg,1 
4.1)- 



Q 
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11. APPENDIX B  

DERIVATION OF INFLUENCE COEFFICIENTS  

The following analysis indicates the procedure for 

deriving the equations given in Table 2. This is an abridged form 

of that given in Ref (2). 

Consider an infinitesimal control volume through which 

water, air and vapour flow as shown in Fig. 51. 

1.1l' ALY 
-01 

ti,rt  .0):e  4Ari 	dz 
V 	P-I 
Ve 

Te 

Fig. 51. 

The gas mixture is assumed to obey the perfect gas law and 

the Gibbs-Dalton law but with variable specific heats. 

Equation of State: P 	= W. 7r  

dp = dedT  ciVLI 	(16) 
e T W 

Equation of Continuity: .w = e. A .V 

__dor(  = dui = de 	dA + dV 
4.4.r 	 e 	A 	V 

(17) 

Definition of Mach No: Nd 	Va 	=  W. V2- 

	

CZ 	k.T.T 

ci 	= dV2- 	dW_ dk 	dT (18) 
Mt  V W k 

V +dV 
Vg +dVt  
T + dT 
Tt + d Te 
p+dp 
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Conservation of Momentum: 

p. A + p.clA - (p + cfp)(A-f dA) -Tar. Tr.D.dz = far+ duy)(v+dv)+(ure  du)(Vt  + dV)) -orV 

Hence as in Section 10. 

,.„2. 	
.9.g. dP 	kM2'dV + Km (45 	+ 2 tAre .A1/1) + ktv all-Wito"= 	(19) 

a D  

Conservation of Energy: 

a  •ur. d Q -to. + tArz . he 4-4.4r 	+ 	.-2-Vel = (tar+thu-)( h+ dh) 4- ((Art di.)%((hd vtih.e) vl;  

(V+ dV)2"  (urt d ) 	a -1,6x+dto)  

For a mixture of Gased following the Gibbs-Dalton law: 

ur. dh = tiro. d ha  4 	d 	CA.. Cp err 

Since from continuity: 

(ix = 4-ea. 

dor = dioir = -d4kre, 

Combining these, simplifying and rearranging, the energy 

equation becomes: 

t  t  dV 	h + *(1- 92)  dor 0:210 	+ -UTZ 04 	= 0 
dT (k- 1)M ---- 

V 	cp:r 	 v 	
(20) 

17 	• 	 4a  

Formation of Influence Coefficients: Equations 16,17,18,19 and 20. 

constitute five simultaneous linear algebraic equations among twelve 

differential variables: 

For convenience the first five are chosen as 

dependent and the remaining seven as independent variables. Solving 

these equations simultaneously the first four lines in Table 2 are 

obtained. 

Definition of Gas Stagnation Temperature: 

To  = T +—va =TO+ —rI  Ma) k- 
a.Cp 

k-i &AL 	k M2. 
dTe 	dT 

+ 
 —E."'  CW'÷  2.  

7-
ci k 

To 	T 	I 4 ii:L.1...friL Ma 	1+ k-i Mt k 
a 	a 

• 1 

(21) 
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from which the fifth line of Table (2) is found. 

Definition of Gas Stagnation Pressure: 

P° 

k 	10 	k-i m21 dk (22)  

(23)  

(24)  

(25)  

k-1„,a)k-I 

kt MI  

P 

k.Mt  

(1 

dhlt+ cfPo 	dP 	a 4_ a 
Po 	P 	1+V.-Mz  

from which the seventh 

Definition of Mixture 

e0 	T 

	

deo 
=\ 	

0} 511 

Mt  

line 

fk _ 

line of 

= 

Stagnation 

(k-1)(1-0'f.Mt) 

of Table (2) is 

Temperature: 
-are 	Vt.) k-I 

• vet 

•7( (k-1)7: 	a• 

found. 

1"/ = OCT 

k-I 	May271+  -are\ dor 

/ 	m -or 	vt 

MIg (421 dVe\ 
e0 	 -T; 

from which the sixth 

Definition of Mixture 

= 	90)/4-/  

2 	oc. 	uri tv
_ k-i 	mzyt, art  dW 	tvltyt-re 	dk 

Stagnation 

40(... 	-ur 	W 
Table (2) is found. 

Pressure: 

k-I Mil k-1

to 
.4.(1  4.-urc , 

aor- 	tv 	k 

po ) 

dPo 	cl_a +kk(dao,  dr) k 	00  dk 
Po 	p 	

i  ec 	
T 	(k-tr k

tor. 
 

from which the last line of Table (2) is found. 
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12. APPENDIX C 

SPECIMEN CALCULATION 2ND SOLUTION, STAGE 16. 



= 11.09 x10-4  and I =1050.5 Try Tg,,„ = 528.2 	From Charts eye 

hT(T-Te) = 0.9848x +08.2 = 401.9 
hz, 	= 10.50.5 x 0.3813 = 401.2 

--uTe.dhc  = 
ti.r. cp. To  

due= du.) =  2-050103  = 
14.a) 	1.058 

1.941 x10-3  

d To 	- 11.4 
Tc.„r 1288 = 	• on), IQ-3  

= 9 G x ic15  

M I6 1-016  P016 Ti6  P16 V16  1016  CIPt6 k 16 WI6 aa 16 u)16 lAre 16 di6  Ves‘  
IS 16 

z1 6  4.1.21 
-ar 16 

1.381 1294 9.504 .941-4 3.033 2088 -5058 2.596 1.381 2848 0.15 5.745 
x 10-g 

0.0832 2.000 
A 10-5  1761 528.1 

Extrapolated Values 

dd 	-787 x 10-8  
dr„ = 1.996 x10-5  

clT 1=2  -10.0 
Tn, 	936•4- 

cz„o& .5•849x10-3  

Woe= 2.848 

dp -0.018 
p„, = 3.025 

-3 
Vm  =fa 2.087 

ciVe 37 
ye ,nte 1780 

dt = 	dd 	= -3112 )4  7.863x198  

	

hi) (Qui-  ?1r„„) 	0.3813 

dVt= 	)00, µ 	(V-Ve).clb =  18 ,11.4-29 x180.5x10-7x307x8.424x106  = 
PeAL 	 62 4 x 3.983 x10-1°  

dz = Ve xdb 	= 1779x6.4-24-xla 	= 1.371 x10-I  

= 6.424 x 10-6  

36.8 

sTh_ 	=  2,1x 10i 	ciu)  
k 	.2.2734-2-1x10-•f T+ .475- 40 

- (9-7.57-2-142)x  
• 2273 4-0197 +.0278 

2.1x10-.54T-f- 3646 .tho 
.1589 + .0197 + .0213 

(7.489 -2-142.)40-4  
.1589+.0197-4-•0213 

Sc = 

NuD = 

3'525  ( -r  V 431)( 10-3  =  3 ,525  x (3344
) 

1-81x 10-3 	= 4220 x10-3  
P 	t 46o J 	 3.025 1 460  

V 	= 2.:isa 	 = 0.4991 
-3Y 	, 	4.220 	 ‘1. 
2 -1-0.6 W5  (ReYs: 	= 2 +0-6(2•9/0)i(0- 49993 	= 2-812. 

Re = 

• (From Charts) = 

10-73. T 
✓ - W. p 

IV-Vtl.d  
V 

3•132xle's  dx  = -343axida = -7-863 x 10-9  
cIL 	 3•983x161°  

.dx(s-e-coo) 	= 0.2054. dx = 2.054- x10-3  
+01iLtr 	(183'8 +0.0585m122.6)010-7 	

180.5x 10-7  
1+ uJ 	 1.058 

10.73 x180.S x10-1936.4 
213.47x3-025 

3072 1.99e x10-5  
2.106x 10' 

PIZ = NUO '$). 	= alma x4ezoxicr3  
ct 	 1.996x10-5  

R. (From Charts) = Pre, 4- co.Prtr -  .6663 4-05e5.'9635  
1 + a) 	1.058  

2 + 0-6 .(Pr)S. (Re)+- 	= 2 + 0-G(2.310)46230)i 

4le (From Charts) = 	4'1  = (6.82 + -058Sx.5.96)x10-6  
1 +0) 	 1 .058 

= 2.901 x6.776u10-4 	- 0.9848 
1.996x10 -5  

elroo= 	 x  w 	= 2.702 x  3.02.5  x  .05848  
T 	1 +1•61.co 	 3.364 	1. 09 4 

= 534.5 

NUT = 

h T  = usx h 

= 0.6830 

= 2.901 

= 6 -776x 10-6  

= 4.666x10-4' 

dd = 

du) = 

dx. = 0.01 STAGE : 16 

True Calculated Values 

= 2.106 A10-3  

= 2.910 

9.712,10 • 1645 

d u.rt  
tkr 

••-• 
tam- 

d Cp = o.000a 
cp„.,== 0-2597 

-0-002.3 

0.1633 

= 0.1633 x  36.8 	= -87.9x10-3  
2087 

= -379   x  I•941 x10-3  
-6795 11-co 

= - 10-2. 

-ur V 

dW 

d T 

= -.379 	du) 
0-62.1+c.0 



ttre 7 

Ur; 7 

do- 

x 

Ve17  

k 17 

CP17 	 4- 170 [2'11(10-5. dT 

• km  # dkk 

WIT 

TQi6 -17 = 
z17  

dux = "116 	{Ay 

• aria (1 C1{4. 

• Ch6 + dd 
d W 

1-71-  

= DC.I6 dx 

Vel6  + dVe 

a8.2. ab 

zI6  -+- dz 

Z = 

= 28.4-8 x • 9.989 

= 0.160 

= 1 761 I-  3 6.8 

1•04.1 

= 1.109 

= 1.381 (1 +S.6xi0-3 ) = 1 381 

= '0832-  •0010 	= .osaa 

= .5058 +.1•941x103) = •.5068 

= (a.000 - • 0078). 16s= 1.392 x10-5  

= as.45 

i
d
tw 
u) (2477 -2.1)(10-51 

= 1797.8 

= • 2596 + 1-058  ( a 142,40 4+1.941x•2280) = 2598 

k-I 

True 	Calculated 	Values 

= 36 

= 37,95 

= I .408 

Extrapolated Values 

= 	1- N4 2 	= 	- 0.9 14 

k.Ma 	= 	1.381x1.914 

	

= 0.1905x I-91 4 = 	0.3646 

= 	1 + 	m2. = 	1•365.  

= 2.641 

Similarly 	he = 

.646 4. 	3 x .2726 

d M2  la +0.012 
.*. 	M,2; 	= 	1914 

dcp Na 0.0002 
Cpm 	0.2597 

dTc, sa -1 1.4 
Torn 	1288 

1780 

h.tr. 	( From 

ct, 

1.5 

	

Steam Tables) 	= 1281.5, 

= -2.59rx1298 = 334.5

1  = 	/4441 	(1-.11.)  + 
2087 

te 0,8523 
cp To 	1 7- 0,• 

k2.-1 = 	+ 	m 
3345 	i•365 

= 1 + (14 .1633x-7274) 

c1M1  .032030 - .005140 

= 	•008051 -001883 

= -02.2030 + .0332.55 

= - •O153 	+ 	.001372. 

= - •007366 
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-008263 - •001720 

- •015600 - .004318 
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- •00 1311 	---000ns 
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- .000096 

-+ •000067 

+ .000073 
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= -.0013 8 
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.01083 
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= 	• 00 02.7 
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d V 
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dp 

dT 

dTo
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dPo 
Po 
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14 	= mivi 4.  die 
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	= 1.9080+-00688) = 1.321 
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= 9.504(i +.00027) = 9.507 
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-tag .04ht dur 
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x dVI  2.-879x 10-3  " -1-083x10-3  dk 

9•6 x 10-S  ttr.cp.To iir D W -ur 	V k 
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S 
( I 4-  II)x  Tr- --il-PrO(2.-p) - a.q.y] nx S -76- Y i 

23_,ras16+7.1),] 

k X 
1 +72, - I 
-2C 
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16.50 3.203 ‘10-1  -3.948 -5.140x103  -5.417 -1.560x 10-2  3.387 -4.318x103  -1 -3.6 x i0-5  

dV 

5 Ti. 
fril-4-0-9)11-S•Al A_ - ( n, - Mny 

- 
1 

0 X ar Zy 

V 
4.1 48 I 	8. 051x 10-3  -1446 I-146320e -22.12. I -6 -368x10-3  1.094 F-1•185g10-3  0 0 

d p 

S S r 14-tt-m. 	1 71.(1 -Pri,-tYll 1 [ :4- Crt-Mt)(1-9)] 'r. 
0 n. 7 LP - a + 	*4.1 -fix 7-  -Y 2r -2.1- 

P 

I -11.35 I 	-2.2.03 x10-2' a • 5 00 13.255x103  3.200 I 9.213 k 10-3  -2.8921 3 .132 x10-3  0 o 

dT 

S 0 -n.  )), 7 
(I-n)s.13 4.(7t-m9[1+t(1-g)] n (n. - NO ii.-tve- IL -Mt -r _ z(  [9 -I' q (I--  y)] -ay 1r  

T 
-8.204 I 	-1.592.x 10-1  1.054 11.372x10-3  -9906 1 2.852.x10-3  -79771 8.639300-4  0 o 
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-A 0 M.- tvIL)5 71.-Iviz M: 

2.S 2.S -s 
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13. APPENDIX D  

CONDUCTION LOSS IN THELOCOUPLE LEADS 

Insulation 

The thermocouple consists of one main couple (1) 

measuring the gas stream temperature, and two subsidiary couples 

(2) and (3) to account for conduction losses. 

It is assumed that radiation losses are negligible, that 

the gas stream temperature is constant between (1) - (2) and 

(1) - (3), that the main loop (2) - (1) - (3) correspoOds to a 
uniform rod in cross flow of materials a and b of lengthsg a andRb 

and that the recovery factor of the rod is known. 

1-  - Tg = Cl an"' + Caen' 	(Da) 

where x is the length from a point of known temperature to the 

point of temperature measurement in the gas stream. 

Equation D.1 may be written as: 

The True Gas Temperature 	1g = T 	
r\e" 

where r recovery factor of the rod. 
The equation for conduction loss in a rod is of the form 

ci  ern. + cte-mx. where 9 = T -T9 



d 
d x = m . C, emx  - tn. Cl.enIX  ( D.2 ) 

We may solve for C, C„ and Tg 	as follows:- 

For wire a at'(2) 	where x m o 

-Tg = 	C,0 -+ Cza 

= (T2-73) - Cao, 

At (1) where x. m tm 

- T9  = CIo.sink ea  + 

Substituting Equation D.3 in Equation D.4 we get 

— T9  = 	- Ts) el''. €°- 
which may be arranged to give: 

Ca, = 
T, -T3)- (T2.  -Ts). en' 

- e-ms.e.) 

(T, -Ts ) - 

(r, -Ts) 	T3) e-mbeb 
( smipeb _e-mbet,) 

and 

Cab 	_ (effli  _ e-rnb  
Cr, 	- (T3 --r3) eb" 

Also at (1) assuming that 	is a continuous function 

ma..Ciaern" "—mQ,C1...e"4"66- 
	

Cib. emi' eb - mb. C z.b .e-mb.eb 

- Cab.. ern"' + 

COQ (eMfteft 	6-.Mpem) 

Similarly for wire b: 

Cab 

(D.3)  

(D.4)  

(D.5)  

(D.6)  

D . 7 ) 

(D.8) 

-cae-mJ4= Illt Cib.eMbeb..-. Cab. e-ffibeb 

[ 	
(D.9) 

Mg 

S .h. 
m, = 

Now 



kr  .d rrt =I 
	 

(D.10) 
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where h = 	heat transfer coefficient of Rod 
s 	. 	Rod Circumference 

A 	. 	Rod Cross Sectional Area 

	

kr . 	Thermal Conductivity of Rod 

For a circular rod this becomes 

For a cylinder in Cross Flow we are given Ref.7) 

Nu 	= 0.615 (Re)°.  466 	 (D.11) 

where 
V. d 

	
Nµ. ft 

Re. = 	and 	h, = 

. 	Thermal Conductivity of Gas stream 

Given Gas Stream Velocity and Properties and the properties of the 
metals and using Equations (D.5, 6, 7, 8, 9, 10 and 11) the heat loss 
due to conduction may be calculated and the true value of Ts  obtained. 



14. APFbRDIX E  

GOVERNING PHYSICAL EQUATIONS FOR DROPLETS  

Consider a cloud of N droplets of uniform diameter 

do  , Velocity Vt  , and Temperature Pt  . 	These are travell-

ing in a gas stream of velocity V, Temperature T, pressure p, and 

specific humidity u) . Mutual interaction between the droplets 

is ignored and the gaseous medium surrounding each droplet is 

considered as infinite in extent. 

14.1 	Droplet Number versus Stream Humidity  

Since the droplets are incompressible and of uniform and 

of unchanging diameter per unit time, the mass rate of liquid flow 

at any section is proportional tb their number N. Local humidity 

which is a measure of loss in liquid mass flow is given by 

X = 
w—Wo  

+04 = - No  

Change in number of droplets is related to change in 

buraidi.ty by 

dN 
= dx 

No 	.0.00+030) 

14.2 	Mass Transfer 

Mass transfer rate due to evaporation is, according to 

Ranz and Marshall (Ref.33) expressed in terms of mass transfer 

coefficient, surface area and difference in spatial mass concen-

tration. 

dTT . do  
abC 112, N rr. 	(?tre  — ?ove) 

where 

dN 	6. N. ho f 
b 	— do (3e Vire  — e lre°)  

Nap 	= 	2.. + 0-6.( Sc.)3 . (ROI  

(E.2)  

(E.3)  

(B.1) 



d Te 	-I 	h r (T-Te)  
d x 	Cpe(1-X) 	hp (edk-  ?Lt.) 

a 	+ O.6 (Pr)1. (ROI  and 	NuT  = 

(E.5b) 

(E.6) 
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and hD = h/Cip.a.  
do 	1 Sc = c).cD. ) and RQ = e•do1V-Vt (By 31)) 

e0.4 	Receiprocal of the specific volume of saturated 

water vapour at temperature T 

and Rtra0 

  

W 

 

(E. 4) 
Ra7 	I +(.4.14Ar 

Wo. 

14.3 	Heat Transfer  
From the first law of thermodynamics: 

:TO 3  d I 
h T.( Nrr d:)(T-Ti) = N6 

de 
 92. d 	

. 
(N. 6  (k) 

dli 	= 6.hT(r-Tt) 	£ d N 
at 	do te.cpe 	Mtn db 

From Equations (E.1) and(E.2) this may be written as 

(E•5a) 

where 
_  do  

r\loT  = Pr -  cW (E.?) 

144 	Droplet Cloud Acceleration  

Using the conventional definition of drag coefficient 
for spheres we get for the droplet cloud 

NATA1 dVe Q 	—Ve)1V—VII = 	e• 	d b C.D. 4 	a k 

d 
tiVe 	3 

= —4 (CD • Re) Pe• 
	 (V-ye) 1-4'  

 
(E.8) 



14.5 	Displacement of Droplet Cloud 

The distance travelled by the droplet cloud in time t 

is given by 

db 
= ye  

From the above set of equations it may be seen that 

assuming a constant droplet diameter leaves the governing equations 

unchanged from those assuming a constant number of droplets. 

Assuming identical conditions at the start, the numerical solutions 
solved on the different assumptions of constant droplet number and 

constant droplet diameter will diverge due to the progressive 
divergence of Reynolds Number and heat transfer coefficient. 

d z (E.9) 
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