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Abstract

This thesis describes the work undertaken by the author in collaboration with 

Wyman-Gordon Forgings, USA, to assist in the development of a cooling system, 

based on air assisted atomised water sprays primarily for the quenching of aerospace 

components from high temperatures.

The mechanical properties of forgings used in aircraft engines depend on the rate of 

cooling from the heat treatment solution temperature. It is well known that water 

quenching produces high cooling rate. Although, the severity of the quench can 

sometimes produce unacceptable distortion and high residual stresses in the 

component. For this reason water quenching is only used when a high cooling rate is 

definitely needed and it is often replaced by a less severe oil quench. However, over 

the last 10 years the trend to reduce manufacturing costs has led to the forging of 

parts that are closer to the net shape. In these cases even oil quenching can lead to 

residual stresses being developed that result in difficulties during the final machining 

of the engine component. Forced air cooling has been adopted in problem cases 

where the part is thin enough to attain the desired cooling rate. In many instances, 

however, the component is of intermediate size or varying in cross section and fan 

cooling cannot provide the cooling rate which is needed to obtain the desired 

mechanical properties, whilst oil quenching produces an unacceptable level of 

residual stresses.

The use of air assisted atomised water sprays can provide heat transfer coefficients 

whose values lie between those for air cooling and oil quenching. Another advantage 

is that control of the air pressure enables the spray nozzle to operate with a much 

wider range of water flow rates so that the cooling rate can be readily controlled over 

the range.



This study describes the investigation of the heat transfer characteristics of air 

assisted atomised water sprays to quench aeroengine components from temperatures 

of approximately 850°C. New data were obtained at high temperatures for air- 

assisted atomised water sprays operating over a wide range of water mass fluxes, 

(8.01>w0 >0kg/m2 .s).

In practice the geometry of a component can be complex in shape. Therefore an 

investigation was also carried out into the application of spray cooling on recessed 

surfaces. It was found that the surface recess contributes significantly to the 

reduction in the rate of heat transfer at low and high water mass fluxes, but had little 

effect at intermediate flow rates.

Pulsed sprays were investigated and proposed as a means of controlling heat transfer 

coefficients for both plane and recessed surfaces. The use of a pulsed spray makes it 

possible to control the amount of water impacting on a surface per second. It was 

found that "water off periods of 5 and 10 seconds resulted in a reduction in heat 

transfer coefficients at low temperatures and also reduced considerably the 

differences in cooling previously observed between plane and recessed surfaces.

A finite element code was used to predict the residual stresses produced in a forged 

component for a range of spray parameters, and spray arrangements. The data were 

compared with cooling rates and stress patterns produced by both air and oil 

quenching. It was found that spray cooling resulted in cooling rates which met the 

mechanical property specification and provided residual stresses lower than those 

obtained during oil quenching. Furthermore, simulations of residual stress formation 

using two different spray arrangements in a typical forging indicated that spray non- 

uniformities can substantially disturb the resultant residual stress patterns which 

could result in less predictable distortions during final machining

11



The study of spray cooling presented here suggests that the use of air assisted 

atomised water sprays has considerable potential and could provide the required 

cooling rate for individual forgings.

in
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This first chapter provides an overview of the project and outlines the aims of the investigation. It 

also describes quenching techniques and the need for spray cooling of aerospace components from 

high temperatures.

1. Introduction

The quenching of steel components to achieve appropriate mechanical properties is 
one of the most common process treatments. There are a number of methods 
available, including air cooling, quenching in oil or water and spray quenching. Air 
cooling is usually limited to a group of specialised steels, which require a slow 
critical cooling rate. Of the remaining two methods, by far the most frequently used 
is that of bath or tank quenching in which the hot components are placed in a tank 
containing a suitable quenching media typically either water or oil.

Quenching is a highly complex process and tends to involve experimental methods
rather than a rigorous analytical approach. The quenching operation is affected by a
number of parameters such as:

i. the choice of quenching media,
ii. the temperature difference between the component and the quenching media,
iii.the duration of the quench,
iv. the agitation of the quenching bath,

v. the material properties,

vi. the surface geometry.

1.1 Background to Wyman-Gordon Forgings

The current programme was undertaken with sponsorship from Wyman-Gordon 
Forgings, so that it is relevant to provide a brief background on the company at this 

stage.
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It is a recognised leader in the manufacture of critical load bearing, stress and 

corrosion-resistant forgings and extrusions for aerospace, defence and energy 

applications. The company uses die forging, extrusion and investment casting 

processes to produce metal components of varying weight and sizes for technically 

demanding applications.

Wyman-Gordon's capabilities range from the melting of aerospace alloys, (including 

titanium, powder, vacuum melted steel and nickel alloys) for producing heavy wall 

seamless pipe for use in commercial power generation plants and in off-shore 

petroleum energy exploration. The company's Scaled Composites Division produces 

prototype and production aircraft using advanced composite technologies.

Wyman-Gordon is one of the larger suppliers for military and commercial aircraft, of 

components including bulkheads, landing gear, rotors, wing hinges, flaps, spars, etc.

Aeroengines and stationary gas turbines for power generation and other applications 

utilise a wide range of components from Wyman-Gordon Forgings, and these are 

based principally on nickel-based super alloys and titanium. These components 

include: combustor domes, hubs, cases, fan, compressor and turbine discs, seals, 

shafts, thrust reverse and fuel system parts

The company employs over 3,500 people within twelve plants in the United States 

and one in Scotland.

1.2 Quenching Fundamentals

When a component is quenched from high temperature it undergoes three different 

cooling stages. Initially there is a vapour blanket stage followed by the vapour 

transport stage, and finally a liquid transport stage. Thus plotting the temperature of
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a component against time, during quenching, will produce a curve similar to that 
shown in fig. 1-1. The temperature at the core will be higher than that at the surface 
of the component, but whichever is plotted the general shape of the curve will be the 
same. For most of Wyman-Gordon's aerospace products, the components are heated 
to a temperature of approximately 1100°C prior to quenching.

&

_ _ _ Quenching Temperature 

Vapour Blanket Stage

Vapour Transport 
(Boiling) Stage

Legend:

1 -Surface
2 - Core

Liquid Cooling Stage

Time

Figure 1-1 - Cooling Curve during Quenching

1.2.1 Bath or Tank Quenching

When a hot component is placed in a still quenching medium, it will be enveloped, 
initially in a vapour layer that acts as a barrier to heat transfer. The vapour has a low 
thermal conductivity and heat transfer will primarily take place through radiation. 
Agitation of the quenching medium helps to overcome the disadvantages of the 
vapour blanket stage by washing away the vapour and bringing fresh liquid to the
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surface. This vapour barrier forms if the surface temperature is above the so-called 
Leidenfrost temperature
The vapour blanket will dissipate as the temperature of the component falls and the 
consequent rate of vapour evolution. This leads to the second, vapour transport 

stage. This is the most important stage in the quenching process, since during this 
stage the cooling rate is at its highest. As the vapour blanket dissipates liquid comes 
into contact with the hot surface of the component and intense boiling of the 
quenching medium occurs. The vapour bubbles are evolved from the surface and set 
up convection currents and heat is rapidly removed from the component. A faster 
cooling rate can be achieved by the use of agitation, which physically assists in 
removing the vapour bubbles from the surface of the component and also in the 
supply of fresh quenching media. It is important that agitation is relatively uniform 
over all surfaces of the component to ensure an even cooling rate.

When the surface temperature of the component has fallen below the boiling point of 
the quenching media, the liquid transport stage begins. Cooling is by convection, 
and the cooling rate is therefore dependent upon the temperature difference between 
the component and the surrounding liquid. The cooling rate can be maximised 
during this stage through agitation, which maintains a constant supply of fresh, 

cooler, quenchant to the surface of the component.

The heat transfer mechanisms in bath quenching are very similar to those in pool 

boiling. The rate of heat transfer as a function of superheat (T-Tf) is shown in Fig. 1- 
2 for a typical water pool boiling case. Tf is the saturated boiling temperature of 
water (100°C at 1 atm). The phenomena underlying the boiling curve are adequately 

described in textbooks such as Incropera and De Witt, [1].

Free convection - Initially there is insufficient wall superheat to generate vapour. 
As the excess temperature is increased, bubble inception will eventually occur, but
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below the onset of nucleate boiling (ONE), represented as point A in Fig. 1-2, fluid 

motion is determined principally by single phase free convection effects.

Nucleate Boiling - In region A-B (fig. 1-2), isolated bubbles form at nucleation sites 

and separate from the surface. This separation induces considerable fluid mixing 

near the surface, substantially increasing the heat transfer coefficient, h and the heat 

flux, q". In region B-C (fig. 1-2) the rate of vapour evolution increases and it escapes 

as jets or columns, which subsequently merge into slugs. Point P (fig. 1-2) 

corresponds to an inflection point in the boiling curve at which h is a maximum. At 

this point h begins to decrease with increasing ATe = (T - Tf ) , although q" , which is

the product of h and ATe , continues to increase. The maximum heat flux q"= q" max , 

is usually termed the critical heat flux, and in water exceeds 1 MW/m2 . At this 

critical point the rate of vapour formation is high, making it difficult for liquid to 

continuously wet the surface.

Transition boiling - (also termed unstable film boiling, or partial film boiling). As 

the temperature of the surface increases, transition boiling ensures that bubble 

formation is now so rapid that a vapour film or blanket begins to form on the surface 

and at any point on the surface, conditions may oscillate between film and nucleate 

boiling. Heat must now be transferred across the film. The fraction of the total 

surface covered by the film increases with increasing ATe and because the thermal 

conductivity of the vapour is much less than that of the liquid the heat transfer 

coefficient and heat flux must decrease with increasing

Film Boiling - At point D of the boiling curve (fig. 1-2), referred to as the 

Leidenfrost point, the heat flux is a minimum, q" = q"rain , and the surface is 

completely covered by a vapour blanket. Heat transfer from the surface to the liquid 

occurs by conduction and radiation through the vapour film. As the surface
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temperature is increased, this later mechanism becomes significant and the heat flux 

increases with increasing degree of superheat.
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Figure 1-2 - Typical Boiling Curve for Water at 1 atmosphere, [1]

7.2.2 Fan Cooling

In fan cooling the heat transfer coefficients obtained are normally very low at high 

temperatures and progressively falls with decreasing surface temperature because the 

free convection and radiative components of the total heat transfer decrease. Since 

there is no change of phase, the cooling curve is smooth. In the aeroengine industry 

only very thin parts can be quenched using fan cooling. Although the residual 

stresses induced in the components are minimised with this quenching mode, it is not
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possible to meet the required mechanical properties in intermediate sized or large 

components.

1.2.3 Spray Quenching.

Both water sprays and air mist systems can be used. In the later case the water 

droplets are atomised by the use of compressed air. Therefore, a significantly smaller 

droplet size is achieved over a much wider range of flows than with conventional 

water sprays. Generally the rate of heat transfer depends on the water mass flux and 

the surface temperature, although other parameters such as droplet size and spray 

velocity can have lesser effects. Air/water mist cooling has been seen, [2], to offer: 

more uniform cooling as well as high cooling efficiency through maximum 

evaporation of the water. In addition there is minimum cooling-system maintenance 

although the costs of compressed air production must be taken into account. 

Sprays can provide a wide range of heat transfer coefficients and in some cases the 

heat fluxes can be significantly higher than those with pool boiling. With air-mist 

systems the air flowing over the surface can "sweep away" the vapour film and delay 

the onset of film boiling.

1.3 The Need for Spray Cooling

The aeroengine industry requires forgings that have been cooled at a rate to provide 

the required material properties. However in some components if the rate of cooling 

and hence the temperature gradients are too high, the residual stresses may cause the 

part to distort during subsequent machining or, in extreme cases, cracking will occur 

during cooling.
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The quenching method most frequently used is bath or tank quenching. The 

quenching media used is normally oil, since it is considered to provide a less severe 

quench than water. In this latter case quenching provides very high cooling rates and 

the severity of the quench can cause serious material defects as described previously.

Fan cooling has been adopted in certain cases where components are thin enough to 

attain the desired cooling rates. However, in certain cases, the material is of 

intermediate size and fan cooling cannot provide the cooling rate needed to obtain the 

desired mechanical properties and oil quenching produces an unacceptable level of 

residual stresses. This was demonstrated by Wallis et al. [3] who presented the 

results of a study into the suitability of spray cooling for a range of aeroengine parts. 

They investigated quenching practices that would allow attainment of the cooling 

rates necessary to achieve the final desired mechanical properties in the part while 

minimising the distortion and residual stresses. The first priority was thus to ensure 

the desired mechanical strength in the final component and the corresponding 

minimum required cooling rate was assumed to be 65 DC/minute.

It was found that with oil quenching a minimum cooling rate of 113°C/min is 

obtained whilst fan cooling alone resulted in a cooling rate of 48°C/min. The 

addition of small amounts of water to the air stream only increased the fan values by 

12% so that the cooling rate was still inadequate. However, preliminary 

experimental data for air-assisted spray quenching resulted in a cooling rate just 

above the minimum needed.

Thus both oil quenching and air-water spray cooling would result in satisfactory 

mechanical properties. However, the significantly higher cooling rate obtained by oil 

quenching can lead to distortion and higher residual stresses which could lead to 

problems in final machining of the component.
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1.4 Research Aims

Wallis et al. [3] undertook a preliminary study into the feasibility of using spray 

systems for cooling high temperature forgings. They used approximate heat transfer 

data and a finite-element model to predict temperature distributions and residual 

stresses in a complex-shaped component. They achieved the required cooling rate 

and the residual stresses were substantially lower than those generated by oil 
quenching. Consequently the overall aim of the present study is to carry out a more 

extensive investigation into the suitability of air-assisted water spray systems for 

cooling aerospace alloy forgings from high temperatures. This investigation 
involved the following stages:

i. The heat transfer will depend upon spray parameters such as air and water flows 

and velocities, distance of the test surface from the nozzle, etc. Consequently it 
was necessary to determine the flow characteristics of a typical air-assisted water 

spray nozzle.

ii. There is a lack of published information on heat transfer from air-water spray 

systems. Thus a transient inverse conduction technique was employed to 

determine the heat transfer rates from plane surfaces, for a range of air and water 
flow rates. Measurements were undertaken for surface temperatures ranging from 

200 - 850°C.

iii. Complex shaped forgings often contain recesses or slots in which water can 

collect during cooling. In these cases the air is less able to "sweep away" the 

water-steam film so that the heat transfer characteristics of the surface will be 

affected. Consequently measurements were also undertaken with a range of 

recessed surfaces.

10
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iv. Pulsed sprays (i.e. intermittent interruption of the water flow) were also examined 

as a means of reducing the effect of water pooling in recessed surfaces.

v. The air-assisted spray system should provide a suitably high cooling rate in the 

forging whilst maintaining residual stresses below a specific value. Consequently 

the experimental heat transfer data was "fed into" a finite element model of an 

industrial forging to predict these parameters. In particular the effect of the non- 

uniform distribution across the spray was studied.

References:
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This second chapter aims to present a brief review of previously published work carried out on spray 

cooling.

2. Literature Review

Spray cooling has received considerable attention in the open literature and most 

previously published studies have attempted to establish relationships between spray 

parameters and the mechanisms of heat transfer.

Most of the work reviewed by the present author concerns sprays impacting on a 

plane surface of relatively low temperatures (i.e. not much higher than the spray 

itself). Information concerning air/water spray quenching of high temperature 

surfaces (of the order of 1000°C) is the particular area of interest of the present 

project, and is sparse.

The literature review involves six main sections:

1) Parameters influencing heat transfer;

2) Spray characterisation;

3) Study of heat transfer from water sprays to surfaces at relatively high 

temperatures;

4) Study of heat transfer from air assisted atomised water sprays;

5) Application of sprays to quenching;

6) The need for further work highlighted by the literature review.

13
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2.1 Parameters Influencing Heat Transfer

There are several parameters influencing heat transfer from sprays and the complex 

nature of the problem means that it is normally studied empirically. Fig. 2-1 

illustrates the flow phenomenon occurring in air assisted atomised water sprays. In 

two-phase flow jets the behaviour differs from that of a common water spray in that 

the air imposes the trajectory of the water droplets, is strongly influenced by the air 

since the water droplets move along the air streamline. When the spray approaches 

the impacting surface, the streamlines curve away from the surface as the flow 

changes direction. The larger water droplets, that have relatively high inertia, will no 

longer follow the streamlines and can impinge on the surface to form a thin water 

film that, simultaneously, is spread further by the flow field in the stagnation region. 

Very small droplets, on the other hand may well follow the flow and be swept away 

in the resultant wall jets.

JFilm <J °

•::-K
• • I \

Wall I

Figure 2-1 - Air Assisted Atomised Water Spray, Flow Mechanism
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To study and isolate the relevant spray variables, spray properties such as dispersion, 

penetration, cone angle, patternation and liquid distribution have been investigated. 

Commonly used methods have been described by Lefebvre [1].

2.2 Spray Characterisation

It is widely agreed that the control of cooling can only be successful once the spray 

parameters and their relative influence on the heat extraction rate are fully 

understood.

Lefebvre [1] states that the performance of a nozzle depends on its size and 

geometry, on the physical properties of the dispersed liquid, and the gaseous medium 

into which it is being discharged. This implies that every investigators of spray 

cooling should characterise the nozzle in use prior to any study of the mechanisms of 

heat transfer.

The relevant spray parameters which influence the heat extraction rate include the 

water pressure difference, (or the air and water pressures with air assisted atomised 

water sprays), droplet size, droplet velocity, spray water mass flux and nozzle-to- 

work distance or nozzle height.

Considerable work has been published regarding measurements of droplet sizes and 

droplet velocities in both water sprays and air assisted atomised water sprays. The 

methods used in these studies vary substantially and simple techniques resulting in 

very poor precision have been described as well as more accurate and complex 

techniques involving a great deal of effort and sophisticated equipment. In air 

assisted atomised water sprays the effect of droplet size on the mechanisms of heat 

transfer at the film boiling region (the high temperature range, which is the region of

15
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greatest interest of this study) has been found to be weak at low air/water volume 

ratios corresponding to high water mass fluxes, whereas at higher ratios where large 

air flow rates and low water flow rates are used, the effect of droplet size is greater.

Also, droplet size is the spray variable that clearly marks the difference between 

water and air assisted atomised water sprays. Jenkins et al. [2] related droplet size to 

the spray air/water ratio (i.e. the ratio between the air flow and water flow rates) for 

air assisted atomised water sprays. It is referred to in a study carried out by BMP 

Research where measurements of median droplet sizes were obtained at various 

operating conditions for a series of nozzles. The results indicate that with air/water 

ratios below 10 the spray should be considered to behave hydraulically, and above 

100, sprays should be considered to form a fog with small droplets. The air/water 

ratio range of 10 to 100 was found to correspond to a droplet size range of about 80 

to 400 urn, see fig. 2-2.

1000-
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DROPLET SIZE dim)

600

Figure 2-2 - Relationship Between Droplet Size and Air/Water Ratio for a 
Range of Air -Mist Nozzles, Jenkins et al. [2]
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The study referred to above is corroborated by Lefebvre [1] who characterised water 

sprays with droplet sizes ranging from 300 to 1000 urn and air assisted atomised 

water sprays with droplet sizes within 10 to 300 (j,m.

Smaller droplet sizes in air assisted atomised water sprays result from better 

atomisation and dispersion due to the presence of air. Mitsutsuka and Fukuda [3] 

realised that high air pressure was associated with high droplet velocity, since the air 

increased the momentum of the water droplets.

The water mass flux is perhaps the most important parameter in defining the heat 

transfer characteristics. This is defined as the water flow rate impinging on a unit 

area of the test surface per unit time. Fig. 2-3 outlines the shape of a typical air 

assisted atomised water spray. The spray patterns exhibit a loss of water droplet 

momentum with distance from the nozzle. Furthermore, an increase in the spray 

distance results in a decrease in the water mass flux, see Mizikar [4] and Urbanovich 

and Gur'ev [5]. This spray water mass flux is a variable depending on nozzle type, 

inlet conditions (i.e. water and/or air pressures) and nozzle distance from the area 

being sprayed.

17
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Figure 2-3 - Variation of Spray Pattern with Distance

2.3 Heat Transfer from Water Sprays to Surfaces at Relatively High 

Temperatures

Spray cooling with water sprays of relatively high temperature surfaces has been 

used for many years, and is associated with boiling heat transfer.

The initial experimental studies of these systems include the work of Gaugler [6] and 
Pederson [7]. The first author worked with single full cone nozzles and identified 

that water spray cooling resulted in the same boiling regimes as those occurring in a 

typical pool boiling situation. According to the study, spray cooling resulted in a 
marked improvement in heat transfer in the film boiling regime over that obtained in 

pool boiling, but little or no improvement in heat transfer was observed in the 

nucleate boiling region.

18
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Pederson [7] also identified the same boiling regions by investigating the dynamics 

and heat transfer characteristics of water droplets impinging on a heated surface. The 

study showed two impingement patterns, wetting and non-wetting. The droplet 

wetting behaviour was observed just a few hundred degrees above the saturation 

temperature, since the droplets spread out and formed a wet film on the surface after 

they collided. As the surface temperature was increased, transition occurred and the 

droplets rebounded away from the surface, and non-wetting behaviour could be 

observed. The author concluded that the effect of increasing the surface temperature 

in the non-wetting state was to increase heat transfer and corroborates the view of 

Gaugler [6], that conventional film boiling ensues in this region. In the wetting state, 

the droplets do not vaporise instantaneously and this is associated with a high heat 

transfer as the droplets spread out in a thin film over the surface. Pederson 

emphasised that a different behaviour can be observed with droplets smaller than 200 

um in diameter.

Mizikar [4] in his investigation of water spray cooling in continuous casting of 

billets, reported water droplet flux, mean droplet size, droplet velocity, the angle of 

impingement and wetting effects, as the spray parameters most influencing the heat 

extraction rate.

Mizikar agreed with Gaugler [6], that an increase in spray distance resulted in a 

decrease in water flux. Moreover for a constant spray distance, an increase in water 

pressure had little effect on the water flux at the centre, but a pronounced effect on 

the outlying fluxes. The author also stated that the uniformity of heat extraction was 

strongly dependent on the distribution of water flux within the spray. This study of 

Mizikar characterised and worked with three different water sprays with estimated 

mean droplet diameters of 1300, 1450 and 1600 um, at a pressure of 2.76 bar (40 

psi). By cooling a stainless plate from 1093°C (2000 F) the relationship between the 

surface heat flux and surface temperature shown in Fig. 2-4 was established, (i.e. this

——————————————————————19
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resembles a typical pool boiling curve). He also concluded that an increase in the 
spray distance (i.e. a decrease in water flux) in general caused the surface heat flux to 
decrease in the film boiling region. It also decreased the critical temperature and the 
maximum rate of heat extraction during transition boiling. Mizikar [4] correlated 
heat extraction data with the spray parameters only in the film boiling region. He 
concluded that the surface heat flux fell gradually with a decrease in surface 
temperature, resulting in a nearly constant heat transfer coefficient, see Fig. 2-4. It 
was also reported that the coefficients increased linearly with increases in water flux, 
see Fig. 2-5. It should be noted that the all units in this study have been converted to 
S.I. units.
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Figure 2-5 - Effect of Water Flux on the Film Heat Transfer Coefficient 
for Surface Temperatures above 565°C, Mizikar [4]

Brimacombe et al. [8] reviewed previous studies of water spray cooling and stated 
that the spray heat transfer coefficients were affected by a large number of variables 
such as nozzle type, nozzle-to-work distance, water pressure, water temperature. 
These variables were divided into two categories depending on whether or not they 
influenced the spray water flux, which was considered the most important spray 
variable. Thus the effect of variables such as nozzle type, water pressure and nozzle- 
to-work distance on spray heat transfer could be seen primarily in terms of their 

effect on the spray water flux whereas variables like water temperature could be seen 

to affect heat transfer directly.

The reviewed studies agreed that, in the temperature range of 700 to 1200°C, the 

spray water flux had the greatest effect on the heat transfer coefficient and that the 

relationship between heat transfer coefficient, h, and the water mass flux was non-
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linear ( i.e. h QC m" ), the value of n was seen to vary from 1.0 to 0.5 when the spray 

flux increased from 2 to 20 kg/m2 .s. This contradicted the findings of Mizikar [4] 

who reported a linear relationship for a water flux range from «0 to 22 kg/m2.s, see 

Fig.2-4. Mizikar's range of water fluxes was obtained at a constant water pressure of 

6.21 bar (90 psi) by varying the nozzle distance. The water mass flux was thus 

altered by varying the droplet momentum and droplet concentration see Gaugler [6]. 

If the nozzle-to-work distance was kept constant and carried out a series of tests 

altering the water mass flux by changing the inlet water pressure he might have 

realised that the relationship was non-linear. Another point worth referring is the 

range of water mass fluxes. Mizikar tried to generalise the relationship with mass 

flux over a very wide range of flows. This may have resulted in him failing to realise 

that the relationship is more complex at low water mass fluxes.

Urbanovich and Gur'ev [5] used round-jet-nozzles to investigate heat exchange from 

a nichrome plate at surface temperatures up to 1000°C. These authors studied the 

distributions of local spray density (i.e. water mass flux) with water pressures of 0.5- 

2.0 MPa. The maximum value of spray density at a distance of 0.2 m was 12 kg/m2 .s 

as against 6 kg/m2.s at a distance of 0.6 m. They concluded that by changing the 

distance from the nozzle to the metal surface from 0.2 to 0.6 m it was possible to 

virtually halve the heat transfer in the central part of the jet, at a fixed water pressure. 

The study corroborates the data in both Gaugler and Mizikar studies. These authors 

stated that the heat transfer rate depended on both the spray density and the water 

pressure. Thus with a pressure of 0.5 MPa the distribution of the heat transfer 

coefficient at a distance of 0.2 m was considerably more uniform than with pressures 

of 1.5 and 2 MPa, and the positioning of the nozzle further away from the surface (at 

all pressures) produced improved uniformity in the distribution of the heat transfer 

coefficient over the target surface. 

The following correlation was established for the spray density:
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v = 0.387xlO~2 +1.56xl(T3 -(x/l)-1.35xlO~2 -(x/1)2 -4.40-(x/l)3 + 0.863xlO~2 

+ 0.964xlO~3 -(y/l)-1.13xlO~2 -(y/1) 2 -0.223xlO~2 -(y/1)3 +0.510xlO~2
+ 0.102x10-% Equation 2-1

Where v is the volumetric spray density (m3/m2 .s); p the water pressure before the 

nozzle, (MPa); / the distance from the nozzle to the surface being cooled, (m); x and.y 

the horizontal and vertical co-ordinates determined from the geometrical centre of the 

jet, (m);

36.4.p-1.08xl03 . p - g Equation2-2

Where h is the heat transfer coefficient, W/m2K.

The equations 2-1 and 2-2, according to Urbanovich and Gur'ev [5], are valid for a 

distance between the nozzle to surface spacings of 0.4 m at a pressure of 0.1 - 2.25 

MPa and spray densities of 0.0001 - 0.0011 m3/m2 .s (0.1 - 1.1 kg/m2 .s) for a surface 

temperature of 1000°C.

Choi and Yao [9] investigated the effect of liquid mass flux on the overall heat 

transfer at a constant droplet size of 0.48 mm and a droplet impinging velocity of 3.2 

m/s, in the mass flux range 0.11 - 1.84 kg/mis (0.011 - 0.1824 g/cm2 .s) for the 

reasonably low temperatures range of 90 - 430°C. They observed that the higher the 

liquid mass flux and the greater heat transfer capability. In the film boiling regime it 

was found that a vertical plate gave a higher heat transfer, while in transition boiling 

a horizontal surface exhibited higher heat transfer. The reason given for this 

behaviour was the ease of vapour removal from the surface in the film boiling case.
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Mudawar and Valentine [10] reported an extensive experimental study of heat 

transfer from hot metallic surfaces to water sprays. The study was conducted over 

the nucleate and transition boiling regions for surface temperatures below 400°C. 

The hydrodynamic properties of the sprays such as droplet diameter, droplet 

velocities and volumetric spray flux were measured and varied during the study. 

These ranged from 0.434 to 2.005 mm, 10.6 to 26.5 m/s and 0.0006 to 0.0096 

m3/s.m2 (6 to 9.96 kg/m2 .s), respectively. The authors presented correlations, see 

Table 2-1, for water temperatures varying from 23 to 83°C and suggested that the 

correlations provided sufficient information to predict and develop quenching curves 

for industrial sprays commonly employed in material processing applications.

Nomenclature used in Table 2-1 and Table 2-2.

CHF = critical heat flux
cp = specific heat at constant pressure
d = droplet diameter (m)
h = heat transfer coefficient, q" / (Tsur - Tf) ( W/m2 .K)
hfg = latent heat of vaporisation (J/kg)
kf = liquid thermal conductivity, (W/m.K)
Nu = Nusselt Number, hd/kf
P = pressure (Psi)
Pr = Prandtl number
q" = heat flux (W/m2)
Q" = volumetric spray flux (m3 .s"Vm2)
Re = Reynolds number (Q".d/vf)
T = Temperature (K)
ATsat= surface superheat, (Tsur- Tsat) (°C)
ATsub= degree of subcooling, (Tsat- Tf) (°C)
<y = surface tension (N/m)
p = density (kg/m3)
Um = characteristic mean velocity (m/s)
vf = kinematic viscosity (m2/s)
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Table 2-1 - Summary of Correlations, Mudawar and Valentine[10]

Bailing Regime Correlation
Single Phase Nu32 = 2.512-Re£,76 -Pr|56 

M/o.5 = 2.569-Regf-Pr)'56

Incipient Boiling
.= 13.43 • p,0.123 

S 32 '*V '
'32

T?P°- 172 r0123 / Ke0.5 ' —
0.5

0.220

v 0.220

Nucleate Boiling <jr"=1.87xlO-5 .(riu,-7>)5 -55

Critical Heat Flux
• = 122.4

l/4

-il/5.55

•0"*-d

- = 134.3

32 J 

1/4

0 .oii8.

(p* •**•
\0.192 1/5.55

Transition Boiling

-0.903
-,2

-1.144

logio T -'•'max

-1.06xl04 ^ Q"
-0.834

vl2

based on d,

based on d,, 5

Leidenfrost Heat 
Flux = 0.145

0.834
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Deiters and Mudawar [11] applied these correlations to predict the temperature -time 
histories of three-dimensional aluminium parts during quenching with water sprays. 
They obtained good agreement between measured and predicted temperatures and 
allowed for non-uniform spray distributions.

Klinzing et al. [12] used a miniature gold plated copper disk to perform quenching 
experiments with water sprays to correlate heat flux q" with surface-to-fluid 
temperature difference, and the local values of the spray hydrodynamic parameters 
including volumetric water flux Q ", mean drop velocity Um and Sauter mean droplet 
diameter d^2. The operating conditions were as follows Q" = 0.00058 - 0.0096 
mVs.m2 (0.58 - 9.96 kg/mis), Um = 10.1 - 29.9 m/s, d32 = 0.137 - 1.350 mm), and 
surface temperatures up to 520°C. The authors found that the droplet diameter had 
only a weak effect on heat transfer in film boiling for all the conditions tested. Also 
they identified two distinct spray cooling regimes depending on the volumetric flux. 
Thus there was a low flux spray for Q"<0.0035 mVs.m2 (3.5 kg/m2 .s), and high flux 
sprays occur for Q">0.0035 nrVs.m2 (3.5 kg/m2.s). Furthermore Q" was found to 
have a significant influence on film boiling heat transfer in both these regimes, while 
droplet velocity was only significant for the high flux sprays. Other investigators, 
[9], [13], have also classified water sprays into two regions, that of dilute (low water 
mass flux) sprays and dense (high water mass flux systems). Klinzing et al. found 
that water volumetric flux or water mass flux was found the dominant parameter for 
both boiling regimes, although other parameters such as droplet diameter, droplet 
velocity and Weber number had an important influence on heat transfer in the case of 
dilute sprays. They presented correlations, see Table 2-2 for film boiling heat fluxes, 
the point of departure from film boiling, point of minimum heat flux and transition 
boiling complemented the study by Mudawar and Valentine [10]. The ranges of 
validity given for the correlations were: Q" = 0.6 - 9.96x10'3 m3 .sec'Vm2 (0.6 - 9.96 

kg/m2 .s), Um = 10.1 - 26.7 m/s and d32 = 405xlQ-3 -1350xlO-3 m, Tf = 23°C. 

Fig. 2-6 presents some of the results obtained by these authors.
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Table 2-2 - Summary of Spray Heat Transfer Correlations, Klinzing et al.[12]

BpilineReeime Correlation
Film Boiling Q"> 3.5 x 10-J ;<?"= 1.413 x 10 5 - AT 0461 • Q" <>•**.t/ m °'639 

Q"< 3.5 x 10'3 ; 9"= 63.250 • AF 1 '691 - Q" 1

Point of departure 
from film boiling

Q"> 3.5 x lQ-3 ;q DFB "= 65.361 x 10 5 • ^.995^^0.924
bTDFB = 30793.201 • Q"'° l94 -f/i;922 • rf32 ' 651 

Q"< 3.5 x lO~3 ;g DFB "= 61.003 x 10 5 • Q"°'588 -Um 0244 

&TDFB = 280.762 • C?""°°
Film wetting regime <?"= ^0

JV, =-2

MIN

Minimum heat flux g"> 3.5 = 60.694 x 

= 7990.273 •
-3'< 3.5 x KT^^JV = 33.244 xlO 3

~° °35

Transition boiling
CHF

6ATCHF ATMIN AT - 3 • (ATCHF + ATMN )-AT 2 +2 -AT 3
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Figure 2-6- Variation of the Copper Disk Boiling Curve with Increasing 

Volumetric Flux, Klinzing et al. [12]

Hall et al. [14] constructed boiling curves for several sprays from the heat transfer 

correlations developed by Mudawar and his co-workers [10],[12], and discovered a 

discontinuity in the boiling curve at the departure from film boiling (DFB) and lower 

heat fluxes in the film boiling regime than at the generally accepted point of 

minimum heat flux (MHF). These features were considered to provide an unrealistic 

description of the film wetting regime so that new correlations for DFB, MHF, and 

the film wetting regime were formulated to produce a smooth, continuous boiling 

curve that would observe the correct trends. These new correlations covered the 

following range of spray parameters, fluid temperature =23°C, volumetric spray flux 

= O.SSxlO'3 - 9.96xlO"3 ny'-s^-m'2 (0.58 to 9.96 kg/m2 .s), mean droplet velocity = 

10.1-29.9 m.s- 1 , Sauter Mean Diameter (SMD) = 137xlO'6 - ISSOxlO'6 m).
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Fig. 2-7 shows the results obtained by Hall et al. [14] for different spray conditions.

It should be noted that the trends of the curves suggest that the heat flux at high

temperatures is virtually independent of water mass flux.

Fig. 2-8 shows the predicted boiling curves for volumetric spray fluxes from 0.5 to

4.0x10'^.s-'m'2 (0.5 to 4 kg/m2.s).

Unfortunately the above correlations are not applicable to the present work, since the

present study involves cooling from higher surface temperatures than 530°C and the

spray parameters with air-assisted atomised water sprays in the present study are

beyond the limits of validity of the correlations.

All the reviewed authors who studied water sprays agree that heat flux versus surface 

temperature curve, obtained from water spray cooling, results in substantially the 

same boiling regimes as those occurring in pool boiling. In the film boiling region it 

has been reported that the heat transfer coefficient varies linearly with the spray 

water mass flux [4] although other authors [8] have reported that this relationship is 

non-linear. This apparent difference has been clarified, [12] and [13], by dividing 

water sprays (and their influence on the heat extraction rate during film boiling) into 

dense and dilute sprays according to the water mass flux. Variables such as droplet 

characteristics appear to be only important for the high flux sprays. This seems to be 

explained by the high inlet water pressures or closer distances to the area being 

sprayed and therefore a larger droplet size and momentum which are often found at 

high water fluxes.
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Figure 2-7 - Comparison of Spray Heat Transfer Data with Heat Transfer
Correlations, Hall et al. [14]
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Figure 2-8 - Calculated Spray Boiling Curves for Locations within the Spray 

Field Corresponding to Volumetric Fluxes of 0.5 to 4 kg/m2.s, Hall et al.[14]
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It can be clearly seen in Fig. 2-8 that the predicted curves (both below and above 3.5 

kg/m2.s) of Hall et al. [14] the film boiling region are parallel to each other, whereas 

the study presented by Klinzing et al. [12] or Deb et al. [13] indicate that these 

curves behave differently at this high temperature region and may well intersect.

In addition to the spray variables previously discussed the material thermophysical 

properties and surface effects such as material oxidation and surface roughness 

should be taken into account.

Jeschar et al. [15] investigated four different materials with different thermal 

properties (thermal conductivity, density, and specific heat capacity) and examined 

the influence on the heat transfer coefficients. Fig. 2-9 shows the authors measured 

heat transfer coefficients as a function of surface temperature for materials such as 

copper, nickel, aluminium and brass for a constant water mass flux of 1.98 kg/m2.s.
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Figure 2-9 - The Influence of the Thermophysical Properties on the Heat
Transfer, [15]
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From their experimental study, the authors concluded that in the stable film boiling 

region the material properties had little influence on the heat transfer since the 

process of the heat transport is steady in this region. However the Leidenfrost 

temperature depended greatly on the properties. For the spray condition (shown in 

fig. 2-9), the highest heat transfer coefficient was found for the copper test piece and 

the lowest for the nickel test piece.

Although the surface condition can affect heat transfer Tensi and Totten [16] in their 

review of water sprays showed that oxidation of a surface had relatively little effect 

on the heat extraction rate.

2.4 Study of Heat Transfer from Air Assisted Atomised Water Sprays

2.4.1 Comparative Studies Between Water Sprays and Air Assisted Atomised Water 

Sprays

Air-assisted sprays are used since they can provide a wide range of water flows from 

a single nozzle. Water sprays have been compared with air assisted atomised sprays 

by several authors. Kruger et al. [17] stated that the water can be atomised into very 

small droplets by compressed air. Thus, in contrast to "conventional" spray-cooling 

(i.e. water spray cooling), an air mist cooling system (i.e. air assisted atomised water 

sprays) resulted in significantly smaller water droplets, which therefore had twice the 

surface/volume ratio so that the rate of evaporation was significantly increased.

Jeschar et al [15] stated that in air-water nozzles the addition of air as a secondary 

cooling medium not only influenced the nozzle characteristics but also controlled 

cooling especially near the Leindenfrost Temperature. Fig. 2-10 summarises their
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comparison between water cooling and water-air cooling at the same mass flow rate 

of 70 kg/hr although the water flux varies markedly in the two cases.

20000
Water flux (l/m2.min) 

....... water 94
-_— water-air 700

Water flow rate 70 kq/h = const 
Air flow rate 14 m3/h

800

Figure 2-10 -Comparison Between Water Cooling and Water-Air Cooling at a 
Constant Mass Flow Rate of 70 kg/hr, Jeschar et al.[15]

They explained the differences occurring in fig. 2-10 by stating that during the binary 

cooling (i.e. with the air assisted atomised water spray) the volume flow of air of 

14Nm3/h enhances the heat transfer coefficient in all regions. The addition of air 

caused the cone of the spray to change, resulting in a very substantial increases in the 

water mass flux in the centre of the jet. Thus on the centre line of the jet the water 

flux was increased to 700 l/m2 .min (11.7 kg/m2 .s) instead of the value of 94 l/m2.min 

(1.57 kg/m2 .s) with the original water spray. Fig. 2-11 shows their heat transfer data 

plotted as a function of the surface temperature for both nozzle types with the same 

water flux of 690 l/m2.min (11.5 kg/m2 .s).
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Figure 2-11 - Comparison Between Water Cooling and Water-Air Cooling, 
Constant Water Flux, Jeschar et al. [15]

These authors [15] concluded that the water mass was the main parameter affecting 

heat transfer for both standard water sprays and air-water cooling in the range 50 to 

2000 l/m2.min (0.83 to 33.3 kg/m2.s). In the stable film boiling region, a linear 

relationship existed between the heat transfer coefficient and the water flux. The 

Leidenfrost temperature was found to depend on the water flux and on the 

thermophysical properties of the test surface. There were no significant differences 

between the single-phase and two-phase cooling systems at the same water mass flux 

in the range examined by these authors. Nevertheless they stressed the need for 

further study below 50 l/m2.min (0.83 kg/m2 .s), in which, they believed, the influence 

of air would become increasingly important.

Reiners et al. [18] studied heat transfer in cooling continuous casting and studied 

both water spray systems and air-assisted water systems. For the water sprays the
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authors identified that in the stable film boiling region the heat transfer is dictated by 

the water impingement mass flux and established a linear relationship between heat 

transfer coefficient and this latter variable.

During the air-water cooling study they established that the water droplets had a 

higher velocity when compared with purely water sprays since the air velocity which 

was higher than the water velocity, accelerated the water droplets. The authors 

concluded that heat transfer coefficient decreased with increasing proportion of air 

i.e. decreasing water mass flux. They also found a linear relationship between the 

heat transfer coefficient and water mass flux or water impingement density, in the 

film boiling region. Again the water flux was the dominant variable as regards to 

heat transfer for the range 1 to 40 kg/m2 .s. At lower water fluxes there is a more 

complex effect on heat transfer in the same region see fig. 2-12.
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Figure 2- 12 - Total Heat Transfer Coefficient as a Function of Water 

impingement Density (just water cooling), Reiners et al.[18]
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Reiners et al. [18] suggested that the behaviour changed at a water flux of 0.15 

kg/m2.s. For fluxes greater than this value the rate of increase of heat transfer was 

much flatter. However the scatter in their data points casts some doubt and their 

conclusion that there are two distinct regions of behaviour.

Pejavar and Aswath. [19] studied the cooling of a microalloy steel with an air/water 

atomiser. The author compared water sprays with air assisted atomised water sprays 

highlighting relative advantages and disadvantages of the two systems. The 

disadvantages of the water sprays were mainly: (a) a low efficiency of cooling 

because the heat transfer rates did not always increase with an increase in the volume 

of water being sprayed; (b) large water droplets leading to localised film boiling and 

a reduced evaporation rate; (c) water sprays covered only small areas, leading to 

localised rapid cooling that could result in cracks, due to spray non-uniformity. The 

use of an atomiser, where air and water are combined to form a mist of fine droplets 

at high velocity, had advantages, mainly: (a) a high kinetic energy in the spray and 

thus a larger fraction of the atomised water is brought into contact with the surface 

together with a larger heat exchange area due to a better dispersion of the water 

droplets; (b) water that is not vaporised upon contact with the hot surface descended 

as a fine mist, forming an ambient cooling zone; (c) cooling was more homogeneous 

and uniform because of the relatively uniform distribution of the water droplets; (d) 

the velocity, distribution, and volume fractions of air and water could be controlled 

with great flexibility and this leads to controllability of the surface heat flux.

2.4.2 Air Assisted Atomised Water Sprays

Hodgson et al. [20] studied the local and overall heat transfer around a horizontal, 

isothermal, circular cylinder, exposed to cross-flow of a water-in-air spray. Their 

investigation involved a closed loop wind tunnel in which a spray nozzle and an
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electrically heated test cylinder were located. From the results obtained the authors 

concluded that the addition of water droplets to the air stream greatly increased the 

heat transfer. Heat transfer was also seen to increase with the air velocity, the water- 

to-air mass flow ratio, and was directly proportional to the temperature difference 

between the spray and the cylinder.

Mitsutsuka et al. [3] in an investigation of the cooling characteristics and heat 

transfer coefficients during air-water mist cooling of hot steel plates at about 930°C, 

concluded that at low air velocities the cooling capability of the mist was virtually 

dependent on the water flux at the surface and was substantially the same as pressure- 

atomised water sprays for the same water mass flux.

Jenkins et al. [2] defined air-mist nozzle operating conditions for optimal spray 

cooling performance. The study was carried out by cooling moving steel with 

surface temperatures ranging from 850 - 1050°C. The authors initially performed a 

series of tests to characterise the performance of air-mist nozzles and used the results 

to define optimum nozzle operating strategies. From this study it can be concluded 

that the water flux is an extremely important factor which dictates the degree of 

cooling. The authors refer to the non-linear relationship by Brimacombe et al. [8] to 

highlight the strong dependence of heat transfer coefficient on water flux, in the 

stable film boiling region (i.e. at surface temperatures in excess of 800°C). 

Nevertheless, the authors stressed the influence of secondary factors, since for a 

given water flux the heat transfer coefficient increased with increasing air pressure, 

which affects spray parameters such as air/water volume ratio, droplet size, and 

droplet momentum so that although heat transfer was affected primarily by water 

flux the spray droplet characteristics at the sprayed surface have a smaller but 

significant effect. The authors related, droplet size with air/water volume ratio and 

concluded that median droplet sizes of 80-400 urn coincided with air/water volume 

and that this range provides acceptable air mist performance. They also established 

from heat transfer experiments that optimum nozzle performance occurred at 
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air/water volume ratio of about 20-30 and that ratios below 10 were not feasible, 

since the cooling efficiency decreases. Similarly air/water volume ratios above 50 

were not desirable due to the need to supply large amounts of air with little additional 

benefits in heat extraction rates.

It has been referred to previously that water spray cooling results in very similar heat 

transfer regimes to those occurring in pool boiling. However, air assisted atomised 

water sprays modify the heat flux versus surface temperature curves obtained in pool 

boiling. Pejavar and Aswath [19] reported that the rates of heat removal from a part 

cooled in water and from one cooled by an atomised spray of air/water show 

significant differences. The authors compared heat-transfer mechanisms in pool 

boiling and atomised sprays in each individual region and summarised as follows: 

At low temperatures, natural convection will dominate heat transfer. However, in 

nucleate boiling when a part is cooled with an air/water atomiser, water droplets are 

instantly vaporised on contact with the surface so that conventional nucleate boiling 

does not take part. Transitional boiling is also minimised when an air/water mixture 

is used since the high-velocity droplets can penetrate the vapour blanket and reach 

the surface of the part. The typical peak observed in pool boiling is largely avoided 

when cooling with an atomiser, because a continuous liquid phase is eliminated since 

the vapour that forms due to the evaporation of ultra-fine droplets of water is able to 

leave the surface easily. In the film boiling region, when an atomised spray is used, 

the vapour blanket is broken by the penetration of high-velocity droplets. Hence, the 

heat-transfer rate is much higher than in pool boiling.

Buckingham and Haji-Sheikh [21, 22] investigated the cooling of high-temperature 

(up to 1000°C) cylindrical surfaces using a water-air spray. They have shown that 

the heat transfer rate depends on the mass fraction of the liquid. The authors 

identified two distinct heat transfer regions above the dry wall temperature: a 

radiation-dominated region and a convection dominated region and in between these 

two regions a transition region. In the radiation-dominated region, the water was in
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vapour form as it entered the boundary layer, so a single-phase model could predict 

the heat transfer. In the convection-dominated region, the evaporation of droplets 

mainly took place in the boundary layer and heat transfer to the droplets was by 

convection. In the transition region, the droplets evaporated partially before they 

enter the boundary layer. The mechanisms of heat transfer described above are in 

agreement with Pejavar and Aswath [19] since it corroborates that heat transfer is 

enhanced when compared with typical pool boiling curve. Typical results obtained 

by Buckingham and Haji-Sheikh are shown in fig. 2-13. These curves clearly show 

the heat extraction enhancement over the film and transition boiling regions during 

air-mist cooling.
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Figure 2-13 - Heat Flux as a Function of Surface Superheat, 
Buckingham and Haji-Sheikh [22]

Unfortunately the data presented by Buckingham and Haji-Sheikh [21, 22] has only 

limited relevance to the present study since their work involved air-water cooling of 

high temperature cylindrical surfaces and they presented only overall water flow 

rates (instead of water flux). This together with the cylindrical geometry makes it
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difficult to apply their data for the design of air-water spray systems, nevertheless it 

constitutes an important qualitative source of comparison.

2.5 Application of Sprays to Quenching

A few studies with both water sprays and air assisted atomised water sprays have 

been directly concerned with quenching applications.

A study of quenching of complex shaped components has been reported by Hall and 

Mudawar [23, 24]. This study is part of an ongoing research project at Purdue 

University Boiling and Two-Phase Flow Laboratory, where a CAD based intelligent 

spray system, originally proposed by Deiters and Mudawar [25] aimed to optimise 

the quenching of aluminium alloys to achieve high quality components. The study 

presents a method for predicting the temperature-time history of complex shaped 

aluminium alloy parts subjected to spray quenching. It examines quenching of an L- 

shaped aluminium alloy with multiple, partially overlapping spray nozzles, using a 

finite element method to predict temperatures. In the study, spray heat transfer 

correlations, which relate the local heat transfer rate in each of the boiling regimes 

experienced by the surface to the local values of the spray hydrodynamic parameters 

were used as boundary conditions. The spatial distributions, of the spray 

hydrodynamic parameters, were modelled and incorporated in the finite element 

program. Also, a method for optimising the distance between adjacent nozzles and 

therefore reducing the undesirable residual stresses due to heat transfer non- 

uniformity, was developed.

Thomas et al. [26] presented a method for numerical determination of the 

temperature field in low carbon steels, and subsequently experimentally determined 

the material micro structure after spray cooling. It was concluded that the numerical 

model provides a reasonable estimate of the temperature profile within the steel bar
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and that air-assisted atomisation is a useful tool to tailor the cooling rate from the 

forging temperature to obtain the desired properties. Hardness and microstructure 

predictions, based on numerical simulation of the cooling curve, matched the 

experimentally measured values.

Wallis [27, 28] reported the use of both computer and physical models to improve 

the quenching process. The study has shown that it is possible to obtain accurate 

heat transfer coefficients from large production scale quench tanks to enable cooling 

rates in components to be predicted and correlated to their properties. Wallis and 

Craighead [29] reported a study carried out by Wyman-Gordon and Rolls-Royce pic 

to verify whether or not the heat-treatment modelling used by both companies was 

accurate. For the verification, the project used large-scale forging. The calculated 

stresses were compared to those measured using a hole-drilling technique. It was 

concluded that even though the analyses were conducted by both companies using 

different software, the results tied in closely with the measurements.

More recently Wallis et al. [30] used preliminary, estimated heat transfer data for air- 

water sprays together with a finite-element model to predict cooling rates and 

residual stresses in a typical superalloy aero-engine forging. They demonstrated that 

appropriate cooling rates could be achieved and that the predicted residual stresses 

were substantially lower than those generated by oil quenching so that spray systems 

appear to offer a considerable potential in this application.

2.6 Further Work Highlighted by the Literature Review

Most of the previously published work on water sprays has generally been confined 

to temperatures < 600°C and the literature regarding air assisted atomised water 

sprays at high temperatures is sparse. Furthermore the data which is published is
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difficult to apply for the design of air-water spray systems for quenching of 
superalloy forgings. There is thus a need to extend this area of work and investigate:
• heat extraction rates, from air assisted atomised water sprays, at higher 

temperatures than 600°C;

• the spray parameters affecting heat transfer, expanding the water mass flux ranges 
further, especially at the low range corresponding to high air/water volume ratios 
(high air flow rates and low water flow rates);

• the mechanisms of heat transfer due to air assisted atomised water sprays from 
both flat and recessed surfaces at high temperatures, since no mention of the latter 
geometry was found in the published literature; (the study of recessed surfaces can 
be of great importance since these geometries can occur within a complex-shaped 
forging);

• To model the air-mist quenching process for a real size forging, to examine the 
effects of non-uniform spray water distribution on the residual stress patterns.
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This chapter describes the test methodology, and equipment used to carry out the experimental work 
referred to in this project.

3. Experimental Details

3.1 Spray System

The experimental test rig consisted of an open acrylic tank to collect the water 

during a test run. The test piece was supported by a steel structure and heated from 

below by an oxygen-propane burner. This arrangement is shown in Fig. 3-1.

Figure 3-1 - Test Rig Set-up.

The air assisted atomised water spray cooling system consisted of a "Spraying 

Systems" nozzle type SU42 (see Fig. 3-2), which was positioned vertically above the 

test model. This nozzle was mounted on a system of two steel arms that enabled it to
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rotate or to be moved vertically or horizontally relative to the geometric centre of the 
model. The test set-up can be see in Fig.3-3.

Air Fluid 
Cap Cap

Round
spay

pattern

1158 3612 
Retainer Gasket 

Ring

Figure 3-2 - Nozzle SU42 "Spraying Systems Co."

Figure 3-3 - Cooling System Set-up.
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Tests were undertaken normally at a nozzle-to-test surface spacing of 800 mm, 

although a series of experiments were also conducted with the spacing varying from 

400, 500, 600, 700 and 800 mm.

Table 3-1, tabulates the manufacturer's specification of the flows of the nozzle.

Table 3-1 Nozzle Specifications

Air Pr. 
fbart

1
1.1
1.4
1.5
1.7
1.8
2.0
2.1
2.2
2.4
2.5
2.7
2.8
3.0
3.1
3.2
3.4
3.5
3.8
4.1
4.6

Water Pressure (bar) 
0.7 1.5 2 3 4

Air Cap Water Cap. 
H/minl (1/mirO
86
102

0.733
0.533

79
81
105
118
130

2.08
1.77
1.45
1.17
0.917 108

119
130
143
155
166
178

2.05
1.8
1.58
1.30
1.06
0.87
0.7

88

110

133

154
166
176
187

3.317

2.9

2.43

2.017
1.8
1.583
1.4 141

163
184
225

4.17

3.75

3.417
3.03
2.65
2.017

The nozzle was connected to compressed air and water supplies. The air was 

supplied by a 2.2 kW Hydrovane Compressor, model 13 PUM via a pressure 

regulator whilst the water was supplied directly from the mains. The air and water 

flows were measured by means of rotameters.

For the water measurements a GEC - Elliot rotameter, series 2000 was used, with a 

range from 50-500 kg/hr at 20°C. For the air measurements a KGB Mobrey series 

2000 rotameter was used, with a range from 80 to 760 litres/min., for air at 15°C and
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1013 mbar abs. pressure. The reading from this flow meter was corrected during the 

analysis, since the test air pressure differed from the calibration value. The air and 

water supply pressures were measured by pressure gauges, with ranges from 0-11 bar 

(0-160 psi) and 0-7 bar (0-100 psi), respectively.

During a test the supply pressures and flows were maintained constant by manual 

adjustment. The maximum test duration was 5 minutes and over this period any 

fluctuations were small. The overall flow arrangement is shown in Fig.3-4.

Valves—CXH
—1X1-

Air
Water

Data Logging S/stem

Rotameters

Pressure 
Gauges

Air-Water
Spray Q

Nozzle Y

Thermocouples Piece
Propane 
Burner 

i
Acrylic Tank

Figure 3-4 - Overall Arrangement of the Spray Test Rig

3.2 Details of the Test Piece

The model or test piece was made of type 304 stainless steel and consisted of a 

cylinder 20 mm in diameter and 25mm long, see Fig. 3-5. In order to investigate the
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effect of surface geometry, the upper surface of this test piece was either plane, or 
contained a 2, 4, or 8 mm deep recess.

8, 4,2 or 0

25 (Aux)

Dimensions in mm

Figure 3-5 - Test Piece Geometry

The test piece was fitted with four metal K-type Nickel-Chrome-Alumel 
thermocouples, 1.6 mm in diameter, as shown in Fig.3-5 and 3-6, to determine the 
temperature-time history throughout the test run. The thermocouples were inserted 
into the centre of the test specimen through accurately drilled, closely fitting holes. 
The leads exited horizontally (i.e. along an isothermal path) to minimise conduction 
losses and hence reduce errors in the temperature measurements. The thermocouples 

were claimed to have an accuracy of ± 0.1%.

Figure 3-6 - Thermocouples Insertion in the Test Piece
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The inverse conduction model which was used to calculate the surface heat flux and 

heat transfer coefficient, incorporates 21 nodes and the thermocouples, which were 

positioned at 5 mm intervals (see Fig, 3-5), monitored the temperatures at nodes 5, 9, 

13 and 17. Node 17 represented the measured temperature closest to the surface and 

sketch of the nodal arrangement is shown in Fig.3-7.

Top Heat Flux (2)

t

Bottom Heat Flux (1)

Node 21 

Node 17 

Node 13 

Node 9 

Node5 

Node 1

Figure 3-7 - Test Piece Nodal Representation.

In order to ensure substantially one-dimensional heat conduction along the length of 

the test model, it was surrounded by ceramic fibre high temperature insulation to 

minimise radial heat losses. The ceramic fibre board was than covered with a thin 

steel plate to prevent wetting during the quenching process. The gap between the top 

surface of the test piece and this plate was sealed by a small plug of dense ceramic 

cement to prevent water from running down the sides of the model during quenching 

and to reduce transverse heat losses into the plate.

52



Chapter III

Ceramic Fibre 
Thermocouples

Figure 3-8 - Test Piece Detail

3.3 Experimental Method

The desired spray conditions were set, using the pressure gauges and rotameters and 
the flow diverted during heating of the test piece. The top geometric centre of the 
model was aligned with the tip of the nozzle and the appropriate nozzle-test piece 
spacing was set. The bottom of the test piece was then heated by the oxygen-propane 
burner and the temperatures were monitored during the heating process. When the 
thermocouple closest to the bottom surface indicated a temperature close to 1000°C, 
the flame was extinguished and the burner covered and protected from the spray 
water. During the heating period the top surface of the test piece was covered a with 
ceramic fibre plug and in this fashion relatively uniform temperatures of 850°C were 
attained within the stainless steel. This plug was removed prior to spraying the top 
surface of the test piece. The spray was than allowed to impinge on the upper surface 
of the test piece which was sprayed until it cooled down to approximately 100°C.
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The temperature-time histories of the thermocouples on the test piece were "logged" 

at intervals of 1 second during the test and stored in data files that were subsequently 

used to calculate heat fluxes, coefficient and data analysis.

Prior to each new heat transfer test the top surface was cleaned and polished to avoid 

the effect of any thin oxide films, since it has been demonstrated that the heat transfer 

coefficient and minimum film boiling temperature can depend on the thermal 

conductance of the surface, Kikuchi et al. [1].

3.4 Data Acquisition

A data acquisition system was employed to monitor the temperatures within the 

model during the cooling period and, allow the storage of the temperature-time 

histories during cooling. The data were acquired by instrumenting the test piece with 

thermocouples and these were connected to a 16 bit Parallel Pad supplied by 

"Computer Instrumentation Ltd". The data were then recorded and stored via DAV 
Datalogger Software. The stored information was subsequently used as an input to 

the inverse conduction program that was employed to calculate the surface 

temperatures and corresponding heat fluxes during the test. The data acquisition 

system thus consisted of: four K-type thermocouples; the 16 bit Parallel Pad; the 

DAV Datalogger software.

The parallel pad was connected to the parallel port of a Viglen 486 DX4, 100 

Computer for speed and convenience thus turning the machine into a powerful data 

logger.
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Figure 3-9 - The Parallel Pad

A wide range of signals were accommodated by the inputs, ranging from ± 3mV to ± 

10V full scale with input terminal connector assemblies being available to allow 

connection of sensors from thermocouples. Sensor energising was provided , with 

signal conditioning and linearisation where required.

The parallel pad incorporated logic I/O control, counter timer inputs and analogue 

outputs. Power was derived from an external power supply.

Input connections were available on a 3 7way "D Type" connector on the rear panel, 

shown in Fig.3-10. To simplify the connection procedure, and to provide a good 

isothermal environment for thermocouple connections, the TERMl option provided 

screw terminal connections for all channels. Four connections were available for 

each channel, and the underside of the terminal block mounting PCB carried a 

platinum resistance thermometer sensor which acted as a cold junction. The "Data 

Logger File" (*.DLF) was converted to a "Comma Separated Value" file (*.CSV) 

(i.e. a spreadsheet format) to enable data analysis to be undertaken.
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1
vw.w.v.v

20 37 way "D
1 Port 0 Bit 7 Chan 7
2 Port 0 Bit 6 Chan 6
3 Port 0 Bit 5 Chan 5
4 Port 0 Bit 4 Chan 4
5 Port OB it 3 Chan 3
6 Port 0 Bit 2 Chan 2
7 Port 0 Bit 1 Chan 1
8 Port 0 Bit 0 Chan 0
9 Port 2 Bit 7 Chan 23
10 Port 2 Bit 6 Chan 22
11 Port 2 Bit 5 Chan 21
12 Port 2 Bit 4 Chan 20
13Port2Bit3Chan19
14 Port 2 Bit 2 Chan 18
15 Port 2 Bitl Chan 17
1 6 Port 2 Bit 0 Chan 16
17 Count Input
ISCountlnputQ
190V

19
.v.w.v.v./
Type Plug" 3?

20 Port I Bit 7 Chan 15
21 Port I Bit 6 Chan 14
22 Port I Bit 5 Chan 13
23 Port I Bit 4 Chan 12
24 Port I Bit 3 Chan 11
25 Port I Bit 2 Chan 10
26 Port I Bit 1 Chan 9
27 Port I Bit 0 Chan 8
28 Port3 Bit 7 Chan 31
29 Port 3 Bit 6 Chan 30
30 Port 3 Bit 5 Chan 29
31 Port 3 Bit 4 Chan 28
32 Port 3 Bit 3 Chan 27
33 Port 3 Bit 2 Chan 26
34 Port 3 Bit 1 Chan 25
35 Port 3 Bit 0 Chan 24
36
37 Wake up (short to 0V

Figure 3-10 -Parallel PAD Logic I/O Connections

3.5 Calculation of Heat Transfer

The heat transfer was calculated using a commercial inverse conduction code 

(INTEMP) developed by David M. Trujillo , Trucomp, U.S.A. INTEMP approaches 

this, one-dimensional, transient, non-linear problem using the finite element method 

and employs Crank-Nicolson technique for the numerical solution of the resultant 

equations.

In the thermal model to determine the heat transfer in the air assisted atomised water 

spray quenching process it was necessary to estimate the temperatures throughout the 

test piece and the rate of heat transfer from the test piece during quenching. The test 

piece was heated to approximately 850°C. Data came from four thermocouples 

embedded on the test piece. Fig. 3-11 shows diagrammatically the one-dimensional
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one-dimensional finite element model of the test piece and the locations of the 

thermocouples, and the two unknown heat fluxes which were allocated to the top and 
bottom surfaces of the test piece.
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Figure 3-11 - One-Dimensional Finite Element Model Showing the Location of
the Measured Temperatures

The inverse conduction model uses a finite-element method for transient one- 

dimensional heat conduction so this technique is briefly reviewed.

The governing partial differential equation for a transient, one-dimensional 

conduction problem is:

k a Equation 3-1
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Applying a finite element method the variational statement of the transient heat 
conduction problem is, see Myers [2].

2o
k-\^- a dx Equation 3-2

This function is then minimised at each time step while satisfying the boundary and 
initial conditions. The function can be written as:

I = Ik +IC Equation 3-3

Where:

dx Equation 3-4

p-c-- a dx Equation 3-5

Since:

cl
ffT cT cT

For each internal node (i.e. 2 to 20) the following equation can be applied, where 

elements (a) and (b) represent the adjacent internal element, see Fig. 3-11.
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-T \+n(a) .r (a) Av<°> 9 ) + P •* -Ax .2-

2 —^ + —f^ = 0 Equation 3-61

The general internal nodal equation can then be written in matrix see Myers [2]:

Thus:

Where: K is a global conductance matrix, which expresses the elemental temperature 

distribution and the material thermal conductivity at any time.

Where : C is the global capacitance matrix, which contains the material density and 

specific heat at any time and T is the time derivative of the temperature.

Therefore:

dl
— = KT + CT = Q

or Equation 3-7 
C T=~K T

To achieve a numerical solution the Crank - Nicolson method is used, (for further 

details on this method) see Myers [2]. This method moves the solution ahead in 

time, so that the temperatures at the end of the tie step (t+1) can be calculated by 

using:
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><+1 = \C- — -KjT* Equation 3-8 

Where: A0 = the integration time step size.

The current test piece has unknown heat fluxes at the top and bottom surfaces and 

these boundary conditions result in new equations at nodes 1 and 21.

Therefore:

And:

The subscript m indicates the heat flux location.

Therefore the vector-matrix differential equation 3-7 can be re- written:

C t = K T + Q q Equation 3-9

and re-writing equation 3-8 :

Equation 3-10

Where:

C = global capacitance matrix, as above;

A0 = the integration step size;

K = global conductance matrix, as above;

T = is a vector containing the nodal temperatures;
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P = is the participation matrix, which includes the heat flux participation; 

q = is a vector representing the unknown heat fluxes;

One-dimensional transient heat conduction within the test piece, is a non-linear 

problem since the parameters, k, p and c vary with temperature. INTEMP 

approaches this non-linear problem by successive approximations of a linear form. 

Thus, initially, constant Ck and Kk are used and a parameter n which is a correction 

term is used to update each iteration. Equation 3-JO can then be re-written:

Equation 3-11

Where :

and the non-linear correction term n is defined as:

„ = A# • — • (r'+l + T' ) + AC • (TM - T' ) Equation 3-12

During each iteration the non-linear term n is evaluated using the previous 

temperature histories so that each inverse problem is linear with a known forcing 

term n which is updated each iteration.

INTEMP uses Dynamic Programming to solve the inverse heat conduction problem, 

and the technique is described in Trujillo and Busby [3] and Trujillo [4]. The input 

data consists of measured temperature-time histories, stored during the cooling 

period. Intemp then solves for the unknown fluxes at each time step by minimising 

the least square error of the measured temperatures. These heat fluxes are
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"smoothed" by a parameter b that establishes good balance between matching the 

data and producing smooth flux histories. For further details on "smoothing" refer to 

Trujillo and Busby [3] and Dohrmann et al. [5].

The input to the program, INTEMP, is in the format of a free field (a string of values 

separated by one or more blanks, where comments can be inserted anywhere in the 

data, providing they start with a C in the first column, and the last string entered is 

END beginning in column 1) consisting of geometry data (nodes and elements), 

material properties and the temperature-time histories.

The overall organisation of the input data is achieved with "cards" where:

CARD A - Title Card

e.g.
£-tf#ffftl!tlt!tll!l!l!l!lllll!l!tltltftll!lftttfttftftftf\pjp_\~j'E FILE NAME I! I! Hit I! I! I! I! 11 It If It It tilt Hit
C FILE.-card6040.dat
C
HTC TEST - 1-D SIMULATION

The title card consists of any string up to 80 characters

CARD B - Control Card.

e.g.
C ** CARD B - CONTROL CARD
C NODES NEL NMAT IPRIN NG NZ ISMOO NCONV NFLUX NSTEADY NONITER 

21 20 1 +0 2 4 0 0 0 0 6

Where:
NODES - sets the total number of nodes (21 in this case);

NEL - the number of finite elements (20);

NMAT - the number of materials (1);
IPRIN - set to 0, establishes the option not to print the conductance Matrix K and

Capacitance Matrix C. It can also be set to 1, to print these matrices;
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NG - number of unknown heat fluxes which is set to 2 taking into account the top and

bottom heat fluxes;

NZ - number of temperature-time histories. Here set to 4, since 4 thermocouples

were used to measure temperatures at 4 different locations within the test piece,

ISMO - data smoothing option. Here set to 0 to disable the smoothing option. It

could also be set to 1 to employ this option;

NCONV - number of convection surfaces which is set to 0, since no convection

surfaces were specified;

NFLUX - number of known heat flux surfaces and this is set to 0, since all heat fluxes

were unknown;

NSTEADY - steady state option. This is set to 0 since an initial steady state

temperature field is not required.

MONITER - total number of iterations used in the non-linear matching of measured

and calculated temperatures. This was set as 6, since this number has been

previously found to be the optimum number of iterations to be used in quenching

problems, see Wallis [6, 7].

CARD C - Time Increment and Maximum Time Card

e.g.
C ** CARD C - TIME CONTROL
CllllllllttlllllllllltttlHIIIItHltllltltllltlllllllll CHANGE TO SELECTED ITERATION STEP SIZE IIIIIIIIIIIIIIIIIt 
C DELTA NMAX INC INCP 

1.0 257 1 1

Where:

DELTA - integration time step which was set as 1 second;

NMAX - maximum number of time steps. In this particular test set as 257, since it

took 257 seconds to monitor the cooling period. Note that this number varies from

test- to-test, since not all conditions tested had the same cooling duration;

INC - printout every time step increment on screen and this was set to 1 to print each

second;
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INCP - print to plot file every time step increment. This was also set to 1 so that the 

output was available on file for subsequent data reduction and analysis;

CARD D - Finite Element Nodal Information

e.g.
C ** CARD D - NODE DEFINITION 
CNODE X Y

1 0.5 0.00
2 0.5 0.05
3 0.5 0.10
4 0.5 0.15
5 0.5 0.20
6 0.5 0.25
7 0.5 0.30
8 0.5 0.35
9 0.5 0.40
10 0.5 0.45
11 0.5 0.50
12 0.5 0.55
13 0.5 0.60
14 0.5 0.65
15 0.5 0.70
16 0.5 0.75
17 0.5 0.80
18 0.5 0.85
19 0.5 0.90
20 0.5 0.95
21 0.5 1.00 

-1

Where:

N - node number (1 to 21)

X - dimensionless position (0.5 indicating centre of the test piece);

Y - y or axial ordinate where 0.00 inches indicates that node 1 is located at the bottom

surface and node 21 is at the top surface of the test piece which is 1.00 inches

(«25mm) long, with a nodal spacing of 0.05 inches (1.25 mm).

CARD E - Finite Element Information

e.g.
C ** CARD E - ELEMENT DEFINITION 
C N ID I J K L NT NINC TH 

1 1 1 200 20 1 0.1 
-1
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Where:

N - element number, set as 1.

ID - material identification. Set to 1 to provide the material properties specified in

CardG;

I and J - Node I and J. These are a one-dimensional vector definition set as 1 and 2,

respectively.

K and L - Node K and L, both 0 in a one-dimensional element

NT - number of elements to be generated, set as 20;

NINC - number added to each node number in the generation, here set as 1;

TH - thickness. In this case with thel-D element this is equal to the cross sectional

area between elements and was se arbitrarily to 0.1 inches.

CARD F - Initial Temperatures

e.g.
C ** CARD F - INITIAL TEMPERATURES
CHIIII1111IIIIIIIIIIIIIIIItillIIIIIIIIIIIIIIIIIIIIIIIIIIIIIItillII!!### CHANGE INITIAL TEMP ;
CN T NT NINC
1 1.43E+03 21 1
2 1.46E+03 21 1
3 1.58E+03 21 1
4 1.69E+03 21 1
5 1.76E+03 21 1
6 1.81E+03 21 1
7 1.84E+03 21 1
8 1.86E+03 21 1
9 1.87E+03 21 1
10 1.87E+03 21 1
11 1.87E+03 21 1
12 1.87E+03 21 1
13 1.86E+03 21 1
14 1.85E+03 21 1
15 1.83E+03 21 1
16 1.79E+03 21 1
17 1.73E+03 21 1
18 1.63E+03 21 1
19 1.49E+03 21 1
20 1.33E+03 21 1
21 1.27E+03 21 1 
-1

Where:

N - node number (1 to 21)

T - initial temperature per node in degrees F
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NT - generation data (node 21)

NINC - generation data (1). The node number is incremented by NINC = 1 until node
NT (21) is reached;

CARD G - Material Data
e.g.

C ** CARD G - MATERIAL DATA
C K BTU/IN/SEC/F CP BTU/LBM/F RHO LBM/IN**3
C ID KX KY CP RHO TEMP

1 2.00E-4 2.00E-4 0.114892 0.285368 80.334
1 3.90E-4 3.90E-4 0.159558 0.269003 1880.334 

-1

Where:
ID - material designation. Specified in Card B as 1.
KX - thermal conductivity in x or radial direction
KY - thermal conductivity in y direction (in ID model with homogeneous properties
KX-KY)
CP - specific heat
RHO- density
TEMP - temperature

Note: the material properties for type 304 stainless steel are tabulated in Tables G-l, 
G-2, G-3 , Appendix G;

CARD I - Unknown Heat Flux Data - PARTICIPATION MATRIX p

C ** CARD I - PARTICIPATION MATRIX P 
C FLUX I J K L NT NINC NDIM AREA

1 10000 0 0 0.1
2 21 000 0 0 0 0.1 

-1

Where :
FLUX - heat flux identification. Two unknown heat fluxes (1 & 2), bottom and top,
respectively;
I - node 1 (bottom surface)
J - node 21 (top surface)
AREA - set as 0. 1 , the same value as TH in CARD E;

CARD J - Data weighting matrix A
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e.g.
C ** CARD J - DATA WEIGHTING MATRIX A 
CIJ FACTOR

1 1 1.0
221.0
331.0
441.0

-1

Where:
I, J - location of Matrix A (i.e. the measured temperatures, in this case 1 to 4 for I and
J, since it is a ID model;
FACTOR - factor in the (I,J)th location. In this case all set to 1, temperature in
degrees F.

CARD Jl - Flux weighting Matrix B
e.g.

C ** CARD J1 - FLUX WEIGHTING MATRIX B 
CIJ FACTOR

1 1 1.E+4
221.E+4
-1

Where:
I, J - location of Matrix B (1 and 2, since there are two unknown heat fluxes to be
calculated);
FACTOR - factor in the (I,J)th location. Heat Flux output multiplied by 10000.

CARD KA - Temperature data locations
e.g.

C ** CARD KA - TEMPERATURE DATA LOCATIONS 
CUIIHIIHUIIItm ! top 17 bottom 5 ! ##### Measured Temperature Locations 

17 13 9 5

Identifying nodes 17, 13,9 and 5 as the measured temperature locations.

CARD KB - Temperature Data
e.g.

C ** CARD KB - TEMPERATURE DATA
C DATA THERMOCOUPLES
C data from card6040.dat
C STEP T0.2T0.4 T0.6 T0.8
1 0.1639E+04 0.1664E+04 0.1705E+04 0.171OE+04
2 0.1637E+04 0.1662E+04 0.1701E+04 0.1707E+04
3 0.1635E+04 0.1660E+04 0.1697E+04 0.1703E+04
4 0.1633E+04 0.1657E+04 0.1694E+04 0.1699E+04
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5 0.1629E+04 0.1655E+04 0.1690E+04 0.1695E+04
6 0.1624E+04 0.1651E+04 0.1687E+04 0.1691E+04
7 0.1620E+04 0.1647E+04 0.1683E+04 0.1687E+04
253 0.1600E+03 0.1970E+03 0.2020E+03 0.2110E+03
254 0.1590E+03 0.1950E+03 0.2020E+03 0.2110E+03
255 0.1580E+03 0.1950E+03 0.201 OE+03 0.2110E+03
256 0.1580E+03 0.1940E+03 0.2010E+03 0.2110E+03
257 0.1570E+03 0.1920E-I-03 0.2000E+03 0.2100E+03 
END

Time step number - In this example 1 to 257
Temperature Data - Measured temperatures, per time step, at nodes 17, 13, 9 and 5,
respectively. Temperatures in degrees F.

Both input and output data to and from INTEMP are in Imperial units. Data was 
converted from S. I. to Imperial units using a specially written QB45 program 
(convert.bas). The listing in shown in Appendix A.

The plot file obtained from INTEMP (typical example shown in Appendix B) is 
further reduced using F32 programs specially created for this purpose (listings shown 
in Appendices C, D).

The F32 program "m214ther.for" selects from the INTEMP plot file, time(s)/surface 

temperature(°C) data.

The F32 program "htc4ther.for", selects from the plot file the required information to 
calculate average time, bottom and surface temperatures, bottom and surface heat 

transfer coefficients (W/m2 .K). 
The reduced data files can be further analysed using Excel spreadsheets.

Intemp has been used successfully in the past in industrial applications and has been 
validated by Wallis et al. [6], [7], [8] for heat flux estimations during oil quenching. 
The results have shown good agreement with those obtained from an alternative 

inverse conduction code CONTA. INTEMP has also been successfully used to 
estimate quenching curves during boiling situations as demonstrated by Trujillo and 

Busby [3].
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This chapter describes the work involved in the characterisation of the spray nozzle and involves a 

study of the spray parameters in particular the effect of the air and water pressures onflow rates and 

hence water mass flux. The operating conditions used in this study are identified.

4. Spray Characterisation

4.1 Introduction

In spray quenching, the sample is sprayed with the quenching liquid at high pressure 

on either selected areas of the component or over the total surface. The resultant 

cooling rates can be very high due to efficient removal of any vapour bubbles formed 

on the surface and can exceed those encountered in pool boiling.

The literature review has established that the dominant parameter affecting the rate of 

spray heat transfer is the water mass flux although droplet size, and air and water 

velocities can have secondary effects. There is thus a need to characterise the nozzle 

to relate the water mass flow rate per unit area of test surface to the air and water 

pressures and in addition to attempt to determine the distribution of droplet sizes.

Spray cooling systems are usually designed to provide high rates of heat extraction 

for maximum productivity, and also for ease of operation and maintenance. Because 

the spray strongly influences the formation of surface and internal defects, the quality 

of the quenched product must be considered. The spray design, nozzle type, nozzle 

height and air/water volume ratios must be specified to achieve the desired product 

quality without compromising either productivity or operation of the process.
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4.2 Air and Water Flow Rates

The spray nozzle was chosen based upon the information supplied by the nozzle 

manufacturer, taking into account limitations of the laboratory facilities such as 

space, and the pressures available for compressed air and water.

Initial operating curves were produced by measuring air and water flow rates over the 

entire range of operating pressures (i.e. water pressures ranging from 2.07 to 3.45 bar 

(30 to 50 psi) and air pressures between 2.76 and 4.14 bar (40 to 60 psi)). 

It was found that with operating air and water pressures above 4.14 bar (60 psi) the 

flow rates could not be kept constant. However below this pressure the relationship 

between pressures and air and water flow rates were found to be repeatable.

It was intended in the current study to cover a wide range of water fluxes and this 

required flexibility in the control of air/water volume ratios (i.e. NmVs of air and 

mVs of water;). Although combinations of air and water pressures greater than 4.14 

bar (60 psi) could not be used, it was found that other combinations of pressures, not 

specified by the nozzle manufacturer, enabled the appropriate wide range of air/water 

volume ratios to be achieved.

Figs. 4-1 and 4-2 summarise the comparisons carried out between the current 

experimental and manufacturers flow data . The results of the study of the additional 

pressure settings are also shown.
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Manufacturers Data Experimental Data

Figure 4-1 - Comparison between Manufacturers & Experimental Air Flow Rate

Manufacturers Data Experimental Data

Figure 4-2 - Comparison between Manufacturers & Experimental Water Flow
Rates
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These comparisons show that trends in the current and manufacturer's data are 

similar although there are considerable differences in the quantitative measurements. 

These differences may well result from different measurement locations in the two 

cases. Nevertheless, the current characterisation established repeatability and 

ensured consistency during the test programme.

Fig. 4-3 summarises the flows for the range of pressure ratios that were studied. 

These graphs establish the relationship between air and water flow rates and the air 

and water supply pressures.

— Water Flow Rate Vs Air Pressure (Water Pressure = 3.45 bar)

.... Water Flow Rate Vs Air Pressure (Water Pressure = 2.76 bar)
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Figure 4-3 - Air and Water Flow Rates (m3/s) at Different 
sets of Air /Water pressures (bar)

Table 4-1 tabulates the range of spray conditions used in the current st
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Table 4-1 - Air/Water Pressure Combinations used in the Spray
Characterisation

Air Pressure
bar - (psi)
3. 17 -(46)
3.45 - (50)
2.76 - (40)
4.21 -(61)
4. 14 -(60)
3.45 - (50)
2.76 - (40)
4. 14 -(60)
3. 45 -(50)
4. 14 -(60)

Water Pressure
bar - (psi)
3.45 - (50)
3. 45 -(50)
2.76 - (40)
3.59 - (52)
3.45 - (50)
2.76 - (40)
2.07 - (30)
2.76 - (40) _,
2.07 - (30)
2.07 - (30)

Air Flow rate
mVs x 10"

8.27
9.39
9.18
1.07
1.11
1.15
1.20
1.31
1.42
1.41

Water Flow rate
m3/s x 10s

9.83
7.89
7.42
5.28
4.81
3.69
3.03
1.50
1.39
1.39

Air/Water ratio

8
11
12
21
23
31
40
87
101
102

4.3 Distribution of Spray Density or Water Mass Flux

The water distribution over a spray is important to produce an uniform quench. 

Different thermal gradients within the material can lead to the formation of residual 

stresses, which can often lead to cracking and internal defects. It is therefore very 

important to achieve a substantially uniform water distribution across the entire 

surface of the part being quenched. To evaluate if a spray meets this criterion it is 

necessary to measure the amount of water being sprayed per unit area per second. 

This quantity is referred in this study as the spray water mass flux and is presented in 

kg/m2 .s. In the current work it was necessary to measure the water flux impinging on 

the test surface at different air and water pressures.

The spray in the current investigation was characterised using a purpose designed 

so-called "patternator". This consisted of a number of acrylic collection tubes 

mounted at equal radial distances from the central axis of the spray. The patternator 

is shown in Fig. 4-4 and consisted of 29 sampling tubes each of internal diameter 20 

mm, spaced 50 mm apart and covering an overall spray area of 200 mm diameter.
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The patternator was used to measure the water mass flow per unit area and evaluate 
the spray radial distribution. The device could also be displaced from the central 
axis to extend the field of measurement.

Figure 4-4 - The Patternator

Before each measurement the patternator was inverted to drain away any liquid in 
the sampling tubes and these were then allowed to dry. The air and liquid flow rates 
were adjusted until the nozzle was operating at the desired conditions. The 
patternator was rotated to the upright position, and the sampling tubes began to fill. 
The test was carried out for a period of 2 minutes, after which a metal plate was 
placed above the patternator to isolate the spray prior to turning off the air and water 
supplies.

The partially filled tubes were weighed (using an electronic balance with resolution 

of ± 0.01 g) and the amount of liquid in each tube was found by subtracting the mass 
of the empty tube from the total mass of the tube after a test. Each tube was marked 
so that its location in the tray was known. The water mass flow per unit area per 
second (kg/m2.s) was then calculated. By plotting mass flow per unit area per second 

versus axial tube position, the spray distribution was determined.
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The same procedure was repeated a number of times for a series of air/water volume 
ratios to evaluate experimental consistency, see Fig. 4-5.
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Figure 4-5 - Repeatability Tests

Fig. 4-6 presents the standard deviation associated with water mass flux 
measurements per air/water volume ratio. The measurement consistency is 
reasonably good. The standard deviation (i.e. a measure of how widely values are 
dispersed from the mean in percentage is less than 4% with the exception of the 
highest air/water ratios (i.e. the lowest spray density or water mass flux) where it is 
approximately 8%. This less consistent measurement is associated with the small 
amounts of water collected at these high air/water volume ratios. In such cases even 

a ±0.01 g resolution on the electronic balance results in a significant error. Other 
possible contributions to the measurement discrepancies and therefore experimental 
inconsistency could also be due to imprecise settings the air and water pressures and 

inexact alignment of the tip of the nozzle with the patternator geometric centre.
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Figure 4-6 - Uncertainty Analysis

4.4 Radial Spray Distributions

These tests were carried out at a nozzle to patternator distance of 0.8 m and this was 

also the "standard" separation in the heat transfer tests. In addition measurements 

were also undertaken of the axial variation of water mass flux on the centre line of 

the spray. In these latter tests the nozzle-to-patternator separation was varied from 

500 to 800 mm in 100 mm steps.
Figs. 4-7 to 4-14 illustrate the measured radial distributions , for the entire spray 

area. It can be seen from these figures that if a large 0.2 m diameter component was 

sprayed with a single nozzle it would not cool uniformly at all pressure settings since 

there is a very high water concentration at the axis and a smaller water concentration
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towards the edges so that spray distribution is poor over such a large area. However 

over the diameter of 0.02 m of the test piece the water distribution for all spray 

combinations was relatively constant. The peak reading was taken as the water flux 

in the tests since the diameter of the collection tube coincided with that of the test 

piece
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Figure 4-7 - Water Mass Flux Distribution Across the Spray Diameter
Air/Water Volume Ratio = 102

79



Chapter IV

2.40 

2.35 . 

2.30
M

.E 2.25
O>
J£

X" 2.20 .

2.15

2.10

2.05

Pressure Settings
Air Pressure = 3.45 bar (SOpsi)

Water Pressure = 2.07 bar
(30psi)

Test Surface 
diameter = 0.02 m

2.00 
-0.

F

06 -0.05 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05 0.06

Radial Position, m

Figure 4-8 - Water Mass Flux Distribution Across the Spray Diameter
Air/Water Volume Ratio = 101

10

Pressure Settings
Air Pressure = 4.14 bar (60psi)

Water Pressure = 2.76 bar
(40psi)

Test Surface 
diameter = 0.02 m

I

-0.06 -0.05 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05 0.06

Radial Position, m

Figure 4-9 - Water Mass Flux Distribution Across the Spray Diameter
Air/Water Volume Ratio = 87

80



Chapter IV

o
*

I
x

CO 
CO

£ 
I

Pressure Settings
Air Pressure = 2.76 bar (40psi)

Water Pressure = 2.07 bar
(30psi)

Test Surface 
diameter = 0.02 m

-0.06 -0.05 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05 0.06

Radial Position, m
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Figure 4-11 - Water Mass Flux Distribution Across the Spray Diameter
Air/Water Volume Ratio = 31
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Figure 4-12 - Water Mass Flux Distribution Across the Spray Diameter
Air/Water Volume Ratio = 23
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Figure 4-13 - Water Mass Flux Distribution Across the Spray Diameter
Air/Water Volume Ratio =12
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Pressure Settings
Air Pressure = 3.45 bar

(SOpsi)
Water Pressure = 3.45 bar 
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Figure 4-14 - Water Mass Flux Distribution Across the Spray Diameter
Air/Water Volume Ratio =11

Most of the heat transfer tests were carried out at a fixed distance of 0.8 m from the 

nozzle and the water mass fluxes corresponding to the different spray pressure 

settings are summarised Fig. 4-15.
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Figure 4-15 - Variation of the Water Mass Flux (kg/m2.s) with 
Air/Water Pressures (bar).

The water mass flux can also be expressed in terms of the air/water volume ratio. 

This relationship is depicted in Fig. 4-16 and can be expressed mathematically as:

m0 =15.414-e -0.087-A/W Equation 4-1

Where: m0 - Water mass flux, kg/m2 .s 

A/W' - Air/water volume ratio

Equation 4-1 has been validated between water mass fluxes from 0.005 to 8 kg/m2.s

and Air/water volume ratios between 11 and 100.

The curve fitting procedure was given with a 95% confidence level.
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Figure 4-16 - Water Mass Flux (kg/m2.s) Vs Air/Water Volume Ratio

The water mass flux variation along the centre line with nozzle height was

investigated by varying the nozzle height relative to the location of the patternator.

The same air/water pressures were used with each experiment lasting for the same

time period as in the previous measurements. The results are presented in Figs. 4-17

to 4-19.
Generally, as it would be expected the water mass flux at particular spray conditions

decreases as the nozzle-to-target separation increases but at a decreasing rate.

The relationship except for the sprays with the lowest water flows can be expressed

as:

m0 = C. nH ~" Equation 4-2

Where:

m0 = Water Mass Flux, kg/m2 .s
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= Nozzle Height , mm 

C and n are constants for particular spray conditions and are tabulated in Table 4-2. 

The error involved in this curve fitting procedure is approximately ± 5%. As 
predicted by the software which was set to operate with a 95% confidence level.

Table 4-2 - Relationship Between Water Mass Flux and Nozzle Height

Air Pressure 
bar - (psi)
3. 45 -(50)
2.76 - (40)
4. 14 -(60)
3.45 - (50)
2.76 - (40)
4. 14 -(60)

Water Pressure 
bar - (psi)
3.45 - (50)
2.76- (40)
3. 45 -(50)
2.76 - (40)
2.07 - (30)
2.76 - (40)

CxlO"4

0.36
0.35
54.7
17.2
82.9
61.6

n

-0.94
-0.95
-1.73
-1.76
-2.04
-2.33

The behaviour at the lowest water flows is different and in the cases shown in Fig. 4- 
19 the water mass flux is relatively independent of the nozzle height. This is due to 
the very diffuse mist which is found is these cases.
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Figure 4-17 - Water Mass Flux (kg/m2. s) Variation with Nozzle Height (mm)
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4.5 Spray Cone Angle

There is difficulty in defining or measuring the spray cone angle. In the current 
project the measurements were done by projecting the spray silhouette onto a back 
board scribed with angles varying from 10 to 30° at 5° intervals. The intersection of 
the two straight lines forming the angle were made to coincide with the nozzle tip 
and the spray cone angle was defined as the angle enclosing the spray contours at 
800 mm from the nozzle tip, see Fig. 4-20. The values tabulated in Table 4-4 (at the 
end of the chapter) must thus be taken as approximate values, since they are the 
result of an approximate visual observation. 
Fig.4-20, illustrates the general shape of the spray and cone angle

800mm

Figure 4-20 - General Shape of the Spray



Chapter IV

4.6 Air Velocity Measurements

The spray air velocity was measured by positioning a pitot static tube at varying 

heights along the centre line of the air jet. The air pressure inlets were adjusted to 

obtain the same air flow rates seen in the mist spray range conditions, see Table 4-1.

The results obtained can be seen in Fig. 4-21. As it would be expected the air 

velocity increases directly with the air flow rate and also increases with proximity to 

the nozzle.

The air velocity in an air assisted nozzle has a greater effect at high air/water volume 

ratios. At low air/water volume ratios the air contributes mainly to the spray 

atomisation but has little effect on heat transfer [1], whereas at the higher air/water 

volume ratios, where the air velocities are higher (see Fig. 4-21) it may play a major 

role in the rate of heat extraction.

18 -p 

16 - 

14

J2 12 -

3 •

Distance from Nozzle,
mm

10 11 12 13 

Air Flow Rate, (Nm 3/s* 104 )

14 15

Figure 4-21 - Variation of Air Velocity Along the Spray Centre Line
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4.7 Droplet Size Measurements

A wide range of techniques have been developed for determining droplet size 

distributions in sprays [2]. In the present study efforts were made to observe and 

measure droplet sizes for sprays operating at different air/water volume ratios. 

Standard equipment, such as Malvern particle size analyser was not available so that 

a novel image analysis technique was developed. These droplet size measurements 

were carried out in conjunction with a final year student project, see [3].

In this technique images of the spray were recorded using a high speed CCD (charge 

coupled device) colour video camera (model JVC TK-1270 E Type). The camera 

with a standard 50 mm lens and was mounted on an adjustable tripod. The recorded 

images were analysed using a digital image processing system which consisted of; a 

SPARC Desktop LX workstation with a 50 MHz microSPARC processor, 64 Mb of 

RAM, 1.0 Gb HDD, Bus Speed 10 Mb/s and 19 inch Colour Monitor . The software 

used for the image processing was VISILOG 4 (Motif Version).

Before image capturing and recording was carried out, all the spray conditions were

set (i.e., the air and water pressures). In addition the focal length (the distance from

nozzle centre to the camera lens), the light source width, shutter speed were adjusted

accordingly.
Using a Helium Neon Laser light sheet the width of the light source was kept to a

minimum, as narrow sheets of light are preferred.

The experimental set up is illustrated in fig. 4-22.
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25 mW Helium Neon Laser

Air/Water Atomiser

Jvc Camera 
-\ mounted on

D/A Unit

Lifting 
Mechanism

Figure 4-22 - Experimental Set-up used for Droplet Sizing Measurements

The optimum focal length for the lens was established by trial and error, by 

continuously moving and focusing until the optimum distance was achieved for the 

type of lens used. All external lighting apart from the laser beam was switched off 

and tests were carried out with the aperture of the lens opened to its maximum value 

to allow maximum light penetration.

Images were recorded using image grabbing software and played back through the 

image processing software to validate their usefulness for subsequent analysis using 

the VISILOG image processing software. The software enabled viewing images of 

captured droplets per frame and by means of a calibration procedure (i.e. the use of a 

standard ball bearing at a known distance from the lens) a hexagonal grid was 

established to define the perimeter of a droplet. This takes into account the non 

circular stage of some droplets since the hexagonal grid enabled the boundaries of a 

droplet to touch more "nodes", see fig. 4-23. This improvement was confirmed by
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comparing a rectangular grid approximation with the hexagonal grid data for ball 
bearing diameter co-ordinates.

Figure 4-23 - Hexagonal Grid Approximation used for Measurements of Droplet
Sizes

The pressure combinations used in this study could not all be characterised in terms 

of droplet size. It was found that the number of recorded droplets for certain 

air/water pressure combinations was less than 20, and therefore did not provide 

meaningful results. Nevertheless, it was possible to completely analyse with 

reasonable accuracy three different air/water pressure combinations.

In this project, the spray conditions are characterised by air/water volume ratios that 

lie between 8 and 102. The measured SMD (Sauter mean diameter, defined by 

Lefebvre [2]) are presented in Table 4-3.

Table 4-3 - Droplet Size Measurements

Air/Water pressure 
combinations

46/50 psi
50/50 psi
40/40 psi

Air/water volume 
ratio 

(Nm3/m3)
8
12
23

Calculated Sauter Mean 
Diameter (SMD) 

(im
226
178
176
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In the current measurements air/water volume ratios between 8 and 23 have been 

seen to produce Sauter mean diameters from 226 to 176 um. Jenkins et al. [4] found 

that the factor having most affect on droplet size is the ratio of air flow to water flow 

(air/water volume ratio). They also made reference to a study carried out by BHP 

Research where measurements of median droplet size obtained at various operating 

conditions for a series of air-mist nozzles, showed that acceptable nozzle operating 

conditions occur with air/water volume ratios between 10 and 100. Ratios below 10 

are considered to behave hydraulically, between 10-100 to have good air-mist 

operation and above 100, sprays are considered to be "fogs". This intermediate range 

of air/water volume ratios was found to provide a droplet size range from 80 to 400 

urn. Buckingham and Haji-Sheikh [5], found SMD (Sauter mean diameters), for 

their water-air spray to be 30um. This droplet size is generally associated with a 

"fog" spray and was probably because of the high water pressures (9 bar or 130 psi) 

in their study. In this case where very high water pressure is involved, fine 

atomisation can be obtained at relatively low air pressures. Nevertheless in air- 

assisted atomised water sprays a fine mist can be obtained using high air/water 

volume ratios and this involves low water flows with consequent savings in water 

and energy costs.
Thus taken into account the current measurements and findings of other authors as 

described above it is suggested that in the current project with air/water volume ratios 

between 8 and 100 the Sauter mean diameter approximately ranges from 300 to 30 

um. Another point worth mentioning is that the range of droplet sizes in use 

throughout this project is considerably lower than those typical of a water spray, 

since Hall et al. restricted their correlations to droplet sizes between 137 and 1350 

um, see [6]. This can be important, since smaller droplet sizes imply a lower droplet 

momentum which can affect behaviour of the spray and the penetration of droplets 

through any water films formed on the quenched surface.
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4.8 Summary of Results.

The following conclusions can be drawn from the spray characterisation study:

• Variation of the air and water supply pressures provide different air/water volume 

ratios which result in an appropriate range of water mass fluxes.

• The spray range under investigation covered air/water volume ratios from 8 to 

102. Droplet sizes were only measured for the lower air/water volume ratios, due 

to reasons already discussed and consequently established the largest droplet sizes 

in use during this study. The literature agrees that higher air/water ratios are 

associated with smaller droplet sizes. It is suggested that in all the spray 

conditions in this investigation that the Sauter mean diameter is less than 226 jj,m.

• From the spray characterisation it was found that there are a number of variables 

influencing the spray performance. These parameters can be directly related to the 

spray water mass flux so that relationships were derived for the water mass flux 

variation at a nozzle height of 800mm with air/water volume ratio as well as , the 

centre line water mass flux variation with nozzle height.

• A test piece 0.02 m in diameter can be employed since this was found to be the

largest area that could be sprayed relatively uniformly. 

Table 4-4, summarises the spray operating parameters used in this project.

Table 4-4 - Spray Operating Conditions.

Air 
Pressure 
bar - (psi)

I 3. 17 -(46)
1 3.45 -(50)
1 2.76 - (40)

4.21 -(61)
;y 4. 14 -(60)
! 3.45 -(50)
;s 2.76 - (40)
? 4. 14 -(60)

3.45 - (50)
4. 14 -(60)

Water 
Pressure 
bar • (psi)
3. 45 -(50)
3.45 - (50)
2.76 - (40)
3.59 -(52)*
3.45 -X50)|
2.76 -(40)
2.07 -(30)
2.76 -(40)
2.07 -(30)
2.07 - (30)

Air 
Flow rate 
nrVsx 104

8.27
9.39
9.18

.07

.11

.15

.20

.31

.42

.41

Water 
Flow rate 
m3/s x 10s

9.83
7.89
7.42
5.28
4.81
3.69
3.03
1.50
1.39
1.39

Air/Water 
ratio

8
11
12
21
23
31
40
87
101
102

Water 
Mass Flux 
(kg/mz.s)

8.01
6.01
5.15
2.02
1.69
1.07
0.99

0.099
0.024
0.005

Cone 
Angle
n
18
18
18
18
23
23
23
25
25
25
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Chapter V

This fifth chapter presents the heat transfer results obtained -when quenching a 304 stainless steel test 

piece using an air assisted atomised water spray. The chapter provides data for quenching a plane 

surface and the are then discussed and analysed in detail.

5. Experimental Results

The experimental data presented in this chapter were obtained using the test facilities 

and the test procedure described in chapter 3 and the spray system characterisation 

presented in chapter 4.

As referred to in chapter 3, the test piece used for this study was a 304 stainless steel 

component instrumented with four k-type thermocouples at different locations, also 

shown in Fig.E-1, Appendix E.

The test piece surface temperatures (T) and corresponding heat transfer coefficients 

(h) were estimated by feeding the measured nodal temperatures in the one- 

dimensional inverse conduction code "INTEMP", see chapter 3.

5.1 Repeatability Study

Initially a series of tests were carried out to establish the repeatability of the 

experimental measurements.

The graphs shown from Figs. 5-2 and 5-4 represent the relationships between heat 

transfer coefficient (h - W/m2.K) and surface temperature (T - °C) whilst the cooling 

curves are presented in Fig.5-1 and 5-3 for low and medium water mass fluxes. 

Generally the cooling curves are repeatable and in good agreement so that the 

resultant heat transfer data are also repeatable. To quantify this effect an uncertainty 

analysis was undertaken on the heat transfer results.
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900 -r
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600 -
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400

300

200

100

Water mass flux = 0 005 kg/m 2.s 
Nozzle height = 0.8 m

8 10 12

Time, sees.
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Figure 5-3 - Repeatability Test - Water Mass Flux = 1.07 kg/m2.s

Water mass flux = 1.07 kg/m 2.s 
Nozzle height = 0.8 m

100 200 300 400 500 600 700 

Surface Temperature, °C

Testl 
Test 2 
Test3 
Test 4

800 900

Figure 5-4 - Repeatability Test - Water Mass Flux = 1.07 kg/m2.s
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5.7.7 Uncertainty Analysis

An uncertainty analysis, can be used to quantify the random errors associated with

the experimental procedure.

The standard deviations shown in both Fig. 5-5 and 5-6 were found by statistical

analysis, by calculating a standard deviation for the four tests carried out at each of

the two different spray operating conditions at a series of points.

The standard deviation (STDEV), is a measure of how widely values are dispersed

from the average value (the mean).

The standard deviation is calculated using the "nonbiased" or "n-1" method from the 

following formula:

STDEV = n-(n-l)

Where : n is the number of samples

x represents the heat transfer coefficient at a surface temperature, T.

The arrays used for these calculations can be found in Table F-l, and Table F-2,

Appendix F.
The standard deviation is here presented as a percentage of the average of all tests.

Example : (see Fig. 5-5)

For test conditions:

4. 14/20.7 bar (60/30 psi);

m0 =0.005 kg/m2 s;

At T = 700°C
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For test 1 - h = 320 

For test 2 - h = 290 

For test 3 - h = 328 

For test 4 - h = 307

andn = 4

Therefore :

STDEV= - +.-. + 307 2 ) - (320 + .... + 307) 2 
V 4x(4-l)

= 16.9

At that surface temperature (T = 700°C) the average of the 4 tests is equal to 311 (the 

expected value which represents 100%) therefore STDEV = 16.9 represents a 

deviation of 5.4% from the mean or expected value.
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From Fig. 5-6 it can be depicted that the maximum deviation from the average of 4 

tests is 10.2 % and occurs at T = 550°C.

Although this analysis attempts to quantify the effect of random errors it is relevant 

to consider the sources of error individually.

Sources of Error:

• Water mass flux measurements. As discussed to in chapter 4 there are errors in 

setting the required air/water flow rates for a particular test. The inlet pressures 

are set manually using analogue air and water pressure gauges, and minor 

inaccuracies in the process can result in variations in water mass flux from one 

test to another.

• Misalignment of the nozzle tip relative to the test piece can result in variations in 

spray density. However because of the relatively "flat" water flux profiles at the 

centre of the spray misalignment is unlikely to be a serious source of error.

• Fluctuations in the air and water supply pressures from the compressor and water 

mains, respectively. The duration of a test was typically approximately 5 minutes 

so that any fluctuations were small and would have only a minor effect.

• Errors in the location of the four thermocouples along the height of the test piece 

will affect the estimate of surface temperature. These were minimised by 

machining the holes for the thermocouples using accurate CNC techniques.

• Errors in temperature measurement due to a thermocouple accuracy estimated to 

be approximately ±0.1%.

• Errors in temperature measurement due to the thermocouple response. The time 

constant for the thermocouples was found to be 0.1 seconds by subjecting them to 

a "step" change in temperature by sudden immersion in boiling water. For a ramp 

variation the measured temperatures will lag behind the actual values by the time 

constant. Therefore, for a typical cooling rate of 40°C/sec during a quenching test 

the thermocouple nearest to the surface will have an error of approximately 4°C.
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• In addition the data acquisition system will have an error associated with A/D and 

Voltage/Temperature conversions. This error is estimated by the system 

manufacturer as ± 0.1 %.

• There will be errors associated with INTEMP, the inverse conduction code 

adopted to predict surface temperatures and corresponding heat transfer 

coefficients. One of these errors will be due to uncertainties in the material 

properties used as input in the geometry data file. The test piece was constructed 

from type 304 Stainless Steel and the thermal properties of this alloy are tabulated 

in Tables G-l, G-2, G-3, in Appendix G. Assuming a thermal conductivity 

uncertainty of ± 5% [1] results in a variation of 7.3% in the heat transfer 

coefficient at a surface temperature of 250° C (The study is presented in Fig. G-l 

in Appendix G).

• As it can be seen in Fig. 5-5 and 5-6 the greatest percentage variations occur 

towards the end of the cooling curves at low temperatures. These are believed to 

be associated with numerical "errors" in the inverse conduction code. Intemp uses 

a finite element method together with the Crank - Nicolson method to obtain a 

numerical solution. Whilst this method is known to be more accurate than a pure 

implicit technique, errors can occur where a relatively big time step (1 sec.) is 

used. These are likely to be the most severe at low temperatures where errors in 

measuring the small changes in temperature which occur over the time step will 

be magnified.

5.2 Heat Transfer from a Plane Surface

The results presented in this section, summarise the data obtained during the 

investigation of air assisted water spray cooling of a plane surface from high 

temperatures. The test piece and experimental set-up used for this experimental 

investigation were previously described in chapter 3. Tests were conducted over a
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wide range of spray conditions with water mass fluxes varying from 0.005 to 8.01 

kg/m2.s. The influence of the test variables on the heat transfer coefficient was then 

investigated.

5.2.1 Influence of Water Mass Flux on the Heat Extraction Rate.

The literature review highlighted that of the various factors influencing heat transfer 

during spray cooling, the water mass flux is thought to be the most influential. In 

general terms it appears that the higher the water flow rate the faster the cooling rate. 

However there can be secondary factors, such as air/water volume ratio (or mass) and 

the nozzle height, influencing heat transfer.

Figs. 5-7 and 5-8 present the results obtained when the test piece was cooled by air 

with a flow rate through the nozzle equal to 0.0014 Nm3/s. The air only study is 

shown, since it is seen as the first step to investigate the dependence of heat transfer 

coefficient on the water mass flux.

From Fig. 5-8 it can be seen that for the air only quenching a maximum heat transfer 

coefficient of 312 W/m2 .K occurred at a surface temperature of 840 °C. The heat 

transfer is solely due to single phase convection and the values are broadly consistent 

with those associated with an impinging air jet although direct comparisons are 

difficult in defining the nozzle geometry. More detailed comparison with results for 

flow normal to a flat plate or cylinder are discussed later in this chapter.
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The results for the wide range of water mass fluxes studied in this project are 
presented in Fig. 5-9 and this highlights the strong dependence of heat transfer 
coefficient (h) on water mass flux (m0 ) and surface temperature (T). The 

experimental data are tabulated in Tables H-l to H-10 in Appendix H.

25000

100 200 300 400 500 600 700 800
Surface Temperature, C

900

Figure 5-3 - Heat Transfer Coefficient as a Function of Surface Temperature at 
Various Water Mass Fluxes - Nozzle Height = 0.8 m.

It can be seen that the heat transfer coefficient increases as the surface temperature is 
reduced. Moreover generally higher rates of heat transfer occur as the water mass 
flux is increased. The effect of an increase in the water mass flux on the heat 
transfer coefficients is however far more pronounced at low surface temperatures. 
These effects are discussed in more detail in section 5.4.2.
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Spray parameters such as air/water volume ratio and the nozzle height can affect 

parameters such as droplet size at a constant water flux and consequently may have 

an effect on the heat transfer rate

In chapter 4, the water mass flux variation with nozzle height at three different 

air/water volume ratios was studied. The study showed that it was possible to 

achieve a particular water mass flux at different heights from a series of different 

spray pressure combinations and air and water flows as shown in Table 5-1.

Table 5-1 - Relationship between Spray Parameters and Water Mass Flux.

Nozzle Height 
(m)
0.56
0.60
0.74
0.80

Inlet pressures 
bar -(psi)

2.76/2.07 -(40/30)
3.45/2.76 - (50/40)
4. 14/3 .45 -(60/50)
4.21/3.59 - (61/52)

Air Water ratio

40
31
23
21

Water mass flux 
(kg/m2.s)

« 1.7
« 1.7
« 1.7
« 1.7

Thus it can be seen from Table 5-1, that the air/water volume ratio and nozzle height 

can be varied and combined to produce sprays having approximately the same water 

mass flux. The sprays would however be likely to have different droplet sizes and 

velocities and air velocities despite providing the same water flux. The resultant 

variations in heat transfer coefficient at different nozzle heights above the test piece 

(at constant water flux) are presented in Fig. 5-10. The coefficients are virtually 

independent of nozzle height and this suggests that the heat transfer coefficient is 

affected primarily by the water mass flux. Variables such as the droplet size, and the 

air and droplet velocity appear to have a negligible effect. It can be concluded, 

therefore from these results at medium water fluxes, that the water mass flux is the 

most important variable influencing heat transfer. It is possible that other variables
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may be significant at lower fluxes but it was not feasible to investigate this in the 
project due to limitations in the experimental equipment. The experimental data 
achieved throughout this study are tabulated in Tables 1-1 to 1-4 in Appendix I.
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Nozzle Height = 0.74; A/Wratio = 23 j
i
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Surface Temperature, °C

900 1000

Figure 5-4 - Heat Transfer Rates at a Constant Water Mass Flux
(m0 = 1.7kg/m2.s)

5.3 Correlation of Experimental Heat Transfer Data.

Quenching of high temperature surfaces is a complex process, so that studies are 

usually empirical in nature.
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This section outlines the work undertaken to produce an analytical approach to the 

experimental results presented previously. The approach is limited to this specific 

study and it is not aimed at providing widely applicable correlations. It should, 

however, demonstrate how a practical system could be designed and perhaps lead to 

a better understanding of the variables affecting the rate of heat transfer.

This analytical approach has isolated the main variables that affect heat transfer in a 

spray quenching process and mathematical (curve fitting) relationships are presented 
and the overall accuracy of the approach is discussed.

5.3.1 The Analytical Relationship between Water Mass Flux and Heat Transfer 

Coefficient.

Based upon the experimental results shown in Fig. 5-9, a mathematical relationship 

between heat transfer coefficient and surface temperature can be established at each 

water mass flux. The best approximation to the experimental curve can be obtained 

via regression analysis. Figs. 5-11 to 5-20 present these "best fit" relationships and 

the corresponding experimental data. The curves are in the form of "negative 

exponentials" and generally provide very good representation of the results. Table 5- 

2 then presents the mathematical expressions derived from the curve fitting exercise, 

for each spray condition tested.
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Table 5-2 Analytical Analysis : Heat Transfer Coefficient as a Function of 
Surface Temperature, at Different Water Mass Fluxes.

Water mass flux 
(kg/m^s)

0.005
0.024
0.099
0.99
1.07
1.69
2.02
5.15
6.01
8.01

Analytical relationship between heat transfer coefficient (h) and 
Surface Temperature (T).

h = 284 + 298 . e [-(T-MO)]/72
h = 467 + 2662 -e [- (T-118)]/94
h = 503 + 4592 . e HT-n8)]/i6i
h = 7251 - e t- (T-168)J/73 + 5820 • e HT-168)]/374
h = 15748 • e [- (T-100^ 66 +10508 • eHT-100»/302
h = 1 5 1 56 - e HT-16S)]/233 + 424() . e RT-16S)]/18

h = 21901 • e [-(T-89)1/236 + 22350 • e (-(T-89)1/37
h = 22144- e (-(T-152)]/225 + 15264- e[-(T-152 »/n
h = 16644- e [- (T-200)]/25°
h = 13687 - e HT-233)]/206 + 6648 - eHT-233»/206

Using the mathematical expressions from Table 5-2, the "predicted" heat transfer 

coefficients can be plotted as a function of the surface temperature over the range of 

200 to 800°C. The overall results are shown in fig.5-21 and essentially represent a 

re-plot of Fig. 5-9 using best-fit "smoothed" data.
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The best fit relationships between heat transfer coefficients and surface temperatures 
can also be used to relate the heat transfer coefficient as a function of the water 
mass flux at different surface temperatures. The resultant curves are shown in Fig. 
5-22 (for high temperatures) and Fig. 5-23 (for lower temperatures). 
The corresponding analytical expressions for these relationships were also obtained 
by curve fitting and are tabulated in Table 5-3. The results indicate that at high 
temperatures (> 500°C) the heat transfer coefficient is independent of water mass 
flux at the higher water flows (rh0 > 2 kg/m2.s). Below this value, however, the 

water flux has a strong influence, with the heat transfer coefficient decreasing as the 
flow decreases. Different behaviour is observed at lower temperatures as the heat 
transfer increases continuously as the water flow increases (albeit at a decreasing 

rate). These effects are discussed in more detail later in the chapter.
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Table 5-2 - Analytical Relationships Between the Heat Transfer Coefficient and 
Water Mass Flux at Various Surface Temperatures.

Surface 
Temperature

250
350
450
550
650
750

Analytical relationship between heat transfer 
coefficient (h) and Water mass flux ( mo ).

h = 18156- 17055- e KlhJ/23]
h = 115 17 -10848 -eH*J/221
h = 7092- 6589 -e Klh' )/19]
h = 42 14- 3784 -e 1'^161
h = 2668- 2250 -e1^'141
h = 1720- 1303 . eH*° )/131

4500

to -U

Surface Temperature, °C

»750 650 *550

8

Water Mass Flux, kg/m2.s

10

Figure 5-12-"Predicted" Heat Transfer Coefficients as a Function of Water
Mass Flux at High Temperatures.
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20000

Water Mass Flux, kg/m.s

Figure 5-13-"Predicted" Heat Transfer Coefficients as a Function of Water
Mass Flux at Low Temperatures.

5.3.2 Relationships Between the Heat Transfer Coefficient (h) and Air/Water 

Volume Ratio (A/W).

From the analytical relationships established between heat transfer coefficient and 

water mass flux other relationships can be developed.
In Chapter 4, the air/water volume ratio was seen to have a direct effect on water 
mass flux (Fig. 4-16, chapter 4). Knowing the relationship between water mass flux 
and air/water volume ratio, and the relationship between water mass flux and heat 
transfer coefficient at various surface temperatures an analytical relationship
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between air/water volume ratio and heat transfer coefficient can be deduced, (i.e. 
h = f(A I W\T) ) as shown in the following example:.

Example: 

At 250°C

— ( tn
.. „„_ -. _ _ v 0 Equation 5-1 

m0 =15.4.e-° 087 - A/W Equation 5-2

Replacing 5-2 in 5-1:

f Cl S A A -0-087-A/ W \, ~h = 1815- 17055 -eK154 ' 6 J/2

If the same procedure is performed for a range of temperatures from 250 to 750°C, 
the list of equations shown in Table 5-4 is obtained and based upon these, the graph 
presented in Fig. 5-24 can be plotted.
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Table 5-1 - Relationships between the Heat Transfer Coefficient (h) and the
Air/Water Volume Ratio (AAV).

Surface 
Temperature

250

350

450

550

650

750

Relationship between the 
(h) and the AirAVater

h = 1815- 17055 -eK15 - 4'6

heat transfer coefficient 
Volume ratio (AAV).

-0.087.A/w}/ 2 33]

h = 1 1517 - 10848 • e l-(15 - 4-e"° 087'A/W )/2- 26 ]

h = 7092 - 6589 •eW154'e~° 087A/W )/199l

I t \ i 
„ ._.. .._. ."I154"6 'A W )/157j

f Lc A --O.OgT-A/W^/, ,,]h = 2668- 2250 -eH154' 6 J/14J

[ / \ i 
„ ..__ . _ _-(15 - 4'e ' J /127J

Surface Temperature, 
°C

30 50 70 90

Air/Water Volume Ratio, Nm 3/m 3

110

Figure 5-1 - Heat Transfer Coefficient as a Function of AirAVater Volume
Ratio.
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5.3.3 Relationship between Heat Transfer Coefficient (h) and Nozzle Height (njj).

The nozzle height i.e. its position relative to the area being sprayed, is a further spray 
parameter that can influence heat transfer. To obtain an expression relating the heat 
transfer coefficient to nozzle height directly with heat transfer coefficient it is more 
complicated, since nozzle height has a direct influence on the water mass flux, which 
is also affected by the air/water volume ratio settings and surface temperature. From 
Figs. 4-17 to 4-19, chapter 4, the relationship between water mass flux and nozzle 
height can be obtained and mathematically represented for specific Air/Water volume 
ratios. However in chapter 4 it was also seen that whereas the water flux depends on 
nozzle height for high water mass flux sprays, at low water mass fluxes the nozzle 
height does not seem to affect substantially the water mass flux. The relationship 
between nozzle height and heat transfer coefficient is therefore restricted to air/water 
volume ratios less than 87.

Table 5-5 - Relationships between Water Mass Flux and Nozzle Height, for
various Air/Water Volume Ratios.

Air/Water Ratios

11

12

23

31

39

87

Analytical relationship between water mass 
and nozzle height ( nH ).

flux(/M0 )

m0 =3634-nH ~°-94

m0 =3599-nH ~°-96

m0 = 546696 -nff' 1 - 73
m0 = 172469 -nH ~ 1 - 16

m0 = 829245 • nH'2 'M

m0 = 615809 nH ~233
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Knowing the "best fit" relationship between water mass flux and nozzle height at 

certain air/water volume ratios (i.e. m0 = f(nH ;A/w)) and the corresponding 

relationship between heat transfer coefficient and water mass flux for temperatures 

between 250 and 750° C (i.e. h = f(m0 -,T)), Table 5-3), a direct relationship 

between nozzle height and heat transfer coefficient can be obtained as shown in the 
following example:

Example: 

At 250 °C

h = 18156 -17055 • eH*")/2 -33] Equation 5-3 

At an A/W ratio =87

m0 = 615809 • nH ~2'33 Equation 5-4

Therefore at 250°C and A/W volume ratio = 87

Replacing 5-4 in 5-3:

r-f615809-n#~2-33 l/2.33~| 
h = 18156- 17055 -e\- ^ -1

If a similar substitution is performed for a range of temperatures from 250 to 750°C a 

list of equations is obtained and this is shown in Tables J-l to J-6 in Appendix J.

These analytical relationships are useful to predict the rate of heat transfer in a 

specific situation. For example, chapter 5 presented heat transfer coefficient data for 

different nozzle heights at constant water mass flux for varying air/water volume 

ratios to obtain the same water mass flux at different spray conditions, see Fig.5-10.
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It was found experimentally that when all the relevant spray parameters (i.e. nozzle 

height and A/W ratio) are adjusted to result in the same water mass flux value, the 

heat transfer coefficient depends on the surface temperature but is virtually 

independent of nozzle height.

A similar study is presented here to illustrate the validity of the analytical 

relationships, which have been developed. The resultant analytically derived heat 

transfer coefficient at a constant water mass flux of 1.7 kg/m2.s are plotted against 

surface temperature in Fig. 5-25. The curves indicate that the influence of nozzle 

height and air/water volume ratio (at least at this medium water flux) is relatively 

small. This again supports the proposition that the dominant parameters affecting 

heat transfer are the water mass flux and the surface temperature.

The average of the four curves is compared with the average of the experimental 

data, as shown in Fig.5-26. It can be seen that the "best fit" and original 

experimental data show a reasonable agreement. It can also be said that although 

there are errors associated with the curve fitting and cross plotting procedures as 

discussed in the next section, the mathematical relationships are meaningful within 

the specified ranges.
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5. 3. 4 Uncertainty analysis

As discussed in this chapter, the data obtained experimentally have been translated 

into analytical relationships via a regression analysis or non linear curve fitting 

procedure. Each curve fit analyse has provided confidence level of at least 95%. It 

is, therefore, estimated that there is an associated error of better than ± 5% for each 

curve fit.

The relationships established from curve fitting were: 

h = f(T)

0 = (nH

The derived relationships: h = f(A I W) and h = f\nH ) can thus have an 

accumulated error up to ± 10%, due to cross plotting

The semi-numerical method presented here to predict the heat transfer coefficients 

for air/water spray cooling with this particular nozzle, are to be valid only for: 

surface temperatures ranging from 250 to 750°C; A/W Volume ratios from 1 1 to 87; 

nozzle heights from 400 to 800 mm; and for this specific nozzle design.
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5.4 Further Discussion of the Results

5.4.1 Heat Transfer from Plane Surfaces due to Air Cooling

The mechanism of heat transfer from a plane surface to the air jet (i.e. at zero water 

flows) has been investigated and Figs. 5-5 and 5-6 present the results obtained. The 

heat transfer coefficients include the effect of thermal radiation since in an industrial 

application it is the total rate of heat transfer coefficient which is important. 

Nevertheless the radiation effect can be estimated using the simple equation for 

thermal radiation from a small body in a large enclosure, see Fig. 5-27. The 

emissivity of the test piece was assumed to be 0.26 in this calculation. It was found 

that at a surface temperature of 850°C this mechanism contributes approximately 

10% of the total, whilst at a lower temperature of 400°C the contribution is less than 

3%.

—-——-———r 350

300

250

- 200 •$

150 o 
<D

h - total

h - no radiation

Radiation, %

100 2

-- 50

150 200 250 300 349 400 450 500 550 599 650 701 750

Surface Temperature, °C

Figure 5-1 - Radiation Effect on the Overall Heat Transfer Coefficient - Air
Alone Study
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The heat transfer data from the air flow alone (corrected for radiation) have been 

compared with theoretical data obtained from correlations available from Incropera 

and De Witt [2] for airflow normal to a flat surface.

The literature presented two existing empirical correlations for airflow normal to a 

flat surface [3] [4], therefore both were investigated. It was found that the results of 

the two correlations were in reasonable agreement with the current experimental 

data, see Fig. 5-28. The agreement is particularly reasonable since there are 

undoubtedly differences in the flow arrangement and geometry. Buckingham and 

Haji-Sheikh [5] also presented data for heat transfer from their nozzle operating with 

only air. Their data can also be seen in Fig. 5-28, and again is in reasonable 

agreement taking into account the different component geometry.

300 T

™ • 250

§
•£ 200 
a> '5 

E
§ 150 
O

03o>

100 -

50
- h - no radiation (experimental data)
- h (theoretical)-Hilpert [3] 
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- h - no radiation - Buckingham and Haji-Sheikh

100 200 300 400 500 600

Surface Temperature, °C
700 800

Figure 5-2 - Heat Transfer for Air (Data Corrected for Radiation)
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5.4.2 Heat Transfer from Plane Surfaces due to Air Assisted, Water Spray Cooling

The heat transfer coefficient for a plane surface increases substantially as the surface 
temperature is reduced and the mode of vapour evaporation changes, see Fig. 5-9.

At high surface temperatures stable film boiling occurs particularly at the higher 
water fluxes. As the temperature decreases transition boiling probably ensues and 
the rate of heat transfer is more markedly influenced by the rate of water inundation. 
At relatively low temperatures and high water fluxes it is possible that nucleate 
boiling occurs within a film of water on the surface and this results in very high heat 
transfer coefficients. At the lowest water flows the heat removed from the surface is 
more than sufficient to evaporate all the water droplets so that convection to the air 
makes a significant contribution to the overall rate of heat transfer.

At high surface temperatures the rate of heat transfer is relatively insensitive to the 
water mass flux, and this can clearly be seen in Fig. 5-2 in which the heat transfer 
coefficients are plotted against the water mass flux for surface temperature of 550, 
650 and 750°C.

At a surface temperature of 750°C (Fig. 5-2) the rate of heat transfer is virtually 
independent of water mass flux above a value of approximately 2.0 kg/m2 .s. This 
corroborates the data of Buckingham and Haji-Sheikh [5], see Fig. 5-29, (where data 
obtained from the current experimental study is plotted together with data from these 
authors). Although it is not possible to compare the results on a quantitative basis 
the "trends" in the spray heat flux data are similar and agree qualitatively. At high 
temperatures and high water flow rates heat flux from the surface is relatively 
constant. This behaviour is consistent with the formation of a stable vapour film 
beneath a layer of water. The relatively small water droplets in air assisted sprays 
have insufficient momentum to penetrate through the layer and the film so that heat
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transfer across the vapour film is virtually independent of water mass flux. As a 

result there is little point in using high water flows in an industrial spray cooling 

system for quenching superalloys, with consequent savings in water and energy 

costs.

In the high temperature region at low water flow rates (water mass flux < 2kg/m2 .s) 

the air at least partially, sweeps the water from the surface (or all the individual 

droplets evaporate) so that the heat transfer depends upon the water flow. 

Consequently control of the water mass flux at these low water flow rates provides 

reasonable range of heat extraction rates lying between those normally associated 

with air cooling and oil quenching.

At surface temperatures below 450°C the heat transfer rates are heavily dependent on 

water flow over the whole experimental range, see Fig. 5-23. In quenching situation 

ndesirable high coefficients are also obtained at flow rates above approximately 1.0 

kg/m2.s. However this low surface temperature region is relatively unimportant in 

quenching superalloys since at this stage the metallurgical effects (which determine 

the mechanical properties) will be negligible see chapter 7.

Comparison of the data obtained during the current experimental study with air 

assisted water sprays with typical data obtained for pool boiling corroborates the 

findings of Pejavar et al. [6], see Fig. 5-30. It can be seen that heat fluxes due to 

spray cooling are considerably higher than those encountered in pool boiling. The 

trends of the experimental curves also corroborate the of heat transfer results during 

spray cooling described by Pejavar et al. [6], and by Buckingham and Haji-Sheikh 

[5], where a substantial enhancement in heat transfer over the film and transition 

boiling regions were obtained.
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Figure 5-2 - Typical Pool Boiling and Air Mist Cooling.
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5.4.3 Further Correlation of the Heat Transfer Data

Section 5-3 outlined individual relationships between heat transfer coefficient and 

surface temperature at various water mass flux. This section presents two overall 

correlations found by multiple regression analysis where the two independent 

variables (i.e.surface temperature and water mass flux) are related to the dependent 

variable (i.e. heat transfer coefficient). As discussed previously the rate of heat 

transfer appeared to behave differently at low and high water mass fluxes, so that 

separate equations are presented for the two ranges.

For water mass fluxes ranging from 0.1 to 2 kg/m2.s and surface temperatures 

ranging from 300 to 800°C it was found that:

= 5.2x!04 -T-1 - 597 .m0 °-408 Equation5-5

where:

h- heat transfer coefficient, kW/m2.K

T - surface temperature, °C

m 0 - water mass flux, kg/m2 .s

Fig. 5-30 presents a comparison between the measured and the predicted heat transfer 

coefficients using this correlation. It can be seen that there is a reasonable agreement 

between the two, since the values lie approximately on a 45° line passing through the 

origin.
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Figure 5-31 - Predicted and Measured Heat Transfer Coefficients for the Low
Water Mass Flux Range.

A second overall relationship was derived for a range of water mass fluxes between 2 

and 8 kg/m2.s and surface temperatures ranging from 300 to 800°C, and can be 

represented as:

= 7.3xl07 .T-2 - 72 . m °-082 Equation 5-6

Where:

h- heat transfer coefficient, kW/m2 .K

T - surface temperature, °C

m0 - water mass flux, kg/m2 .s

Fig.5-32 presents a comparison between the predicted and measured heat transfer 

coefficients using this correlation and it appears that the agreement is less good than 

in the low water flow rate cases.
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Figure 5-32 - Predicted and Measured Heat Transfer Coefficients for the High
Water Mass Flux Range.

Table 5-6 summarises the overall accuracy of the predictions. It can be seen from the 

table for the low water mass flux case that the correlation provides predictions within 

10% of the measured values for approximately 75% of the data, whereas at high 

fluxes the corresponding percentage is 28% with nearly over 30% of the 

measurements differing by >25%. A contributing factor is that the low water flux 

correlation is based on a larger number of samples (127), whereas the correlation for 

the high water mass flux case is based upon a small sample of 28 data points. 

However it should be noted that the low water mass flux cases are of most in interest 

in practice.
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Table 5-6 - Predicted Heat Transfer Coefficients as a Percentage of the
Measured

Low Water Mass 
Flux Range

High Water Mass 
Flux Range

Predicted Heat Transfer Coefficients as a 
Percentage of the Measured

0 - 5%
46

14

5 - 10%
28

14

10 - 15%
16

18

15 - 25%
6

21

>25%
5

32
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Chapter VI

This chapter presents the results obtained for the cooling of a recessed 304 stainless steel part. The 

chapter also compared the data and the mechanisms of heat transfer when quenching both plane and 

recessed models. The use of pulsed sprays is also investigated as a means of controlling the rate of 

cooling by varying the quantity of surface water.

6. Experimental Results

6.1 Recessed Surfaces

The experimental study carried out on recessed surface models aimed to investigate a 

problem that frequently occurs when cooling components of complex geometry. In 

practice components can be a combination of plane and recessed surfaces. The 

cooling behaviour of both types of surface is different due to the presence of surface 

water building up in the recess. Different areas of the surface can therefore 

experience different cooling rates leading to formation of residual stresses and 

possibly distortion or cracking.

The same one-dimensional heat transfer model was used, with test piece diameter 

and length of the main body kept constant. The test piece was machined on the top 

surface to simulate a cavity where water may accumulate (a recess). Three different 

recess depths were investigated: 2, 4 and 8 mm, see Figs. K-l, K-2, K-3, in Appendix 

K.

6.1.1 Influence of Recess Depth on the Rate of Heat Transfer

The three recessed components were tested in the same way as the previous plane 

components outlined in chapter 5.
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It was thought that the depth of the recess would obviously dictate the depth of water 
on the surface, thereby affecting the rate of heat transfer.

The results of the tests can be seen in Fig. 6-1 and 6-2 at a water mass flux of 0.099 
kg/m2 .s. It can be seen in Fig. 6-1, that as expected the deeper the recess, the slower 
the cooling rate. The time taken to cool the component to 200°C increases from 100 
seconds for the plane surface to approximately 175 seconds for the 8 mm deep recess 
component.

Water mass flux = 0.099 kg/m .s Rane Surface 
2mm Recess 
4mm Recess 
8mm Recess

100 125 150

Time, sec.
175 200 225 250

Figure 6-1 - Cooling Rates of Different Recess Depths

The effect on the heat transfer coefficient is shown in Fig. 6-2. It can be seen that 
the heat transfer coefficient is reduced as the depth of the recess is increased. Again 
for a surface temperature of 200°C the heat transfer coefficient reduces from 3300 
W/m2 .K for a plane surface to 1300 W/m2 .K for the 8 mm deep recessed component.
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However at the high temperatures which are of particular interest in the present study 

(>600°C) the rate of heat transfer is unaffected by the presence of a recess. This 

suggests that in all cases at these temperatures that the individual droplets evaporate 

either after, or prior to, striking the surface so that wetting does not occur and the 

heat transfer conditions are unaffected by the presence of the recess.

7000

6000 -

-' 5000 --
c
0>'o

£ 4000 -.

,_ 3000 --

£<n
re 2000 --

1000 --

—•—Plane Surface

—•—2mm Recess 

4mm Recess

—X—8mm Recess

Water mass flux = 0.099 kg/m 2 .s

100 200 300 400 500 600 700 800 900 

Surface Temperature, °C

Figure 6-2 - Influence of Recess Depth on the Heat Extraction Rate.

6.1.2 Influence of Air/Water parameters on the Heat Extraction Rate

Tests were carried out initially on both plane and 8 mm recessed surfaces using air 

only at a flow rate of 0.0014 Nm3/s with a nozzle height of 0.8 m. The results of 

these tests are shown in Figs.6-3 to 6-4.
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It can be seen that in all cases the 8 mm recessed surface has a slower rate of cooling 

than the plane surface model, resulting in a variation in the heat transfer coefficient.

It can be concluded that when both surfaces are cooled with only air the recess is 

detrimental to heat transfer. The heat transfer coefficients can be seen to be lower for 

the recessed model. This effect is also apparent with very low water flows, as shown 

in Figs. 6-5 to 6-10.

With an intermediate range of spray operating conditions, Figs 6-11 to 6-16 indicate 

that there is little effect on the cooling rates and heat transfer coefficients. 

Air/water volume ratios lower than 23 result in slower cooling rates and remarkably 

lower corresponding heat transfer coefficients when quenching the recessed surface 

component. This is shown in Figs. 6-17 to 6-22.

With higher water mass fluxes, Figs 6-17 to 6-22, it can be seen that slower cooling 

rates are again produced with the corresponding reduction in the heat transfer 

coefficients. This effect is more marked at lower surface temperatures than 600°C.

Overall the effects of the presence of a recess are a reduction in heat transfer 

coefficient at high and low water mass fluxes with very little effect at medium fluxes. 

In all cases the effects are less marked at high temperatures.

The experimental data is shown in Tables L-l to L-9 in Appendix L.
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Figure 6-6 - Heat Transfer for Plane and Recessed surfaces - AAV = 102
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Figure 6-7 — Cooling Curves for Plane and Recessed Surface - AAV = 101
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Figure 6-8 - Heat Transfer for Plane and Recessed Surfaces - AAV = 101
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V\fater mass flux= 0.099 kg/m2.s 
A/W=87 Rane Surface 
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Figure 6-9 — Cooling Curves for Plane and Recessed Surfaces - AAV = 87
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Figure 6-10 - Heat Transfer for Plane and Recessed Surfaces - AAV = 87
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Figure 6-11 — Cooling Curves for Plane and Recessed Surfaces - AAV = 40
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Figure 6-12 - Heat Transfer for Plane and Recessed Surfaces - AAV = 40

145



Chapter VI

900

800

I 300 

W 200

100

0

Rane Surface

8 mm Recess Surface

Water mass flux= 1.07 kg/m 2.s 
A/W=31

8 10 
Time, sec.

12 14 16 18

Figure 6-13 — Cooling Curves for Plane and Recessed Surfaces - A/W = 31
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Figure 6-14 - Heat Transfer for Plane and Recessed Surfaces - A/W = 31
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Figure 6-16 - Heat Transfer for Plane and Recessed Surfaces - AAV = 23
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Figure 6-17 - Cooling Curves for Plane and Recessed Surfaces - AAV = 21
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Figure 6-18 - Heat Transfer for Plane and Recessed Surfaces - AAV = 21
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Figure 6-20 - Heat Transfer for Plane and Recessed Surfaces - AAV = 12
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6.2 Pulse Sprays

As mentioned previously, the cooling rates of plane and recessed surface test pieces 

can vary depending on the water mass flux. Pulsed sprays are proposed as a means 

of controlling the water mass flux and therefore producing similar cooling rates for 

plane and recessed surfaces.

The pulsing of the spray was achieved by adding a solenoid valve and timer 

mechanism to the water supply system mounted close to the nozzle. This is shown in 

Fig. 6-23.
The timer activates the solenoid valve to give control of the water on and off periods 

(operations instruction shown in Appendix M). This timer can be adjusted to 

achieve water on/off periods ranging between 0 and 10 seconds.

Figure 6-23 - Solenoid Valve and Timer
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Figs. 6-24 to 6-29 show the effect of pulsing the spray, with the timing of the pulse 

varying. As would be expected pulsing the spray reduces the rate of heat transfer for 

both types of surface. It can be seen that with time off periods of between 1 and 3 

seconds, no significant advantage is gained from the use of a pulsed spray. However, 

as the"water off period is increased to between 5 and 10 seconds, the plane and 

recessed surface cooling rates can become similar. It is possible, therefore, that with 

this degree of control, the whole surface cooling rate can be the same disregarding of 

whether these are recesses or cavities.

When the water spray is switched off for relatively long periods (5 or 10 seconds) the 

surface temperatures and the rates of heat transfer from the test surfaces vary in a 

periodic or oscillatory fashion. The surface is cooled rapidly during the spray period 

and during subsequent air cooling (with low rates of heat transfer) conduction from 

the hotter interior of the test piece raises the temperature of the surface.

It follows, therefore, that with a knowledge of the nozzle characteristics and the 

influence of the required quenching rate can be controlled. In the particular case of 

quenching complex shaped components, the use of pulsed sprays will improve 

cooling uniformity particularly at lower temperatures.

The experimental data are tabulated in Tables N-l to N-4, Appendix N.
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900 ,.

Plane Surface (1 sec. on 5 sec. off) 

8 mm Recess ( 1 sec. on 5 sec. off)

Water Mass Flux = 5.15 kg/m 2 .s 
A/W = 12

10 20 30 40 50 
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Figure 6-26 - Cooling Curves for Plane and Recessed Surfaces: 
Pulsed spray - 1 sec. on 5 sec. off
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Figure 6-27 -Heat Transfer Rates for Plane and Recessed Surfaces due to a
Pulsed Spray - 1 sec. on 5 sec. off
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6.3 Discussion of Results

6.3.1 Recessed Surface Study

The thickness of the surface water film and its effect has been studied by many 

authors of spray cooling. Methods to predict the water film thickness deposited on a 

plane surface by a spray have been studied, [1]. This study did not aim to develop a 

new method to predict or measure liquid film thickness, but to use the acquired 

knowledge to understand the phenomena occurring on a recessed surface.

It has been shown [1], that the ability of spray cooling to enhance heat transfer rates 

is largely attributed to the thermo-physical phenomena occurring within the thin film 

of liquid deposited on the surface. In gas atomised sprays, the drops having higher 

inertia deviate from the air streamlines to strike directly against the hot surface. A 

droplet on impinging the surface forms a plane disk, whose thickness can be much 

smaller than the diameter of the droplet Simultaneously, the gas stagnation flow field 

spreads the droplets/disks further, through the shear and pressure on the film, to form 

a thin film on the surface. A very thin liquid film enhances heat transfer by 
conduction through the liquid and evaporation at the surface. It also assists in the 

early bubble departure through droplet-bubble impact.

Fig. 6-30 shows the typical air mist flow field referred to by Yang et al. [1]
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Free Jet

Stagnation Flow

'^Mfi^fff^/^^^^f^f^^
Wall i

Figure 6-30 - Air assisted spray cooling flow fields, [1]

For recessed surfaces being sprayed with the same spray conditions as a plane 

surface, the droplets impinging on the surface also form flat disks. However, this 

time the droplets are spread and captured within the recess of the material and the 

formation of a thin liquid film is restricted. This way, the liquid film, instead of 

spreading and enhancing heat transfer, stays in contact with the material for a longer 

period of time forming a "pool" and, therefore, restricting heat removal. This 

phenomena can be clearly observed during tests and is presented in Fig. 6-31.
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Bubble capture within 

the material walls and 

"pooling" effect.

Figure 6-31 - "Pooling" Occurring during Spray Cooling of Recessed Surfaces.

6.3.2 Heat Transfer Mechanisms in both Plane and Recessed Surface Components.

The study of recessed surfaces presented earlier in this chapter, clearly shows that 
the deeper the recess, the slower is the heat removal from the surface, since it allows 
a thicker water film to be formed, the recess therefore contributing to a "pooling" 
effect.

From the experimental results obtained, with air mist quenching of recessed surfaces 
the following can be observed:

• At air/water volume ratios of 23 and below and, therefore, high water mass flux 
values, the recessed surface exhibits significantly lower heat transfer coefficients 
at all but the highest surface temperatures see Figs.6-15 to 6-22. At high 
temperatures, stable film boiling predominates so that it is reasonable to expect 
relatively little variation in heat transfer between the two surfaces. With a plane 
surface water can be "swept away" by the impinging air flow. This effect is 

inhibited with a surface cavity, so that it is likely that a deeper pool of water is 
formed within the recess. In "shallow" pools nucleate boiling heat transfer rates
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decrease as the depth of water increases. Consequently, in the transition and 

nucleate boiling regions which probably predominate at lower surface 

temperatures it is possible that this effect results in the reduction in heat transfer 

which is apparent with the recessed components. The reductions in heat transfer 

may be even greater than those shown in Figs 6-17 to 6-22 since the results do 

not take into account any additional cooling as a result of the flange of the recess 

acting as a "fin" or extended surface.

Calculations were thus carried out using the theory of extended surfaces to 

evaluate the influence of heat transfer from the sides of the recess on the overall 

heat transfer. It was found that the "extended surface" plays a significant role 

particularly with low heat transfer coefficients, but that the influence of the sides 

of the "recess" decreased with progressively higher heat transfer coefficients. 

Table 6-1 summarises for four heat transfer coefficients the estimated heat transfer 

from the sides of the recess as a percentage of the total rate of heat transfer from 

the top of the test piece. The length of the extended surface i.e. the depth of the 

recess was not seen to have a major effect since the "fin efficiency" decreases 

rapidly as the length (depth) is increased. The values presented are approximate 

estimates since a rigorous calculation is extremely difficult.

Table 6-1 - Effect of Heat Transfer from the Side of the Recess

Heat Transfer from the Side of the Recess as a Percentage of the Total
h(W/m2 .K)

1000
5000
10000
15000

%
35
17
13
11

Sprays with high air/water volume ratios of 102 to 87 are characterised by low 

water mass fluxes and show a similar reduction in heat transfer rates, see Figs.6-5
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to 6-10. At these air/water volume ratios the individual droplets evaporate either 

before or after impinging upon the surface and a water film is not formed. 

However, the shape of the cavity may significantly affect the characteristics of 

the flow on impingement and this, in turn, may influence the rate at which water 

droplets are deposited. This phenomenon would be less marked at high 

temperatures where thermal radiation and air convection from the surface play a 

greater part as referred to previously in Chapter 5. At these high temperatures 

also a higher proportion of the droplets evaporate prior to impingement so that 

variations in droplet inundation would have less overall effect.

• Different behaviour was observed at air/water volume ratios between 40 and 23 , 

i.e. intermediate water mass fluxes, see Figs. 6-11 to 6-14. Under these 

conditions the heat transfer coefficients are relatively unaffected over the whole 

surface temperature range. The reason, for the difference in behaviour is 

currently unclear. However overall, it can be seen that any reductions in heat 

transfer are most marked at lower temperatures and generally the heat transfer 

coefficients at high surface temperatures are less affected. Thus any variations in 

heat extraction rate due to the presence of recessed areas in the surface of 

contoured parts will be minimised at the high temperatures which particularly 

influence the mechanical properties and residual stresses.

It has been shown that for recessed surfaces the heat transfer coefficient is 

significantly affected by the water mass flux. The use of pulsed sprays was seen as a 

means of controlling the quantity of water present and thereby controlling the heat 

transfer coefficient.
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6.3.3 Study of Pulse Sprays

It is a well known fact that different heat extraction rates within the same part can 

lead to the development of excessive residual stresses or unusual residual stress 

patterns which are difficult to predict and will contribute to the formation of material 

defects in final machining. In this study of pulsed sprays, the water was switched off 

periodically during the spraying operation, thereby giving a means of controlling the 

heat extraction rate.

The results obtained from spraying both plane and recessed surfaces with a pulse 

spray have shown that when the solenoid valve is set with a water on/off period equal 

to "1 second on", "5 or 10 seconds off' the heat extraction rate curves of both plane 

and recessed surfaces can be brought together, thereby reducing the discrepancy in 

the heat extraction rates when both surfaces were sprayed continuously, see figs.6-26 

to 6-29.

The mechanisms underlying the reduction in heat transfer are complex and depend 

upon the initial water mass flux, since evaporation of any "pool" formed on the 

surface occurs mainly during the "water off period.

Fig. 6-32 shows the complicated nature of the phenomenon occurring over a spray 

pulse. During the "water on" period the part is being air mist sprayed, whereas 

during the "water off period the surface is solely subjected to a simple air jet. If air 

mist cooling during 1 second and air cooling only during 5 seconds were the only 

phenomenon occurring, the heat extraction rate due to the pulse spray would have to 

be the same as the weighted average heat transfer coefficient over the total period of 

6 minutes. This is not the case, however, and although at present the phenomenon is 

not fully understood, it seems reasonable to assume that the situation results from the
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evaporation of the water "pool" during the "water off period in addition to the
forced convection heat transfer.
It can also be stated, that this technique can find application, since it provides a way
of minimising problems due to quenching of parts with various surface geometries.
It can also be used to reduce and control heat transfer coefficients at lower
temperatures.

18000
Air/rrist cooling

Air Only

Pulsed Spray (1sec. On 5 sec. Off)

Weighted Heat Transfer Coefficients during 6 secondsC 12000 - 
0)

10000 4-

S 2000

200 300 400 500 600 700 

Surface Temperature, °C

800 900

Figure 6-32 - Phenomenon Occurring due to a Pulsed Spray

The pulsed spray technique demonstrated a means of minimising problems due to 
the quenching of components with various surface geometries, as well as providing a 
means of reducing and controlling the heat transfer coefficient at low surface 

temperature.
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Chapter VII

This chapter outlines the work carried in order to evaluate cooling rates and the corresponding 

residual stresses in a typical forged aeroengine component, -when quenched with an air-mist spray in 

comparison with oil and fan quenching. Further, the influence of water mass flux and spray 

uniformity are studied as relevant spray parameters when a component is to be produced with specific 

mechanical properties.

7. Modelling of Cooling Rates and residual Stresses in a Typical 

Aeroengine Forging

Heat treatment is one of the prime manufacturing processes that determine the 

quality of a component. Mechanical properties such as yield strength and creep 

resistance, as well as residual stresses, service life, etc., can be affected by the heat 

treatment process. Furthermore inappropriate treatment and cooling can result in 

cracking or distortion, increasing substantially the subsequent difficulties during 

machining.

Air mist spray quenching has been suggested as a possible alternative to conventional 

air, oil or water quenching, since, due to its flexibility and ease of control the flow 

may be adjusted to the desirable cooling rate for a specific part in order to meet the 

required mechanical specifications.

This chapter reports a study carried out jointly with Wyman - Gordon Forgings to 

predict the rate of cooling and consequent development of residual stresses during 

heat treating processes. The study used a commercial code DEFORM™-HT based 

on the Finite Element Method (FEM).

In this study, the relationships between surface temperatures and heat transfer 

coefficients obtained via the inverse conduction code, INTEMP, during the 

experimental part of the current project, were input into DEFORM™-HT. The
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modelling results, cooling rates and residual stresses, were analysed and also 

compared with oil and fan quenching (using proprietary data from Wyman - Gordon) 

for the same component.

One potential problem with air-water cooling is the spray non-uniformity. For better 

understanding of this and to evaluate the effects of spray non-uniformity during air- 

water spray quenching three different spray distributions were studied and compared. 

In the first of these a uniform heat transfer distribution was employed data, (i.e. it 

was assumed that the part was sprayed with uniform water mass flux and hence heat 

transfer coefficient over the entire surface). The second case assumes that the part is 

sprayed with a twin spray system at the top, bottom and sides. Whilst the third case 

assumes a single spray. 

The aim of these simulations is to identify the effects of poor spray uniformity.

This chapter includes:

• a brief introduction to the quenching model and DEFORM™-HT.

• a description of the main model and an explanation of sub-models 1, 2 and 3.

• the presentation of the results obtained with the study.

7.1 DEFORM™ - HT, [1]

The process of quenching a forged part, was modelled using a computer code

DEFORM™-HT based upon the finite element method,

DEFORM™-HT consists of a Graphical User Interface (GUI) based pre-processor, a

post-processor and an FEM solution engine.

• The pre-processor is employed to prepare the input data for the simulation. 

The data can consist of geometry data, material properties, metallurgical 

transformation data and so-called environment information.
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=> Geometry data, the user can generate a mesh for the finite element 

simulation.

=> Material property consists of plastic, creep, thermal, carbon 

diffusion and electromagnetic properties. (Phase transformations 

can be described by the transformation kinetics between metallic 

phases, but was not used in this study since the material does not 

undergo a phase change).

=> Environmental data defines the process conditions of the quenching 
process.

• The FEM engine consists of several loosely coupled solvers such as 

deformation and heat transfer.

• The Post — processor displays stresses, and corresponding strain 

components, temperatures, hardness, cooling rates and cooling times, and 

fracture/damage distributions.

The Heat Transfer Model
The temperature field within the forging is governed by the Laplace equation:

where:

p = density

c = specific heat

K = thermal conductivity
LI = latent heat produced by the progressive Ith constituent

£/ = Ith constituent volume fraction

- a- • £y = heat due to plastic deformation

Lj-gj = latent heat absorbed or released during the phase transformation

Q = heat source, such as eddy currents during induction heating.
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To accommodate the complex thermal boundary conditions during the 

heating/cooling processes, the heat transfer coefficient can be specified as a function 

of surface temperature, and surface location.

7.2 Simulating the Quenching of a Forging.

The profile of the forging which was investigated is shown in Fig. 7-1 and represents 

a typical aeroengine component produced by Wyman-Gordon.

The pre-processor of the finite element model DEFORM™ - HT was used to create a 

mesh comprising 2158 nodes and 2044 elements (Fig.7-2). The material data 

describes how the material behaves plastically. (The data used in the study was 

supplied by Wyman — Gordon and to safeguard the "Company proprietary data", 

only the results obtained from the study are presented. Consequently a list of input 

data is not made available.

Based upon a typical Wyman - Gordon quenching process, it is assumed that the 

component was initially heated to a uniform temperature of 1104°C and that it took 

30 seconds to transfer it from the furnace to the quenching system. During this 

transfer, heat losses from the part were assumed to be by radiation exchange with the 

surroundings at ambient temperature.

The initial conditions, including the introduction of the environmental data specific 

to each case, were modelled using the pre-processor and then the DEFORM™-HT 

FEM engine is used to calculate the temperature-time history distributions and 

cooling rates for each specific forging it was then possible, by using correlations 

between cooling rates and properties, to predict the resultant mechanical properties 

for the material.
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DEFORM™-HT also provided predictions of the transient stresses that occur in the 
part during quenching and the final residual stresses remaining at the end of the 
process.

The validity of the thermal and stress models used in this part of the work, has been 
previously verified in a joint project between Wyman - Gordon Forgings and Rolls- 
Royce Aero-engines. Wyman - Gordon require residual stress information to assess 
whether problems of distortion or cracking may occur during subsequent machining 
of a forging, whereas Rolls-Royce are more interested in the residual stresses present 
in the final component. The predicted residual stresses from DEFORM -HT were 
compared with measured data using a hole-drilling technique to "relax" the stresses. 
The predicted results compared favourably with measured ones, [2].

0508

Dimensions in mm

Figure 7-1 - Forging Geometry
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2058 - Nodes 
2044 - Elements 

Transfer - 30 sec. 

Solution- 1104°C

Figure 7-2 - Mesh Created in DEFORM™ -HT Pre-Processor (Main Model).

This study initially set-up a so-called base model, which involved the creation of a 
mesh over half of the cross-section of the forging. This assumes that the heat transfer 
distribution and residual stresses are axi-symmetric. The base model includes the 

geometry data file, i.e. the mesh system and the material property data. Three sub 
models were then created to provide the "environmental" data as follows:

i) Sub-model 1 - The "environmental" data in this case uses heat transfer 
coefficient which do not vary spatially over the surface of the forging. The 
coefficients are only a function of surface temperature . This sub-model was 
used to carry out a preliminary study of three different cooling processes 
namely oil, fan and spray cooling. Spray cooling is investigated at two different 
spray conditions 60/40 and 50/40 psi which correspond to water mass fluxes of 

0.099 and 1.07 kg/m2 .s.
ii) Sub-models 2 and 3 - Both these cases allowed the heat transfer coefficients to 

be both surface temperature and surface location dependent. They used two 

different spray arrangements and hence two different water mass flux 

distributions.
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7.2.7 Sub-Model 1 - Spatially Uniform Heat Transfer Coefficients which Vary withf 

Surface Temperature.

In this situation the heat transfer coefficients were a function of surface temperature 

but not surface location, i.e. the transient heat transfer data during cooling is assumed 

to be uniform over the entire surface being quenched.

The heat transfer data fed into DEFORM™ -HT for the four cases studied in this 

section are:

Oil and fan cooling data was supplied by Wyman - Gordon. (The actual data used 

cannot be listed for reasons of confidentiality).

Air -water cooling data was obtained from the experimental work reported in this 

thesis for the following conditions: 

i. Spray operating at 60/40 psi, air/water volume ratio = 87, Peak water mass

flux = 0.099 kg/m2.s.

ii. Spray operating at 50/40 psi, air/water volume ratio = 31, Peak water mass 

flux= 1.07kg/m2.s

The purpose of this section of the investigation was to study the viability of air water 

spray cooling as a realistic quenching process that would allow attainment of the 

cooling rates necessary to achieve the desired mechanical properties while 

minimising residual stresses and resultant distortion. For manufacturing purposes, 

priority must be given to the attainment of the desired mechanical strength in the 

final component. The cooling rates to ensure the required mechanical properties vary 

from alloy to alloy within a range of 55 to 85°C/min. For the forging used on this
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study, Wyman - Gordon Forgings have established a required minimum cooling of 
65°C/min, [3]

Fig. 7-3 shows the comparison between the predicted cooling rates for the various 
quenching methods analysed.

350.0

300.0 ..

0.0

H Mnimum Cooling Rate

—i Maximum Cooling Rate

- Mnumum Cooling Rate Required

Fan Cooling Spray Cooling
(60/40) 

0.099 kg/rrf.s

Oil Cooling Spray Cooling
(50/40) 

1.07 kg/m2 .s

Figure 7-3 - Comparison of Cooling Rates Obtained by Different Quench
Methods.

Fan cooling, produces the lowest minimum cooling rate of 28°C/min which is well 
below the required value (65°C/min.). This is followed by spray quenching with the 
lower water flux of 0.099 kg/m2 .s which provides a cooling rate of 68.3°C/min. just 
above the minimum required to meet the specified properties.

Oil quenching with a minimum cooling rate of 83.9°C/min., and spray quenching at 
the higher water flux of 1.07 kg/m2 .s with a minimum cooling rate of 150.5°C/min., 
also result in the mechanical properties being met. However the significantly high
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cooling rates in these latter two simulations could lead to high residual stresses and 

subsequent distortion during machining and assembly.

From this study the flexibility of air/water spray cooling can be seen. Different spray 

operating parameters can be used to increase or decrease of the spray water mass flux 

as discussed in Chapter 4. It can also be seen the cooling rates in the forging depend 

on the water mass flux, since changing the flux in the current study resulted in a 

change in the minimum cooling rate from 68 to 151°C/min. In this particular study 

such a high cooling rate could be detrimental, but with other which could tolerate 

these conditions the spray parameters can easily be adjusted to meet the specific 

requirements.

Figs. 7-4 to 7-6 present the radial, axial and circumferential residual stresses for the 

0.099 kg/m2 .s water mass flux case. For the remaining situations (see Figs. 7-7 to 7- 

9) only the circumferential stresses are presented. The stresses in the other two 

directions are omitted since the radial stresses were found to be similar in magnitude 

to the circumferential stresses and the axial stresses were small compared to the 

stresses in the other two directions.

Contours (MPa)
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B= -1048
C = -855
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1 = 
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K = 
L = 
M = 
N =
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95
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Figure 7-4 - Radial Residual Stresses Profile 
Spray Quenching at 60/40 psi - 0.099 kg/m2.s
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Figure 7-5 - Axial Residual Stresses Profile 
Spray Quenching at 60/40 psi - 0.099 kg/m2.s
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Figure 7-6 - Circumferential Residual Stresses Profile 
Spray Quenching at 60/40 Psi - 0.099 kg/m2. s
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Figure 7-7 - Circumferential Residual Stresses Profile
Fan Cooling
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Figure 7-8 - Circumferential Residual Stresses Profile
Oil Quenching
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A (Max.Compression) = -1309 

(Max. Tension) = 1373 MPa
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Figure 7-9 - Circumferential Residual Stresses Profile 
Spray Quenching at 50/40 psi - 1.07 kg/m2. S

The contour plots (Figs. 7-4 to 7-9) present the residual stress distributions in the 
component, and as each study was carried out until the forging was just a few 
degrees above ambient temperature. The final values may be considered to be the 

residual stresses locked into the material. Fig. 7-10 summarises the study in terms of 
the maximum tensile and compressive residual circumferential stresses for each 

cooling technique.

It can be seen that the stresses generated during fan cooling are the lowest, as would 

be expected from the cooling rates previously seen in Fig. 7-3. The stresses generated 

by spray cooling (60/40 psi spray- 0.099 kg/m2 .s water mass flux) are much lower 
than the ones generated by oil quenching and by the highest water mass flux spray 

quenching (50/40- 1.07 kg/m2.s). The increase in water mass flux results not only in 

higher cooling rates but substantially higher residual stresses. Wyman - Gordon 

aims to heat treat a forging such that the minimum cooling rate is met while 

producing the lowest residual stresses. High residual stresses and particularly high
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stress gradients could possibly result in greater distortion of the part after quenching, 
since in subsequent machining operations the forging seeks a new stress equilibrium.

It appears that spray quenching has the potential to provide cooling rates and 
resultant residual stresses between those for air and oil cooling. The method may 
thus be suitable in cases in which oil quenching produces unacceptably high stress 
levels. However, if this technique is used, a careful spray characterisation is 
required, since it is also clear that the water mass flux plays an important role. In this 
study an increase of 0.97 kg/m2 .s in the water mass flux value results in larger 
stresses than for oil quenching, a further problem with air-assisted sprays is that the 
water flux may vary from point to point on the surface depending on the spray 
distribution. The effect of spray non-uniformity should thus be considered.
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0.099 Kg/m?.s
Oil 50/40

Figure 7-10 - Comparison of Circumferential Residual Stresses Obtained by
Different Quench Methods.

7.2.2 Sub-models 2 & 3 - Heat Transfer Coefficients, as a Function of Surface 

Temperature and Location.
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The following study aims to evaluate the effects of spray non-uniformity on the final 

material properties and residual stresses. These sub-models were created from the 

base model, so that the forging, the geometry and the material data are as previously 

described in section 7-2. The "environmental" data is defined as a function of 

surface temperature and surface location.

To assess the non-uniformity, two cases were considered where the component is

sprayed with different nozzle arrangements, resulting in two different water mass

flux distributions. Both cases assume each nozzle to be positioned at a distance of

0.8m from the surface. The nozzles are set to operate at the following spray

parameters:

Air pressure = 50 psi;

Water pressure = 40 psi;

Air/water volume ratio = 31

Peak water mass flux = 1.07 kg/m2.s.

Fig. 7-11, summarises the distribution of water mass flux across the central axis of 

the spray at two different spray operating conditions.

Again in this study axi-symmetric conditions were assumed so that variations in the 

water mass flux in a circumferential direction were neglected. This is likely to be 

unrealistic in practice so that the spray distributions are a coarse approximation 

which will only provide preliminary information on the effects of non-uniformity.
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Figure 7-11 - Spray Distributions

7.2.2.1 The Twin Spray System

In the twin spray system the forging is assumed to be sprayed top and bottom by two 

non-overlapping nozzles, with a single nozzle spraying each side, as shown in Fig.7- 

12. The spray distribution from Fig.7-11 provided the estimated data for this 

particular study. These were then used as the input to DEFORM™-HT. The heat 

transfer coefficient data, as a function of surface temperature and water mass flux is 

based upon the relationships previously described in Chapter 5.
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Yxrf a = 1.07 kg/to 2.s

Figure 7-12 - Twin Spray System Arrangement

Figure 7-13 - Twin Spray System - Boundary conditions definition
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The transient heat transfer coefficient data, at various water mass fluxes, were 
allocated to the areas of the forging, as shown in Fig.7-13 and fed to DEFORM™- 
HT.

In DEFORM™-HT pre-processor each database can be made to correspond to a 
window. Fig.7-13 shows the boundary definition for the twin spray case. Each 
window is identified with a letter A to D, corresponding to the database references 
shown in Table O-l, Appendix O.

7.2.2.2 The Single Spray System

In the single spray system the part is assumed to be sprayed top, bottom and both 
sides with single sprays, as shown in Fig.7-14 which also presents details of the spray 
distribution. Since the spray is placed at the centre of the part, different areas are 
subjected to different water mass fluxes. Therefore the databases A, B, C, D, (heat 
transfer coefficient versus surface temperature) correspond to the different water 
mass fluxes. The allocation for this case of these areas are shown in Fig.7-15 and the 
data are presented in Table O-2, Appendix O.

It should be stated that the database for regions designated as A is associated with the 
highest or peak water mass flux and appropriate fluxes are allocated to the other 
regions based on the value shown in Fig. 7-14.
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a rfl 0 =1.1

Figure 7-14 - Single Spray System Arrangement

Figure 7-15 -Single Spray System - Defining boundary conditions
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7.3 Effects of Spray Non-Uniformity on the Material Properties and 

Residual Stresses.

In this section the results obtained with uniform heat transfer coefficients are 

compared with the results obtained in the two situations, where the heat transfer 

coefficients are assumed to depend on both surface temperature and surface location. 

The spray parameters are the same in each case i.e. 50/40 psi pressures, air/water 

volume ratio =31 and a peak water mass flux of 1.07 kg/mis.

The maximum and minimum cooling rates within the forging under these conditions 

are shown in Fig. 7-16. It can be seen that the uniform spray at this water flow 

produces high cooling rates well above the necessary level so that as discussed 

previously much lower water fluxes would be achievable under uniform spray 

conditions. An acceptable minimum cooling rate can be achieved even if a single 

spray system with an inherently non-uniform spray is employed at this high 

maximum water flux.

The detailed transient circunferential stresses and corresponding cooling rates, for the 

three situations, have been studied at two different points within the parts. These 

results are shown in Figs.7-17 to 7-20, whereas Figs .7-21 to 7-23 present the final or 

residual stresses left in the part at the end of quenching. Points 1 and 2 are located at 

the same locations in all three cases. Thus point 1 is located at the centre of the part 

and is positioned in the thickest part of the forging whilst point 2 is located at the left 

hand corner of the part and therefore is positioned in the thinnest part of the forging.

The three cases result in three different cooling rates (Fig.7-17) and in different 

transient stresses.
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350 Minimum Cooling Rate 

Maximum Cooling Rate

50/40 Uniform 
Sub-model 1

50/40 Non-Uniform
Sub-model 2 

(Tw in Spray System)

50/40 Non-Uniform
Sub-model 3 

(Single Spray System)

Figure 7-16 - Cooling Rates obtained with both Uniform and Non-Uniform
Sprays.

As it can be seen from Fig.7-18 and 7-20, the maximum tensile and compressive 

stress magnitudes at the chosen points differ in each of the cases studied. The 

stresses reverse in the centre of the part from compressive (negative) to tensile 

(positive) as the forging cools, whereas at point 2 near the surface the stress signs 

change from positive (tension) to negative (compression) with time. From Fig.7-18, 

where the transient stresses at point 1 are shown, the influence of spray distribution 

non-uniformity can be seen. The highest compressive stress occurs early in the 

cooling process with the single spray system but the eventual resultant tensile 

stresses are highest with the uniform spray water mass flux.

In Fig.7-20 (the transient stresses at point 2) it can be seen that the uniform spray 

water mass flux and the non-uniform single spray systems are similar. The surface 

near this location is sprayed with the highest water mass flux in the non-uniform case 

and therefore similar transient heat transfer coefficients result (the part is assumed to
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be sprayed uniformly with the peak water mass flux of 1.07 kg/m2.s in one case, 
point 2 is located near window A, see fig.7-15 in the non-uniform case.). 
Nevertheless it can be seen that the twin spray system is responsible for different 
transient stresses. The maximum tensile is lower than the ones seen for the two other 
situations, plus under the twin sprays very low final residual lower compressive 
stresses are achieved. With twin sprays this area is sprayed with the lowest water 
mass flux value and this results in the lowest transient heat transfer coefficients 
(point 2 is part of a window D, see fig. 7-13).

The overall magnitude of the residual stresses (both tensile and compressive) can be 
seen in Figs. 7-21 to 7-23 to be very similar for all three cases. However it can be 
seen that the stress contours differ and the maximum compressive stresses occur at 
different locations. The residual stress patterns differ in the situations studied. 
Uniform heat transfer coefficients. Fig. 7-21 result in a "skin" of roughly the same 
stress levels, whereas the non-uniform cases, Figs. 7-22 and 7-23 respectively, 
produce areas of stress concentration.

The maximum compressive stresses occur near the highest transient heat transfer 
coefficient and hence near the highest concentration of water mass flux. Also the 
same high water mass flux leads to the central contours observed in fig.7-22 and 7- 
23. Sudden stress changes in sign (denoting high residual stresses), tend to be 
concentrated in areas of the forging modelled as windows A or B (i.e. regions of high 
water mass fluxes and high transient heat transfer coefficients). The more non- 
uniform stress patterns observed with the single and twin spray cases may well make 
it more difficult to predict distortion during machining and this may be a 

disadvantage of spray systems.

The high residual stresses previously identified as the major cause of material 
distortion and possible cracking is more serious if high residual stresses are 

concentrated in critical areas of the part.

————————————184



Chapter VH

The effects of the variation in cooling rate can be exaggerated in parts of differing 
thickness. However, the application of spray cooling, could produce more uniform 
cooling if the non-uniformity or varying water mass flux is utilised correctly. Thus 
for instance a suitable nozzle arrangement would have to be developed in order for 
the thicker part to be under the area sprayed with the highest water mass flux and the 
thinner part to be sprayed with the lower water mass fluxes. The arrangement would 
be specific to a particular forging and would involve careful spray characterisation 
and positioning of the sprays.

If a fairly uniform thickness part is to be quenched, overlapping sprays may be 
necessary to produce a more uniform water mass flux over the entire surface. In this 
case a "wide" spray pattern would be an advantage.

'Uniform Heat Transfer Coefficient (sub-model 1> 50/40 psi (Point 1) 
"Non-Uniform HTC -Tv\in Spray System (Sub-model 2) - SO/40 psi (Point 1) 
Non-Uniform HTC -Single Spray System (Sub-model 3)- 50/40 psi (Poirt 1)
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200 400 600 800 1000 1200 1400 1600 1800 

Time (sec.)

Figure 7-17 - Cooling Rates at Point 1
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• Uniform Heat Transfer Coefficient (Sub-model 1)- 50/40 psi - Point 1

- Non-Uniform HTC - Tw in Spray System (Sub-model 2)- 50/40 psi - Point 1 
Non-Uniform HTC - Single Spray System (Sub-model 3) - 50/40 psi - Point 1
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Figure 7-18 - Circumferential Stresses at Point 1

- Uniform Heat Transfer Coefficient (Sub-model 1)- 50/40 psi - Point 2
- Non-Uniform HTC - Tw in Spray System (Sub-model 2) - 50/40 psi - Point 2 
Non-Uniform HTC - Single Spray System (Sub-model 3) - 50/40 psi - Point 2
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Figure 7-19 - Cooling rates at point 2
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• Uniform Heat Transfer Coefficient (Sub-model 1) - 50/40 psi - Point 2

• Non-Uniform HTC - Twin Spray System (Sub-model 2) - 50/40 psi - Point 2 

Non-Uniform HTC - Single Spray System (Sub-model 3) - 50/40 psi - Point 2

1500 -r

1000 --

ro o_
— 500 --

-500 ••

-1000 -

-1500 -L

-WQ- i?nfl -ijfin ,-isnn

•+——-•———»- -A——A

Time (sec.)

Figure 7-20 - Circumferential Stresses at Point 2
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Figure 7-21 - Residual Stress Distribution 
Uniform Heat Transfer coefficient (50/40 psi) - Sub-model 1
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Figure 7-22 - Residual Stress Distribution
Non-uniform Heat Transfer Coefficient (50/40)

Twin Spray System - Sub-model 2
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Figure 7-23 - Residual Stress Distribution
Non-uniform Heat Transfer Coefficient (50/40)

Single Spray System - Sub-model 3
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7.4 Assumptions in the Model of the Quenching Process

This section discusses the assumptions made throughout this chapter dealing with the 

modelling of the quenching process.

As discussed previously gross assumptions were made with regard to the spray 

distribution which has been assumed in all cases to be axi-symmetric. The model 

thus contains a very crude representation of a spray. However a full three- 

dimensional model would have involved a massive computational effort and was not 

considered to be justified since the aim of this chapter was to discover if non- 

uniformity of the spray is likely to lead to significant changes in the residual stress 

patterns.

In addition the analysis involved other as follows:

i). The experimentally determined transient heat transfer coefficients data have 

been extrapolated at high and low temperatures. As stated in chapter 5 the 

temperature of the test piece before quenching was limited to 900°C and all the 

experimental cooling data was formal below this temperature. Plastic 

deformation is more likely to occur at higher temperatures since the material 

strength falls off significantly (Fig.7-24). Therefore, as the starting temperature 

is reduced, less deformation occurs resulting, in lower residual stresses as 

shown in Fig. 7-25. If the actual quenching temperature (1104°C) had not been 

used in the study it would not represent practice, since residual stresses would 

considerably be smaller. Therefore, it was assumed that in the temperature 

range from 900 to 1104°C film boiling is the dominant regime and that this is 

characterised by fairly constant heat transfer coefficients. Thus, it would not be 

a major source of error to extrapolate the heat transfer coefficients to the 

required starting temperature of 1104°C based upon its highest acquired 

experimental value.
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Figure 7-24 - Variation of Yield Strength with Temperature.
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Figure 7-25 - Effect of Quenching Temperature on Residual Stresses.

ii) DEFORM™-HT assumes a default ambient temperature of 37.8°C (100°F). 

Heat transfer coefficients were not available at such low surface temperatures,
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since in the experimental study all spray quench tests were stopped at a 
minimum value of 100°C (a value imposed by INTEMP). Therefore the data 
required for the heat treatment model below that temperature have been 
extrapolated. This approximation does not seem unreasonable since in this low 
temperature range the, residual stresses have already been established. In 
addition the mechanical properties are solely dictated by the cooling rate at high 
temperature. Nevertheless, a simulation was carried out to verify the 
assumption. Heat transfer data supplied by Wyman Gordon from their previous 
experience, have been used at low temperatures. The cooling rates and residual 
stresses using the two sets of data were then compared. Figs. 7-26 and 7-27 
present the results obtained. It can be seen that the residual stress distributions 
and the position of maximum stresses are similar in each case. The cooling rate 
using the extrapolated data at lower temperature was 68.3°C/min. compared to a 
rate of 67.8°C/min. using Wyman-Gordon data whilst the resultant maximum 
residual stresses varied by less than 2%.

Contours (MPa)

A (Max.Compression) = -1172 MPa 

(Max. Tension) = 345 MPa

A= 
B =

F = 
G =
H = 
j =
J = 
K = 
L = 
M = 
N =

-1241
-1048

-855
-669
-476
-283

-95
95

286
477
669
859

1048
1241

Figure 7-26 - Circumferential Residual Stresses
Spray cooling (60/40 psi - 0.099 kg/m2.s) - Extrapolated Data at Lower

Temperature
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A (Max.Compression) = -1165 MPa 

(Max. Tension) = 319 MPa

Contours (MPa)
A= -1241 

-1048
-855
-669
-476
-283 

-95 
95 

286 
477 
669 
859 

1048 
1241

Figure 7-27 - - Circumferential Residual Stresses
Spray cooling (60/40 psi -0.099kg/m2.s) - Wyman-Gordon Data at Lower

Temperatures.
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Chapter VIII

This chapter presents the conclusions that can be drawn from the experimental and computational 

results previously presented. Recommendations for further work are also proposed so that the project 
achieved can be developed further.

8. Conclusions and Recommendations

8.1. Conclusions

The present method used for controlled cooling of forgings from high temperatures, 

range from air cooling to quenching in oil or water. Forced air cooling can be 

employed to provide an appropriate cooling rate if the components are sufficiently 

thin. However, there are a range of alloys and components for which air cooling 

cannot provide a high enough cooling rate, whilst oil or water quenching lead to 

unacceptably high residual stresses. This study of the use of air assisted atomised 

water sprays was carried out to assist in the development of a cooling system that can 

be controlled to provide appropriate cooling rates between those obtained with oil 

quenching and convective air cooling, this should then result in the achievement of 

the desired mechanical properties whilst minimising distortion or cracking, during 

quenching and in subsequent machining.

The research has primarily focused on the determination of heat transfer data 

occurring with air assisted atomised water spray quenching of plane and recessed 

surface components from high temperatures. Most of the generally available 

information on water spray cooling is not necessarily applicable in the current 

application since it has been concerned with much higher water flows and larger 

droplet sizes.
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The spray characteristics were investigated and from the several spray parameters 

influencing heat transfer, the water mass flux was found to be the dominant variable. 

A water mass flux range varying from 0 to 8.01 kg/m2 .s and surface temperatures up 

to 850°C were investigated. At the higher temperatures range the measured heat 

transfer coefficients were virtually independent of water mass flux for inundation 

rates above 2 kg/m2.s. This suggests that there is little point in using high water 

flows in industrial quenching applications of this type with consequent savings in 

water and energy costs. In the region of low water mass flux (below 2 kg/m2s) the 

heat transfer coefficient varies significantly so that the 'control' of the water flow 

rate in this region provides a means of achieving a heat extraction rate lying between 

those associated with air cooling and oil or water quenching.

The research into recessed surface components indicates that the presence of a recess 

contributes significantly to a reduction in heat transfer at high and very low water 

mass fluxes. However, the rate of heat transfer is substantially independent of the 

surface geometry at intermediate water mass fluxes. In addition any effect of the 

presence of a recess is reduced at the higher temperatures so that the critical cooling 

rates associated with the formation of residual stresses may not be substantially 

affected.

However it was considered that at relatively high water mass fluxes, large recesses 

contribute to the formation of a "shallow" pool of water and this can reduce heat 

transfer considerably. Moreover, it is not possible to vary the heat transfer at high 

temperatures by varying the water flow except at low flow rates. Consequently to 

minimise at lower temperature the "recess" effect and to provide a means of 

controlling heat transfer on all types of surfaces the use of pulsed sprays was studied. 

This technique was found to be useful in the quenching of complex-shaped forgings 

since it provides a simple way of avoiding different cooling rates caused by diverse 

surface geometries within the forging.
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The simulations of the quenching process carried out during this study have 
identified air assisted atomised water spray cooling as a quenching practice capable 
of providing controlled cooling rates to obtain the specified mechanical properties. 
The technique results in a cooling rate between fan and oil quenching and the 
residual stresses predicted were significantly reduced compared to oil quenching and 
could, therefore, reduce both distortion and subsequent machining problems.

The predictions of residual stresses with different spray arrangements however led to 
the conclusion that spray non-uniformity was a relevant issue and could be 
responsible for residual stress concentrations in critical areas of the part being 
quenched. To avoid this scenario, for each component geometry being quenched, 
suitable spray arrangements need to be developed to ensure spray water uniformity or 
controllability.

8.2. Recommendations for further work.

This study of air assisted atomised water sprays has highlighted the potential of this 
quenching practice for industrial applications, but also has revealed relevant issues 
that should be investigated further.

The main restriction with the spray characterisation of the nozzle was the difficulty 
experienced with droplet size measurement. For better understanding of this spray 
parameter and its influence on the heat extraction rate, it is recommended that more 
sophisticated techniques such as Laser Phase Doppler measurements or a Malvern 
particle analyser are used to characterise the droplet size over the all range of water 
mass fluxes used in the study.
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As stated, the quenching of high temperature surfaces is a complex process which 
prevents the use of analytical method to predict heat transfer so that and quenching 
tends to be an empirical study. The semi-analytical process developed in this thesis 
is a possible method of enabling a design to predict heat transfer. However in an 
industrial system in which it is required to control the heat transfer coefficient at a 
range of temperatures it may well be better to incorporate the "knowledge" of the 

effects of the system parameters into an expert system (probably a neural network 
using backpropagation). The heat fluxes or heat transfer coefficients required to 
achieve the desired quenching rate should be seen as the input to the neural network 
whilst the output would then be the spray parameters or settings necessary to achieve 
the desired heat fluxes.

To develop such a system more detailed experimental data are required. This can be 
achieved by:

• using a data acquisition card enabling faster sampling rates (e.g. 1/10 second). 
Such detail would particularly be useful during tests at high water mass fluxes, 
where cooling rates are rapid.

• gathering more experimental data at intermediate points of the range studied.
• extending the heat transfer data for the whole water mass fluxes studied at a wider 

range of spray heights.
• Carrying out further studies at low water mass fluxes to provide greater 

understanding of the mechanisms governing heat transfer in this range since this is 
the area which provides coefficients lying between those associated with air and 

oil cooling

Eventually it may be possible to store a database of spray characteristics and 

corresponding experimental heat transfer data to allow for several possible nozzle 

designs.
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With the present nozzle it was seen that only small areas could be sprayed uniformly. 

It is therefore recommended that further research into overlapping sprays be carried 

out to extend the water spray uniformity over a wider area. In some forging 

geometries, such as parts with large variations in material thickness, spray water 

uniformity may not be beneficial and spray arrangements need to be developed to 

suit the particular component.
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Appendix A - QB45 program Listing "convert.bas".

here:

cnt% = 0

CLS

FILES "C:\monica\testrec\"

craig:

INPUT "WHICH TEST to convert TEMPERATURE (or enter E to end)"; k$

IF k$ = "E" OR k$ = "e" THEN END

IF k$ = "" THEN GOTO craig

k$ = "C:\monica\testrec\" + k$

OPEN k$ FOR INPUT AS #1

CLS

FILES "c:\monica\testrec\"

INPUT "SAVE TEST AS"; kl$

kl$ = "C:\monica\testrec\" + kl$

OPEN kl$ FOR OUTPUT AS #2

acg:

INPUT "TEMPERATURE type C or F ", q$

IF q$ = "c" OR q$ = "C" THEN f$ = "1": GOTO qwe

IF q$ = "f OR q$ = "F" THEN f$ = "2": GOTO qwe

GOTO acg

qwe:

FOR n% - 1 TO 6

INPUT #l,d$

REM PRINT d$;" ";

NEXT
PRINT #2, "STEP",""; "T0.2; T0.4; T0.6; T0.8; "

WHILE NOT EOF(l)
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cnt% = cnt% + 1

FOR n% = 1 TO 2
INPUT #l,d$

REM PRINT d$;" ";
NEXT

PRINT #2, cnt%; " ";

FOR n% = 1 TO 4

INPUT #l,d

GOSUB con

NEXT

PRINT #2,""

WEND

CLOSE

CLOSE

GOTO here

END

con:

IF n% = 5 THEN RETURN
IF f$ = "1" THEN PRINT #2, USING "####.#"; d;
IF f$ = "2" THEN PRINT #2, USING "#.####AAAA"; d * 9 \ 5 + 32; : PRINT #2, " ";
RETURN
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Appendix B - Example of an "INTEMP" plot file (*.ph)

PRE-DETERMINED HTC TEST - 1-D SIMULATION

21 2 4

1713 9 5 Nodal thermocouple positions 

O.OOOOOE+00 Time (sees)

1.43000E+03 1.46000E+03 1.58000E-I-03 1.69000E+03 1.76000E+03 

1.81000E+03 1.84000E+03 1.86000E-I-03 1.87000E+03 1.87000E+03 

1.87000E+03 1.87000E+03 1.86000E-H)3 1.85000E+03 1.83000E+03 

1.79000E+03 1.73000E+03 1.63000E+03 1.49000E+03 1.33000E+03 

1.27000E+03 Temperature predictions for the remaining 21 nodes

1.73000E+03 1.86000E+03 1.87000E+03 1.76000E+03 Measured temperatures at nodes 

17,13,9,5

-4.33956E-01 -6.51508E-01 Calculated heat flux 1 (bottom surface) and heat flux 2 (top surface) 

l.OOOOOE+00

1.43731E+03 1.53560E+03 1.58469E+03 1.64081E+03 1.70510E+03 

1.75661E+03 1.79743E+03 1.82427E+03 1.84122E+03 1.85227E+03 

1.85355E+03 1.84577E+03 1.83461E+03 1.80936E+03 1.77144E+03 

1.72039E+03 1.64890E+03 1.56809E+03 1.48470E+03 1.40773E+03 

1.26965E+03 
1.63900E+03 1.66400E+03 1.70500E+03 1.71000E+03

-2.27282E-01 -3.54837E-01 

2.00000E+00
1.54622E+03 1.54486E+03 1.59592E+03 1.64484E+03 1.68604E+03 

1.72761E+03 1.76250E+03 1.79128E+03 1.81135E+03 1.82068E+03 

1.82227E+03 1.81564E+03 1.79566E+03 1.76795E+03 1.72930E+03 

1.67907E+03 1.62397E+03 1.56100E+03 1.49293E+03 1.41959E+03 

1.40942E+03 
...............................Data cropped due to file size............................................................

2.57000E+02
2.14594E+02 2.14288E+02 2.13377E+02 2.11918E+02 2.09986E+02 

2.07647E+02 2.04953E+02 2.01936E+02 1.98616E+02 1.95000E+02 

1.91087E+02 1.86870E+02 1.82338E+02 1.77485E+02 1.72320E+02
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1.66884E+02 1.61286E+02 1.55759E+02 1.50739E+02 1.46963E+02 
1.45451E+02-

Appendix C - F32 program listing, "m214ther.for"

PROGRAM

C CONVERTED FLX program to M21 program

C

C PROGRAM TO REDUCE THE PLOT FILE CREATED BY INTEMP TO A
C SURFACE TEMPERATURE (oC) VERSUS TIME (sec.)
C

DIMENSION TIM(400),FL1(400),FL2(400),TN(400,30)
CHARACTER*64 FNAME.HEAD 

C
C OPEN FILES 

C
WRITE(*,1)

1 FORMATC NAME OF INTEMP PLOT FILE, (E.G. K1.PL1) ? - ') 
READ(*,2) FNAME

2 FORMAT(A)
OPEN(1 ,FILE=FNAME,STATUS='OLD') 

WRITE(*,3)
3 FORMATC NAME OF CALC VS MEAS OUTPUT FILE, (E.G KCI.OUT) ? - ') 

READ(*,2) FNAME 
OPEN(2,FILE=FNAME,STATUS='NEW)

C
C READ IN HEADING

C
READ(1,4) HEAD

4 FORMAT(A) 

C 
C READ IN NUMBER OF NODES AND FLUXES

C

________.——————————————203



Appendices

READ(1,5)NN,NF

5 FORMAT(2I4)

WRITE(2,5) NN,NF 

C

C READ IN POSITION ; Line exists in INTEMP pll file 

C

READ(1,6) P1,P2,P3,P4,P5

6 FORMAT(5F4.0)

WRITE(2,6) P1,P2,P3,P4,P5 

C

C WRITE SEQUENCE OF TEMPERATRES 

C

WRITE(2,4)(" TIME Surface Temperature ") 

C

C START TIME LOOP FOR READING IN DATA ; Number of steps 

C
DO 999 NT= 1,400 

C
C READ IN TIME 

C
READ(1,55) TIM(NT) 

C WRITE(2,55)TIM(NT)

55 FORMAT(E14.5) 

C 
C READ IN NODAL TEMPERATURE DATA ; Line 26-30 added

C
READ(1,60) (TN(NT,N),N=1,5) 

60 FORMAT(5E14.5) 

READ(1,60) (TN(NT,N),N=6,10) 

READ(1,60) (TN(NT,N),N=11,20) 

READ(1,60) (TN(NT,N),N=21,25) 

READ(1,60) (TN(NT,N),N=26,30) 

Tcal21 =(TN(NT,21)-32)*5/9

WRITE(2,100) TIM(NT),Tcal21 

100FORMAT(5F10.2) 

999 CONTINUE
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STOP 

END

Appendix D - F32 program listing, " htc4ther.for"

PROGRAM HTC

C

C PROGRAM TO REDUCE THE PLOT FILE CREATED BY INTEMP TO A

C SURFACE TEMPERATURE VS HTC PLOT FORMAT.

C

DIMENSION TIM(400),FL 1 (400),FL2(400),TN(400,30)

CHARACTER*64 FNAME,HEAD 

C

C OPEN FILES 

C

WRITE(*,1)

1 FORMATC NAME OF INTEMP PLOT FILE, (E.G. INTEMP.PL1) ? - ') 

READ(*,2) FNAME

2 FORMAT(A)

OPEN(1 ,FILE=FNAME,STATUS='OLD') 

WRITE(*,3)

3 FORMATC NAME OF OUTPUT FILE, (E.G OUTPUT.DAT) ? - ')

READ(*,2) FNAME

OPEN(2,FILE=FNAME,STATUS='NEW') 

C
C READ IN HEADING 

C
READ( 1,4) HEAD

4 FORMAT(A) 

C
C READ IN NUMBER OF NODES AND FLUXES 

C
READ(1,5)NN,NF

5 FORMAT(2I4)
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WRITE(2,5) NN.NF 

C

C READ IN POSITION ; Line exists in INTEMP pi 1 file 

C

READ(1,6) P1,P2,P3,P4,P5 

6 FORMAT(5F4.0)

WRITE(2,6) P1,P2,P3,P4,P5 

C

WRITE(2,4)("AVTIM)AVTl(C))HTCl(W/mA2.K) >AVT21(C),HTC21(W/mA2.K)") 

C

C START TIME LOOP FOR READING IN DATA ; Number of steps 

C

DO 999 NT= 1,400 

C

C READ IN TIME 

C

READ(1,55) TIM(NT) 

C WRITE(2,55)TIM(NT)

55 FORMAT(E14.5) 

C
C READ IN NODAL TEMPERATURE DATA ; Line 26-30 added 

C
READ(1,60) (TN(NT,N),N=1,5) 

60FORMAT(5E14.5)

READ(1,60) (TN(NT,N),N=6,10)

READ( 1,60) (TN(NT,N),N= 11,15)

READ(1,60) (TN(NT,N),N= 16,20)

READ(1,60) (TN(NT,N),N=21,25)

READ(1,60) (TN(NT,N),N=26,30) 

C
C READ IN FLUXES 

C
READ(1,60) FL1(NT),FL2(NT)

C
C CALCULATE THE HEAT TRANSFER AND SURFACE TEMPERATURE

C
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IF(NT.EQ.l) GOTO 999
AVT1=(TN(NT-1,1)+TN(NT,1))/2.0
A VT2=(TN(NT-1,21 )+TN(NT,21 ))/2.0 

C

C CONVERT HTC FROM BTU/SEC.INA2.F TO BTU/HR.FTA2.F "SPRAY TEMP c.a = 64 deg 
F

C

HTC1=(-FU(NT-1)/(AVT1-64.0))*5.184E+05
HTC2=(-FL2(NT-1 )/(AVT2-64.0))* 5.184E+05 

C

C CONVERTING FROM BTU/HR.FTA2.R TO W/mA2.K 
C

HEAT1=(HTC1/176.1)*1000
HEAT2=(HTC2/176.1)* 1000 

C
C CONVERTING TEMPERATURE FROM OF TO OC 
C

TEMPl=(AVTl-32)*5/9
TEMP2=(A VT2-32)* 5/9 

C
C CALC AVERAGE TIME 
C

AVTIM=(TIM(NT)+TIM(NT-1))/2.0
WRITE(2,100) TEMP1,HEAT1,TEMP2,HEAT2 

100FORMAT(5F10.2) 
999 CONTINUE

STOP

END

207



Appendix E - Details of Plane Test Piece

Appendices

__ 01.6 («l/l6')
I I 4 HOLES AS SHOWN

25 (AUXj

Material: 304SS

020 I

XAUXJ
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DIMENSIONS IN INCHES

SECTION ON CENTRELINE

Figure E-l - Plane Surface Component
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Appendix F - Repeatability Study.

Table F-1 - Repeatability Data - Water Mass Flux = 0.005 kg/m2.s

Surface 
Tempera tur
e

°C
150
200
250
300
350
400
450
500
550
600
650
700
750
800
850

Testl Test 2 Test3 Test 4 Average
Heat Transfer Coefficient

W/m2.K
492.0
417.3
362.7
318.1
304.0
303.4
309.6
318.0
313.8
338.6
323.8
320.1
330.0
330.3
319.6

525.0
410.1
358.1
297.3
287.8
273.1
279.1
286.6
290.3
292.3
297.6
289.8
293.7
309.7
312.8

509.0
441.2
374.9
340.1
320.0
323.7
312.9
329.4
322.4
330.9
320.6
328.5
338.1
334.5
324.2

484.8
405.9
380.8
312.7
298.6
281.8
293.5
292.5
292.4
316.4
308.1
307.0
320.6
324.2
321.8

502.7
418.6
369.1
317.0
302.6
295.5
298.8
306.6
304.7
319.5
312.5
311.3
320.6
324.7
319.6

STDEV

18.0
15.8
10.5
17.7
13.4
22.7
15.6
20.4
15.9
20.4
12.1
16.9
19.3
10.8
4.9

STDEV

%
3.6
3.8
2.8
5.6
4.4
7.7
5.2
6.6
5.2
6.4
3.9
5.4
6.0
3.3
1.5
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Table F-2 - Repeatability Data- Water Mass Flux = 1.07 kg/m2.s

Surface 
Temperatur 
e

°C
150
200
250
300
350
400
450
500
550
600
650
700
750
800

Testl Test 2 Test 3 Test 4 Average
Heat Transfer Coefficient

W/m2.K
12080.0
7960.0
6140.0
4800.0
3810.0
3035.4
2861.4
2549.8
2265.6
2051.1
1895.7
1626.7
1395.5
854.0

12560.0
8680.7
6928.7
5851.0
4536.8
3850.0
3338.6
3090.0
2852.7
2423.0
2244.6
1863.2
1593.1
1001.0

12640.0
9339.7
6805.0
5382.2
4487.1
3552.4
3013.2
2709.4
2497.4
2343.5
1954.2
1742.0
1527.2
958.7

13060.0
10069.2
7175.6
5551.1
3974.7
3318.4
2927.6
2639.5
2374.5
2142.9
1826.8
1615.1
1421.6
881.5

12585.0
9012.4
6762.3
5396.1
4202.1
3439.1
3035.2
2747.2
2497.6
2240.1
1980.3
1711.7
1484.3
923.8

STDEV

401.8
902.1
442.6
442.2
364.5
346.0
211.6
237.7
255.0
172.6
183.7
116.1
92.2
67.9

STDEV

%
3.2
10.0
6.5
8.2
8.7
10.1
7.0
8.7
10.2
7.7
9.3
6.8
6.2
7.4
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Appendix G - 304 Stainless Steel Thermal Properties

Table G-l - Specific Heat of SS 304a

[Temperature, T, K; Specific Heat, c J.Kg "'.K -1 ]

100
150
200
250
273
293
300
350
400
450

268
370
423
457
468
478
481
499
515
527

500
600
700
800
900
1000
1100
1200
1300
1400

538
554
569
581
595
609
623
637
652
668

1500
1600
1700
1707 B
1727°
1800
2000

686
704
723
709
812
812
812

a Uncertainty is estimated to be within ±5% in liquid region values are based on the 

cp values of constituent elements. 

B Solidus Temperature 

c Liquidus Temperature
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Table G-2 - Density of SS 304 '
[Temperature, T, K; Density, p, g.cm"3]

Appendices

100
200
300
400
500
600
700
800
900
1000
1100
1200

7.967
7.934
7.899
7.860
7.821
7.780
7.737
7.692
7.655
7.606
7.555
7.502

1300
1400
1500
1600
1707 b
1727 c
1800
2000

7.446
7.387
7.325
7.260
7.190
7.030
6.964
6.784

a Uncertainty is estimated to be about ±1.0%; in liquid region values are based on the 

density values of constituent elements. 

B Solidus Temperature 

c Liquidus Temperature
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Table G-3 - Thermal Conductivity of SS 304 '
[Temperature, T, K; Thermal Conductivity, X, W.nV'.K; 1 ]

273
293
300
350
400
450
500
600

14.39
14.76
14.89
15.76
16.31
16.77
18.15
19.77

700
800
900
1000
1100
1200
1300
1400

21.21
22.59
23.99
25.33
26.58
27.81
29.08
30.34

1500
1600
1707 B
1727 c
1800
2000

31.55
32.70
33.93
31.74"
32.44 "
34.28 d

a Values for the solution-annealed condition, uncertainty estimated to be +5% to

10707 K and ±10 above 1727 K

B Solidus Temperature
c Valves estimated from electrical resistivity data.

350

(D 
10

3
150

o 
to

250 300 350 400 449 500 550 600 650 699 750 801 850 

Surface Temperature, °C

A Experimental Heat Transfer Coefficient
x Heat Transfer Coefficient (+5% correction due to thermal conductivity uncertainty)
+ Heat Transfer Coefficient (-5% correction due to thermal conductivity uncertainty)
• Standard Deviation

Figure G-l - % Error due to ± 5% Uncertainty on Thermal Conductivity.
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Appendix H - Heat Transfer Data for a Plane Surface.

Table H-l - Water Mass Flux = 8.01 kg/m2.s

Surface 
Temperature

<°C)
764.1
755.3
720.9
636.8
478.7
245.7

Heat Transfer 
Coefficient (h)

(W/m2.K)
817.5
1050.7
1659.8
3103.8
6868.8
18965.7

Table H-2 - Water Mass Flux = 6.01 kg/m2.s

Surface 
Temperature

<°C)
789.3
782.1
751.7
692.3
591.8
457.5
289.0

Heat Transfer Coefficient

(W/m2.K)
666.5
864.4
1292.0
2183.4
3773.2
6480.2
13066.4
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Table H-3 - Water Mass Flux = 5.15 kg/m2.s

Surface 
Temperature

(°C)
788.7
779.6
744.2
678.9
583.5
472.0
342.7
186.9

Heat Transfer 
Coefficient (h)

(W/m2.K)
684.1
905.7
1426.8
2375.7
3740.2
5635.8
9285.7

20923.6

Table H-4 - Water Mass Flux = 2.02 kg/m2.s

Surface 
Temperature

<°C)
808.5
803.9
789.3
754.2
699.9
633.7
566.2
496.9
422.9
338.2
240.0
127.6

Heat Transfer Coefficient (h)

(W/m2.K)
471.5
581.1
814.8
1273.6
1920.5
2593.8
3267.5
4092.7
5314.0
7474.0
11997.3
26760.3
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Table H-5 - Water Mass Flux = 1.69 kg/m2.s

Surface 
Temperature

<°C)
859.3
859.2
856.6
849.9
840.1
823.5
794.2
745.8
684.7
620.6
556.8
491.8
424.0
351.4

Heat Transfer Coefficient (h)

(W/m2.K)
230.2
266.0
317.2
380.4
474.4
635.0
977.9
1526.5
2123.3
2690.0
3296.7
4054.5
5085.5
6666.8

Table H-6 - Water Mass Flux = 1.07 kg/m2.s

Surface 
Temperature

(°C)
773.2
762.3
732.8
696.7
621.2
589.6
562.9
538.2
514.3
489.0
429.4
392.7
348.2
293.6
231.4
166.9
100.5

Heat Transfer Coefficient (h)

(W/m2.K)
776.5
1019.7
1361.9
1697.3
2167.7
2280.0
2360.6
2448.2
2567.8
2759.9
3434.7
4019.9
4982.7
6603.1
9232.8
13920.6
26298.4
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Table H-7 - Water Mass Flux = 0.99 kg/m2.s

Surface 
Temperature

(°C)
810.8
802.7
783.4
750.5
713.2
675.2
641.0
610.9
585.3
562.7
541.6
520.2
498.7
477.1
455.6
434.0
411.4
386.7
358.4
325.7
286.1
235.1
169.8

Heat Transfer Coefficient

(W/mz.K)
512.0
661.0
933.4
1264.3
1560.9
1795.7
1956.8
2057.6
2122.4
2174.3
2247.6
2355.9
2480.3
2617.0
2762.9
2935.4
3160.2
3478.1
3945.0
4615.2
5742.4
7921.3
12817.6
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Table H-8 - Water Mass Flux = 0.099 kg/m2.s

Surface 
Temperature

(°C)
813.9
810.0
724.9
719.8
714.8
709.5
698.3
692.4
674.2
667.4
645.3
639.0
622.2
617.1
606.1
590.0
581.3
568.4
564.0
559.7
546.9
543.0
534.5

512.68
507.17
483.52
419.02
396.24
387.94
371.05
353.48
344.98
321.56
308.21
277.65
254.8

247.17
224.1

202.11
195.2

Heat Transfer Coefficient (h)

(W/m2.K)
399.3
448.6
579.9
579.0
582.9
594.7
615.8
629.4
672.3
696.3
757.7
758.8
758.8
759.8
781.1
791.3
778.0
783.6
784.7
787.3
791.8
790.1
804.0

841.88
872.12
1049.09
1308.1

1429.23
1483.59
1591.54
1714.91
1765.81
1888.76
1938.57
2121.54
2410.67
2489.72
2805.95
3121.5
3222.67
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Table H-9 - Water Mass Flux = 0.024 kg/m2.s

Surface Temperature
(oC)
854.5
817.9
802.5
793.1
732.0
718.5
703.3
652.5
646.7
640.6
611.0
598.1
545.2
525.2
519.7
515.8
512.1
480.8
447.3
429.1
426.8
424.9
423.6
422.0
408.4
399.0
379.1
377.2
373.4
369.9
368.2
365.0
341.3
320.2
280.0
233.6
202.8
169.2
131.1
122.0

Heat Transfer Coefficient (h)
(W/m2.K)

425.7
461.0
464.7
455.7
481.2
485.1
497.6
500.2
496.0
503.0
474.5
509.9
517.6
524.8
520.3
498.9
504.9
524.4
541.2
542.9
550.0
539.2
524.3
526.9
557.3
554.7
569.2
571.0
571.6
569.7
568.9
564.4
656.7
760.1
979.7
1279.0
1613.2
2038.8
2759.7
2957.6
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Table H-10 - Water Mass Flux = 0.005 kg/m2.s

Surface Temperature
<°C)

900.6
876.5
850.0
815.8
748.4
744.9
741.3
737.2
733.1
729.3
701.9
656.7
623.4
601.5
578.2
555.9
534.6
516.5
501.0
489.1
478.2
464.6
455.1
453.3
437.0
422.8
420.9
401.3
378.0
344.3
258.9
200.7
179.2
178.2
177.2
161.8
140.3

Heat Transfer Coefficient
(W/m2.K)

176.6
297.5
312.8
300.1
293.8
293.7
296.8
302.2
304.7
303.9
289.8
300.0
299.2
292.3
290.5
287.2
290.1
295.7
286.6
286.2
279.3
278.4
278.2
278.2
279.3
271.9
281.1
273.1
280.5
277.0
356.3
410.1
471.1
451.7
460.9
496.0
525.1
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Appendix I - Experimental Data for Constant Water Mass Flux 
Study.

Table 1-1 - Nozzle Height = 0.56 m ; 40/30 psi; A/W ratio=40

Surface 
Temperature

<°C)
833.7
840.6
843.1
836.3
819.6
786.6
739.6
687.3
637.5
590.2
542.3
487.5
418.8
331.5
227.2
176.7

Heat Transfer 
Coefficient (h)

(W/m2.K)
365.1
281.0
292.2
391.4
609.1
997.2
1471.2
1881.3
2214.2
2543.3
2970.3
3682.6
4969.0
7413.1
12632.8
17453.2
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Table 1-2 - Nozzle Height = 0.6 m ; 50/40 psi; A/W ratio=31

Surface 
Temperature

(°C)
860.8
868.5
863.9
849.8
825.3
785.6
734.8
680.7
629.4
581.4
535.5
488.2
435.2
369.8
285.4
176.7

Heat Transfer 
Coefficient (h)

(W/m2.K)
295.4
315.9
409.0
563.1
830.0
1243.2
1707.4
2113.8
2457.5
2780.4
3139.9
3628.6
4414.7
5874.4
8905.5
17453.2

Table 1-3 - Nozzle Height = 0.74 m ; 60/50 psi; A/W ratio=23

Surface 
Temperature

<°C)
833.5
841.5
815.6
775.7
727.3
680.9
638.1
596.4
552.3
503.8
448.6
381.8
297.4
190.1

Heat Transfer Coefficient (h)

(W/m2.K)
307.5
540.6
890.0
1318.9
1709.3
1993.2
2235.0
2519.0
2907.8
3448.0
4255.7
5662.0
8479.0
15972.7
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Table 1-4 - Nozzle Height = 0.8 m ; 61/52 psi; AAV ratio=20

Surface 
Temperature

(°C)
859.3
859.2
856.6
849.9
840.1
823.5
794.2
745.8
684.7
620.6
556.8
491.8
424.0
351.4
269.9
175.7

Heat Transfer 
Coefficient (h)

(W/mz.K)
230.2
266.0
317.2
380.4
474.4
635.0
977.9
1526.5
2123.3
2690.0
3296.7
4054.5
5085.5
6666.8
9626.5
16862.1
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Appendix J - Heat Transfer on a Plane Surface - Analytical 
Study

Table J-1 - Analytical relationship between heat transfer coefficient (h) and
nozzle height (nH) - 250°C

Air/Water Ratio Analytical relationship between heat transfer 
coefficient (h) and nozzle height (nH)

At 250°C

87

40

31

23

12

11

h = 18156- 17055 -e

h = 18156- 17055 -e

I -f615809-ntf ~ 2- 33 ^/2.33J
. a\- J

\-(n2469-nH ~ l -76]/2.33\ 
= 18156-17055-eL v J \

= 18156-17055-
/2.33

= 18156-17055-e

= 18156- 17055-e

[-(3599.*//- 0- 95) 72.33
. a\-

- /2,3]
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Table J-2 - Analytical relationship between heat transfer coefficient (h) and
nozzle height (nH) - 350°C

Air/Water Ratio Analytical relationship between heat transfer 
coefficient (h) and nozzle height (nH)

At 350°C

87

40

31

23

12

11

r = 11517-10848-e

= 11717 -10848-

= 11717-10848-c

f-f 615809-«#~ 2'33 1 72.261
. a\- J

- /2.26J
J

I2.26

\-( 546696-nf/~ L13}/2.26\ 
11517-10848-eL v y J

= 115 17- 10848 -

- I2.26
J

- 72.26
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Table J-3 - Analytical relationship between heat transfer coefficient (h) and
nozzle height (nH) - 450°C

Air/Water Ratio Analytical relationship between heat transfer coefficient 
(h) and nozzle height (nH)

At 450°C

87

40

31

23

12

11

h = 7092- 6589 -e

h = 7092- 6589 -e

> 71.99

' /1.99

[-fl72469.n ff ~ L76l/1.99 
= 7092-6589 •£>- v J

h = 7092- 6589 -

h = 7092- 6589 -

h = 7092 -6589 -

71.99

226



Appendices

Table J-4 - Analytical relationship between heat transfer coefficient (h) and
nozzle height (nH) - 550°C

Air/Water Ratio Analytical relationship between heat transfer coefficient 
______ (h) and nozzle height (nH)

At 550°C

87

40

31

23

12

11

h = 4214- 3784
|-f615809-n#~2-33)/1.57

. />L

h = 4214- 3784 -e

h = 4214-3784-

h = 4214- 3784 -e

h = 4214- 3784 -e

11.51
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Table J-5 - Analytical relationship between heat transfer coefficient (h) and
nozzle height (nH) - 650"C

Air/Water Ratio Analytical relationship between heat transfer coefficient 
(h) and nozzle height (nH)

At 650°C

87

40

31

23

12

11

h = 2668 - 2250• e

h -2668- 2250 -e

h = 2668- 2250 e

h = 2668- 2250 e

h = 2668- 2250 -e

h = 2668- 2250 -

- 546696-nH '

' 71.40

- 71.40
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Table J-6 - Analytical relationship between heat transfer coefficient (h) and
nozzle height (n^ - 750°C

Air/Water Ratio Analytical relationship between heat transfer coefficient 
(h) and nozzle height (n1L)

At 750°C

87

40

31

23

12

11

h = 1720- 1303 -e
I-f615809-/i#~2-33 )/1.27J

. a\- J

h = 1720- 1303 •<?

A = 1720- 1303
\- (\ 72469 nH ~ 1/76) / 1.27] 

- L J

= 1720-1303-

= 1720-1303-e

/1.27
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Appendix K - Details of Recessed Surface Components

Scale 1:1

__ . .
I I

__
4 HOLES AS SHOWN

,985(AUX)

0.787

DIMENSIONS IN INCHES

Material: 304SS SECTION ON CENTRELINE

Figure K-l - 2 mm Recessed Test Piece
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Scale 1:1

4 HOLES AS SHOWN

Material: 304SS

.197

,985(«JX)

_i
.039 J 

—— .158 

DIMENSIONS IN INCHES

SECTION ON CENTRELINE

Figure K-2 - 4 mm Recessed Test Piece
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Scale 1:1

__ ,
I 4 HOLES AS SHOWN

Material: 304SS

.197

.985(AUX)

.316

DIMENSIONS IN INCHES

SECTION ON CENTRELINE

Figure K-3 - 8 mm Recessed Test Piece.
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Appendix L - Experimental Data - Recessed Surfaces Study

Table L-l - Water mass flux = 0.005 kg/m2.s

( 8 mm Recess)

Surface 
Temperature

(°C)
879.6
832.8
800.0
793.3
755.3
750.5
702.6
651.6
603.1
551.6
507.3
453.5
400.9
350.1
300.4
252.0
200.7
150.4
100.2

Heat Transfer 
Coefficient, (h)

(W/m2.K)
183.7
274.7
274.5
269.9
262.7
259.3
260.7
259.9
252.0
254.8
253.1
262.7
263.7
280.3
301.2
306.6
350.1
383.6
450.6

( 4 mm Recess)

Surface 
Temperature

(°C)
876.3
831.4
802.7
795.4
750.1
704.1
695.4
691.6
654.5
603.9
551.4
500.2
451.5
401.8
350.2
301.0
251.0
201.3
150.7
115.6

Heat Transfer 
Coefficient, (h)

(W/m2.K)
5.2

227.7
264.0
256.1
272.3
246.4
356.0
233.4
421.9
273.6
267.4
265.7
259.0
263.7
282.4
275.6
287.0
332.2
373.6
608.4

( 2 mm Recess)

Surface 
Temperature

(°C)
878.3
833.0
802.3
751.7
701.3
650.2
602.1
551.0
501.0
450.3
400.0
350.1
300.9
277.5
201.3
150.7
115.6

Heat Transfer 
Coefficient, (h)

(W/m2.K)
142.2
218.4
261.1
228.8
218.2
239.7
234.6
229.1
226.5
229.5
203.9
217.7
213.8
198.8
145.0
113.0
111.0
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Table L-2 - Water mass flux = 0.024 kg/m2.s

( 8 mm Recess)

Surface 
Temperature

(°C)

864.5
855.5
800.5
750.1
704.2
653.8
603.6
552.0
501.7
450.4
401.7
350.3
301.0
250.7
201.5
151.0
100.4

Heat Transfer 
Coefficient, (h)

(W/m2.K)
237.9
253.8
274.0
272.2
274.9
280.9
279.2
277.0
275.2
280.8
286.8
310.6
301.9
352.6
405.9
452.1
563.7

( 4 mm Recess)

Surface 
Temperature

(°C)

864.9
851.4
801.6
751.1
701.8
651.3
601.3
550.6
501.6
450.6
401.3
350.4
300.6
250.3
200.7
179.2
100.4

Heat Transfer 
Coefficient, (h)

(W/m2.K)
202.9
301.3
376.8
380.2
387.3
381.9
384.3
389.3
391.5
389.2
402.9
426.8
462.7
551.0
649.3
569.8
553.7

( 2 mm Recess)

Surface 
Temperature

<°C)

860.0
857.3
801.6
750.1
700.5
652.6
601.2
551.1
500.1
450.2
400.2
350.9
300.2
250.5
200.4
150.3
100.3

Heat Transfer 
Coefficient, (h)

(W/m2.K)
243.0
270.2
401.4
402.3
395.2
405.7
393.9
386.9
376.0
373.3
422.2
493.7
542.1
604.3
717.0
929.9
807.6
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Table L-3 - Water mass flux = 0.099 kg/m2.s

( 8 mm Recess)
Surface 

Temperature
(°Q

847.2
803.2
753.1
704.2
653.3
602.2
552.4
501.1
453.6
401.1
350.4
301.9
250.3
201.4
150.0
101.5

Heat Transfer 
Coefficient, (h)

(W/m2.K)
363.4
499.4
536.0
563.1
599.0
625.2
670.4
738.3
794.8
846.4
958.2
1036.3
1131.2
1347.2
1657.5
2103.6

( 4 mm Recess)
Surface 

Temperature
(°C)

847.2
806.9
751.5
703.7
649.9
600.6
551.9
503.9
451.3
401.7
353.4
302.8
249.8
203.0
149.9
101.5

Heat Transfer 
Coefficient, (h)

(W/m2.K)
335.9
458.6
539.2
616.4
685.1
741.1
722.7
841.3
918.3
992.7
1149.9
1323.4
1451.0
1790.2
2162.5
2675.3

( 2 mm Recess)
Surface 

Temperature
(°C)

847.5
803.2
750.2
702.0
648.9
600.7
549.8
501.0
453.5
399.7
350.0
304.6
251.7
204.6
150.4
101.1

Heat Transfer 
Coefficient, (h)

(W/m2.K)
299.0
519.0
535.9
600.3
668.2
702.1
752.5
891.2
1007.3
1124.8
1287.4
1723.5
1885.7
2283.1
3404.6
5045.4
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Table L-4 - Water mass flux = 0.99 kg/m2.s

( 8 mm Recess)
Surface 

Temperature
CO

777.3
753.1
711.0
681.3
644.8
600.6
550.0
497.6
447.3
399.2
349.6
292.7
226.8
159.5
101.8

Heat Transfer 
Coefficient, (h)

(W/mMC)
154.2
438.9
847.1
1110.9
1455.5
1907.8
2439.5
2979.7
3509.0
4106.5
4988.9
6559.4
9409.9
14448.1
23904.4

( 4 mm Recess)
Surface 

Temperature
(°C)

796.0
756.1
715.8
677.1
641.0
605.3
571.6
509.8
406.0
309.6
251.8
209.8
164.0
114.8

Heat Transfer 
Coefficient, (h)

(W/m2.K)
966.9
1279.3
1532.5
1751.1
1928.0
1593.8
1980.8
3332.7
5804.7
7881.7
8889.7
10404.1
13808.7
21070.3

( 2 mm Recess)
Surface 

Temperature
(°C)

782.0
735.2
681.8
628.4
580.3
537.8
499.5
463.5
428.7
393.8
357.7
319.8
281.4
241.7
150.4

Heat Transfer 
Coefficient, (h)

(W/m2.K)
1104.6
1554.5
2013.7
2403.5
2700.8
2949.8
3195.7
3468.2
3794.7
4205.8
4760.8
5497.1
6416.9
7748.9
14144.9
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Table L-5 - Water mass flux = 1.07 kg/mz.s

( 8 mm Recess)
Surface 

Temperature
(°C)
837.4
836.4
832.1
824.7
811.5
772.5
722.7
692.5
616.3
525.8
482.5
442.7
406.9
375.1
312.5
272.5
220.3
159.0

Heat Transfer 
Coefficient, (h)

(W/m2.K)
169.5
202.6
252.0
337.6
471.9
772.9
1112.4
1341.7
2006.5
2826.5
3200.5
3550.5
3865.2
4159.5
5165.7
6404.9
8896.4
13804.0

( 4 mm Recess)
Surface 

Temperature
(°C)

852.5
843.9
829.6
805.7
775.1
736.2
690.3
638.8
585.0
531.3
480.0
431.8
387.0
344.3
299.0
246.5
187.4
127.0

Heat Transfer 
Coefficient, (h)

(W/m2.K)
380.9
470.3
627.5
843.4
1108.1
1442.1
1843.1
2292.9
2770.7
3259.7
3757.6
4273.1
4820.9
5499.6
6609.4
8614.6
12253.6
19601.7

( 2 mm Recess)
Surface 

Temperature
<°C)
842.3
839.2
823.1
794.3
752.1
704.8
656.8
610.8
565.5
519.2
471.9
426.6
383.5
341.6
299.2
253.6
204.1
150.7

Heat Transfer 
Coefficient, (h)

(W/m2.K)
387.9
474.0
672.7
1005.4
1407.7
1788.0
2124.9
2438.4
2783.3
3219.4
3714.4
4213.2
4777.4
5464.9
6422.2
7939.5
10424.4
15215.8

237



Appendices

Table L-6 - Water mass flux = 1.69 kg/m2.s

( 8 mm Recess)
Surface 

Temperature
(°Q

852.4
832.5
806.5
775.7
740.8
700.8
654.2
600.3
542.3
486.3
436.3
391.3
347.3
297.8
232.3
143.1

Heat Transfer 
Coefficient, (h)

(W/mz.K)
458.0
640.4
849.5
1073.5
1326.5
1643.1
2058.4
2594.6
3189.2
3736.7
4226.5
4740.0
5472.6
6782.4
9969.3
19611.7

( 4 mm Recess)
Surface 

Temperature
(°C)

854.2
838.6
813.6
777.8
733.6
682.3
627.1
571.2
516.9
465.1
415.8
367.1
316.7
263.2
203.6
136.5

Heat Transfer 
Coefficient, (h)

(W/m2.K)
378.0
545.0
802.3
1133.8
1522.3
1965.5
2440.8
2922.3
3418.2
3937.7
4523.6
5290.3
6386.6
8106.2
11309.0
18798.7

( 2 mm Recess)
Surface 

Temperature
(°C)

843.6
841.0
831.8
809.5
771.8
718.0
655.9
589.2
515.8
429.3
328.5
216.1
100.5

Heat Transfer 
Coefficient, (h)

(W/m2.K)
310.7
374.0
509.6
770.9
1208.2
1759.3
2346.8
3007.1
3944.4
5523.6
8317.3
14433.1
39002.2
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Table L-7 - Water mass flux = 2.02 kg/m2.s

( 8 mm Recess)
Surface 

Temperature
(°Q

838.6
785.9
749.7
703.9
651.6
596.8
542.2
493.2
452.7
385.0
312.2
258.4
186.2

Heat Transfer 
Coefficient, (h)

(W/mMC)
549.2
985.9
1292.9
1714.0
2168.9
2648.6
3136.6
3494.4
3751.4
4305.6
5795.1
7852.5
12831.1

( 4 mm Recess)
Surface 

Temperature
(°C)

821.7
785.5
734.5
671.2
598.2
520.3
440.4
359.1
270.8
175.1

Heat Transfer 
Coefficient, (h)

(W/m2.K)
812.6
1188.4
1698.9
2350.7
3134.0
4082.9
5266.0
6966.6
10169.7
17436.2

( 2 mm Recess)
Surface 

Temperature
(°Q

819.8
804.2
778.3
734.5
671.5
592.7
504.4
410.5
310.6
199.1

Heat Transfer 
Coefficient, (h)

(W/m2.K)
432.3
597.5
892.8
1404.4
2142.3
3089.1
4300.0
5975.9
8845.6
15805.9

Table L-8 - Water mass flux = 5.15 kg/m2.s

( 8 mm Recess)
Surface 

Temperature
(°C)

809.6
765.9
710.3
644.5
573.0
501.9
434.2
367.7
295.8
211.6
119.8

Heat Transfer 
Coefficient, (h)

(W/m2.K)
907.9
1337.9
1877.1
2539.1
3283.9
4064.3
4941.0
6134.0
8251.5
12953.2
26035.4

( 4 mm Recess)
Surface 

Temperature
(°C)

802.3
798.3
790.7
776.2
751.1
705.8
632.5
531.9
413.8
286.2
162.0

Heat Transfer 
Coefficient, (h)

(W/m2.K)
194.8
254.0
351.4
511.7
813.8
1400.4
2422.5
3968.1
6297.9
10585.5
20642.5

( 2 mm Recess)
Surface 

Temperature
(°C)

814.2
772.8
699.6
587.4
444.4
277.3
100.6

Heat Transfer 
Coefficient, (h)

(W/m2.K)
743.9
1258.2
2264.4
3981.5
6877.0
13518.8
46907.5
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Table L-9 - Water mass flux = 6.01 kg/m2.s

( 8 mm Recess)
Surface 

Temperature
(°C)
852.4
845.7
831.2
802.1
759.5
702.9
636.1
565.4
496.8
431.8
368.8
303.5
228.8

Heat Transfer 
Coefficient, (h)

(W/m2.K)
352.6
426.2
610.4
936.4
1372.9
1948.6
2631.1
3350.6
4094.0
4918.6
6001.1
7724.4
11303.0

( 4 mm Recess)
Surface 

Temperature
(°C)

849.7
848.9
838.9
820.1
784.2
724.6
637.2
530.4
414.1
291.4
168.0

Heat Transfer 
Coefficient, (h)

(W/m2.K)
283.1
331.2
444.7
666.5
1085.2
1826.9
2962.0
4504.7
6724.1
10824.7
20754.6

( 2 mm Recess)
Surface 

Temperature
(°C)

859.5
857.0
850.3
832.6
799.8
737.3
629.8
473.0
279.7

Heat Transfer 
Coefficient, (h)

(W/m2.K)
261.9
294.7
389.1
597.0
990.5
1822.9
3489.1
6688.2
14505.0
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Appendix M - Solenoid valve operation instructions.
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Figure M-l - Solenoid Valve and Timer - Operation Instructions
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Operations Instruction Timer 1078-1 
Mode d'emploJ Temporlsailon 1078-1

Die Eiiuicllung der Zeli otolgt proientml:
Eine Einstetlung won z.B.8 f Im ZeltVrricti 0.5 _. 101 eijibt 
UnnsctiiltungiufdenZeHbcreichO.S „, 10 h, einen W«rt von 
SStundcn.

The setting of lime b proportiojwfc
For example: sewing 8 sec inihe lime range 0,5 ... 10 Jtc becomes 
8 h wtoen changing Hie range u> 0.5... tfti.

Lt rcjlagt du tempe esi pM>i»ttiormel;
Pw exam^c. un re^lajc de S s daru la plage 0,5... 10 s donne.
tors <f «ne wnvmutotion sw la plagt OJ... 10 h, une vilcur de 8 bcurcs.

ACHTUNO: Ni» im Sptmnwigsfrciicn Zutiand!
ATTENTION: Enwire volLage supply is disconnected!
ATTENTION: btfevejtir imiquemiau hori tension!

Drchcn der AnschtuBpUue 
Rotation of UK Luaneciiun IAJI.-U 
Rotation de la plscyue dc (accordcmen!

Mil dcr SchraubcixtrehokliRge unictfisicn urxi die AnschluGpUUe vcr sichtig aiishebein. 
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routed 4 x 90°.

NOTE: Do rxx iwiit wires off,
Insert connection baud into body until U snap;: in.
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f»ccofdcnkcnL

Figure M-2 - Solenoid valve and Timer - Operation Instructions
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Appendix N - Experimental Data - Pulsed Spray Study

Table N-1 - Water mass flux = 5.15 kg/m2.s - Pulse = 1 sec. on 1 sec. off

Plane Surface
Surface 

Temperature
(°C)
845.7
835.1
811.8
771.4
710.6
636.6
555.4
468.1
371.7
265.2
151.0

Heat Transfer 
Coefficient, (h)

(W/m2.K)
430.4
560.3
827.8
1307.3
1989.6
2789.4
3735.1
5046.8
7188.2
11357.4
22648.2

8 mm Recess
Surface 

Temperature(°C)
843.7
820.9
794.6
764.5
730.1
692.6
654.2
616.3
580.3
547.5
517.8
491.1
404.8
386.0
366.8
345.7
320.6
289.0
248.9
201.3
147.1

Heat Transfer 
Coefficient, (h)

(W/m2.K)
663.9
821.0
997.0
1206.5
1452.7
1712.3
1962.7
2203.8
2410.8
2580.9
2727.2
2849.2
3284.9
3419.8
3605.6
3900.7
4393.6
5248.2
6706.9
9142.3
13995.3
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Table N-2 - Water mass flux = 5.15 kg/m2.s - Pulse = 1 sec. on 3 sec. off

Plane Surface
Surface 

Temperature
(°C)
876.8
853.4
801.6
753.7
702.6
654.3
604.6
552.8
502.6
453.7
402.8
353.0
306.3
256.1
200.1
153.8
106.3

Heat Transfer 
Coefficient, (h)

(W/mMC)
189.1
354.4
467.9
515.2
623.7
700.2
753.5
821.3
897.0
982.9
1073.0
1258.4
1672.2
2592.0
3985.4
5325.3
7311.4

8 mm Recess
Surface 

Temperature
(«C)
875.2
857.2
806.6
762.4
682.4
651.0
618.7
554.3
496.7
448.6
406.7
344.8
291.6
262.9
207.4
144.7
102.9

Heat Transfer 
Coefficient, (h)

(W/m2.K)
221.5
344.7
724.3
965.2
1465.5
1672.8
1884.7
2301.2
2622.9
2873.8
3124.7
3784.7
4862.4
5542.0
7259.1
10367.4
15150.0
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Table N-3 - Water mass flux = 5.15 kg/m2.s - Pulse = 1 sec. on 5 sec. off

Plane Surface
Surface 

Temperature
(°C)

842.0
803.0
751.8
704.0
656.8
609.0
554.1
509.6
454.0
405.0
352.0
307.9
253.3
208.0
152.1
110.4

Heat Transfer 
Coefficient, (h)

(\V/mz.K)
356.1
736.7
857.2
866.3
964.4
965.0
1081.4
1326.4
1664.5
2072.5
2826.0
3431.2
4171.4
4893.2
5744.6
6086.2

8 mm Recess
Surface 

Temperature
(°C)

846.5
812.9
751.5
706.1
647.6
601.5
549.2
507.6
456.3
401.9
356.4
303.7
257.1
202.0
150.4
109.7

Heat Transfer 
Coefficient, (h)

(W/mz.K)
487.4
688.1
892.7
1060.6
1388.1
1675.4
1771.7
1810.7
1990.8
2178.9
2505.3
3044.3
3893.0
4458.6
5403.6
8255.9
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Table N-4 - Water mass flux = 5.15 kg/m2.s - Pulse = 1 sec. on 10 sec. off

Plane Surface
Surface 

Temperature
(°C)

854.3
807.9
751.4
707.1
657.1
604.9
556.0
499.3
448.8
415.1
346.5
303.1
246.4
203.7
154.3
104.8

Heat Transfer 
Coefficient, (h)

(W/m2.K)
377.2
688.5
537.0
685.5
624.4
585.0
897.7
1283.0
1576.4
1315.3
1935.7
1555.7
2930.7
3469.4
3608.1
5646.9

8 mm Recess
Surface 

Temperature
(»C)
854.0
804.4
747.0
704.2
649.4
604.4
551.3
500.2
451.0
402.6
351.7
302.3
256.9
200.2
154.3
100.2

Heat Transfer 
Coefficient, (h)

(W/m2.K)
302.8
630.2
718.2
800.0
1093.7
1319.2
1243.7
1422.3
1555.3
1837.0
1509.7
2358.2
1461.4
1965.0
2965.0
5938.0
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Appendix O - Sub-models 2 and 3, Data Correspondent to 
Windows A, B, C, D.

Table O-l - Data used for Modelling Sub-model 2 (Twin Spray System)

Positions 
(m)

Water mass flux 
(kg/m2.s)

Temperature
(°C)
204
316
427
538
649
760
871

0.00

1.07

Window-A 
(W/m2.K)

11541.2
6838.2
4105.9
2482.4
1508.8
917.7
561.8

0.02

0.77

Window-B
(W/m2.K)

9591.2
5779.4
3544.1
2194.1
1367.7
855.9
538.2

0.04

0.24

Window-C 
(W/m2.K)

4967.7
3173.5
2097.1
1414.7
964.7
664.7
458.8

0.06

0.16

Window-D
(W/m2.K)

4091.2
2658.8
1797.1
1244.1
870.6
614.7
438.2

Table O-2 - Data used for Modelling Sub-model 3 (Single Spray System)

Positions 
(m)

Water mass flux 
(kg/m2.s)

Temperature
(°C)
204
316
427
538
649
760
871

0.00

1.07

Window-A 
(W/m2.K)

11541.2
6838.2
4105.9
2482.4
1508.8
917.7
561.8

0.04

0.77

Window-B
(W/m2.K)

9591.2
5779.4
3544.1
2194.1
1367.7
855.9
538.2

0.08

0.24

Window-C 
(W/m2.K)

4967.7
3173.5
2097.1
1414.7
964.7
664.7
458.8

0.12

0.16

Window-D 
(W/mz.K)

4091.2
2658.8
1797.1
1244.1
870.6
614.7
438.2
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Quenching of Aerospace Forgings from High

Temperatures 

Using Air-Assisted , Atomised, Water Sprays

M. de Oliveira2, J. Ward3, D.R. Garwood3 and R.A. Wallis"

aUniversity of Glamorgan, Pontypridd, U.K. 

bWyman-Gordon Forgings, Grafton, Ma., U.S.A.

ABSTRACT

The nickel-based superalloy or titanium materials used in the aerospace industry are 

cooled from high temperatures during the heat treatment process to obtain 

appropriate strength properties. However unacceptably high residual stresses can be 

developed in some situations if the rate of cooling is too high so that air-assisted, 

atomised water sprays have been suggested as an alternative to the widely-used 

techniques of quenching in oil or water. This paper thus examines two aspects of the 

use of air-water sprays for quenching aeroengine forgings. Firstly, basic experimental 

heat transfer data are presented for a wide range of water flows and for surface 

temperatures up to approximately 850°C, for both plane and recessed surfaces. 

Secondly the heat transfer data are employed in numerical simulations to study the 

influence of non-uniform spray distributions on the residual stress patterns in a 

typical forging.

NOMENCLATURE

m0 Water mass flux on the axis of the spray 

T Surface temperature 

Tf Saturation temperature 
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1. INTRODUCTION

The mechanical properties developed in the nickel-based superalloy and titanium 

forgings used in modern aircraft engines depend on the rate of cooling from the so- 

called heat treatment solution temperature. Both quenching in water or oil are 

commonly used for this purpose but unfortunately in some cases the rapid cooling 

rates associated with these techniques can lead to the development of high residual 

stresses in the component. These in turn can cause distortion during the final 

machining operations and in recent years the problem has been exacerbated 

following the introduction of 'near net shape' forging. As an alternative forced 

convective air cooling can be employed to provide an appropriate cooling rate if the 

components are sufficiently thin. However, there are a range of alloys and 

components for which air cooling cannot provide a high enough cooling rate whilst 

quenching leads to unacceptably high residual stresses.

Air-atomised water sprays have been proposed as alternative cooling systems to fill 

the "gap" between the currently widely used air cooling or liquid quenching 

techniques. Consequently Wallis et al 1 used preliminary, estimated heat transfer data 

for air-water sprays together with a finite-element model to predict cooling rates and 

residual stresses in a typical industrial superalloy aeroengine forging. They 

demonstrated that appropriate cooling rates could be achieved and that the predicted 

residual stresses were substantially lower than those generated by oil quenching so 

that spray systems appear to offer considerable potential in this application.

Most of the previously published work on water spray or air-water mist cooling has 

generally been confined to temperatures <600°C whilst the data in this paper will 

provide results at higher temperatures of up to approximately 850°C. In addition the 

specific water flux (i.e. the water flow rate impinging on a unit area of the test 

surface) and the spray droplet sizes are generally much larger with conventional 

water sprays so that previously published data for these systems are not necessarily 
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applicable to air-assisted atomised water sprays, for example see Hall et al2 . 
Although Buckingham and Haji-Sheikh3 studied the fundamental mechanisms 
involved in air- water spray cooling of high temperature cylindrical surfaces they 
presented only overall water flow rates (instead of water fluxes) and this together 
with the cylindrical geometry makes it difficult to apply their data for the design of 
air-water spray systems.

Consequently this paper presents results from a study of the use of air-assisted 
atomised water sprays which can result in heat transfer rates between those 
associated with air cooling and oil quenching. Air assisted atomisation has an 
advantage over conventional water sprays in that variation of the air and water 
pressures can provide fine sprays over a wide range of flow rates. In addition the air 
"sweeps" the surface and can help to prevent water "flooding" and the build up of 
deleterious vapour films at high water flows and surface temperatures. This 
"flooding" can be a particular problem with recessed surfaces so that heat transfer 
data are presented for both these and plane geometries. The heat transfer 
measurements are then employed in a finite-element model to predict residual stress 
formation in a typical forging. In particular, this part of the study examines the 
effects of non-uniform water distribution.

2. EXPERIMENTAL ARRANGEMENT

The overall experimental arrangement, see Figure 1, consisted of an air-assisted 
atomised water spray system which was mounted 800mm above a 20mm diameter 
stainless steel test-piece. The upper surface of this test-piece was either plane or 
contained a 8mm deep recess. The test-piece was 25mm long and was heated from 
below by means of a propane-oxygen burner. It was surrounded by ceramic fibre 
insulation to ensure that conduction within the stainless steel was one-dimensional in 
a longitudinal direction. During the heating period the top surface of the test-piece 
was covered with a ceramic-fibre plug and in this fashion relatively uniform 
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temperatures of approximately 850°C were attained within the stainless steel. This 

plug was removed prior to spraying the top surface of the test-piece. The upper 

surface of the ceramic fibre insulation was protected from the water spray by means 

of a steel plate. The circumference of the top surface of the test piece was surrounded 

by a thin ring of dense ceramic cement to act as a thermal barrier to minimise 

transverse heat losses into the steel plate and also to protect the underlying ceramic 

fibre from the water spray, see Figure 1.

The air and water supply pressures were varied to produce water mass fluxes at the 

test surface ranging from 0.1 to 8.0 kg/m2 .s. These pressures were maintained 

constant during a test by manual adjustment, if necessary. The air and water flow 

rates were measured by means of rotameters and these instruments provided a further 

check on the constancy of the test conditions. The water mass fluxes were 

determined in calibration tests in which water was collected in a series of small 

diameter collection tubes mounted across the diameter of the spray. Subsequent 

determination of the mass of water collected in each tube demonstrated that the water 

mass flux was substantially uniform over the test surface, see Figure 2. Four metal 

sheathed chromel-alumel thermocouples were positioned at varying depths along the 

longitudinal centre-line of the test piece, see Figure 1 and the resultant temperature- 

time histories were recorded during cooling. The temperature data was then fed into a 

commercial inverse conduction computer code, INTEMP, which in turn calculated 

the transient test-piece upper surface temperature and heat flux and hence the 

corresponding heat transfer coefficients.

The heat transfer will be affected by surface conditions so that the upper surface of 

the test-piece was cleaned by means of emery-paper and washed with a solvent prior 

to each test to remove any thin oxide films formed during prior heating and cooling.
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3. EXPERIMENTAL RESULTS

The heat transfer coefficients for the plane surfaces increase substantially as the 

surface temperature is reduced and the mode of vapour evaporation changes, see 

Figure 3. The heat transfer data include the effect of thermal radiation since in an 

industrial application it is the total rate of heat transfer which is important. It is 

estimated, however, that at a surface temperature of 800°C this mechanism 

contributes between 10 and 20% of the total depending upon the water flow rate 

whilst at a lower surface temperature of 400°C the contribution is less than 3%. 

At high surface temperatures stable film boiling occurs particularly at the higher 

water fluxes. As the temperature decreases transition boiling ensues and the rate of 

heat transfer is more markedly influenced by the rate of water inundation. At 

relatively low superheat temperatures (T-Tf) and high water fluxes it is possible that 

nucleate boiling

occurs within a thin film of water on the surface and this results in very high heat 

transfer coefficients. At the lowest water flow the heat removed from the surface is 

more than sufficient to evaporate all the water droplets so that convection to the air 

makes a significant contribution to the overall rate of heat transfer.

At high surface temperatures the rate of heat transfer is relatively insensitive to the 

water flow rate and this can also be seen more clearly in Figure 4 in which the heat 

transfer coefficients are plotted against the water mass flux for various levels of 

surface temperature. At a surface superheat of 650°C (i.e. a surface temperature of 

750°C) the rate of heat transfer is virtually independent of water mass flux above a 

value of approximately 2.0kg/m2.s. This corroborates the data of Buckingham and 

Haji-Sheikh3 who also found that the heat flux from the surface is relatively constant 

at high temperatures and high water flow rates. This behaviour is consistent with the 

formation of a stable vapour film beneath a layer of water. The relatively small water 

droplets have insufficient momentum to penetrate through the layer and the film so

that heat transfer across the vapour film is virtually independent of water mass flux. 
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As a result there is little point hi using high water flows in an industrial spray cooling 

system for quenching superalloys, with consequent savings in water and energy 

costs.

In this high temperature region at low water flow rates the air at least partially, 

sweeps the water from the surface (or all the individual droplets evaporate) so that 

the heat transfer depends upon the water flow. Consequently control of the water 

mass flux at these low water flow rates provides a reasonable range of heat extraction 

rates lying between those normally associated with air cooling and oil quenching.

At surface temperatures below 450°C the heat transfer rates are heavily dependent on 

water flow over the whole experimental range, see Figure 4. Undesirably high 

coefficients are also obtained at flow rates above approximately 1.0kg/m2 .s. However 

this low surface temperature region is relatively unimportant in quenching 

superalloys since at this stage the metallurgical effects (which determine the 

mechanical properties) will be negligible.

The presence of a recess or cavity in the surface can affect the rate of heat transfer so 

that tests were undertaken with a test-piece with an 8mm deep recess, see Figure 1. 

At a high water mass flux of 6.0 kg/m2 .s the recessed surface exhibits significantly 

lower heat transfer coefficients at all but the highest surface temperatures, see Figure 

5. At high temperatures stable film boiling predominates so that it is reasonable to 

expect relatively little variation in heat transfer between the two surfaces. With a 

plane surface water can be "swept away" by the impinging air flow. This effect is 

inhibited within the surface cavity so that it is likely that a deeper pool of water is 

formed with a recessed surface. In "shallow" pools of water nucleate boiling heat 

transfer rates decrease as the depth of water increases. Consequently in the transition 

and nucleate boiling regions which probably predominate at lower surface 

temperatures it is possible that this effect results in the reduction in heat transfer 

which is apparent with the recessed component. The reductions in heat transfer may 
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be even greater than those shown in Figure 5 since the results do not take into 

account any additional cooling as a result of the flange of the recess acting as a fin or 

extended surface.

Similar reductions were observed over most of the surface temperature range with a 

low water mass flux of 0.1 kg/m2.s, see Figure 6. At this flow rate the individual 

droplets evaporate either before or after impinging upon the surface and a water film 

is not formed. However, the shape of the cavity may significantly affect the 

characteristics of the flow of air away from the surface and this, in turn, may 

influence the rate of water droplet impingement. This phenomenon would be less 

marked at high temperatures where thermal radiation and air convection from the 

surface play a bigger part. At these high temperatures a higher proportion of the 

droplets evaporate prior to impingement so that variations in droplet inundation 

would have less overall effect.

Somewhat different behaviour was observed at an intermediate water mass flux of 

1.10 kg/m2 .s, see Figure 7, in that the heat transfer coefficients are relatively 

unaffected over the whole surface temperature range by the presence of the recess. 

The reasons for the difference in behaviour are currently unclear. However it appears 

that the effect of the presence of a cavity in the surface of a contoured component 

may well depend upon the water flow rate. Any resultant reductions in heat transfer 

are most marked at lower temperatures and generally the coefficients at high surface 

temperatures are less affected. Thus any variations in heat extraction rate due to the 

presence of recessed areas in the surface of contoured parts of complex geometry will 

be minimised at the high temperatures which particularly influence the mechanical 

properties and residual stresses. A more likely cause of substantial variations in heat 

transfer over the surface is the variation in water mass flux due to non-uniformities 

within the spray.

4. PREDICTION OF RESIDUAL STRESSES
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The residual stresses developed in a component during cooling can result in 

distortion of the material during final machining. Consequently the experimental heat 

transfer data for air-water sprays were employed to predict the residual stresses 

induced in a super alloy forging. The overall method was similar to that described by 

Wallis et al 1 in that a finite-element code DEFORM-HT was employed to predict the 

transient temperature distributions and hence cooling rates within the forging. The 

resultant temperature-time histories were then used to predict stress formation during 

the quenching process and hence the residual stresses. This type of approach has 

been validated previously and has been shown to provide reasonably accurate 

estimates of residual stresses, see Wallis and Craighead4 .

The profile of the forging which was simulated is shown in Figure 8 and has an 

outside diameter of 508mm and a bore of 50.8mm. The thickness varied from 38mm 

at the inside to 89mm at the rim and it was manufactured from a nickel-based 

superalloy of known mechanical and thermal properties.

The first priority in the quenching process is the need to meet the mechanical 

strength specification for the forging which in turn depends upon the rate of cooling 

at high temperatures. The acceptable cooling rate depends upon the composition of 

the superalloy but in the present study a minimum rate of 80°C/minute was specified.

Wallis et al 1 have previously demonstrated that uniform air-water spray cooling can 

provide appropriate cooling rates and acceptable levels of residual stresses in 

superalloy forgings. Thus the main aim of the present study was to examine the effect 

of non-uniform spray patterns on the residual stress distributions. Three different 

cases were studied and initially it was assumed that the spray water mass flux and 

hence the heat transfer coefficients were spatially uniform over the surface of the 

forging. In the remaining two cases, see Figure 9, the water fluxes varied linearly in a 

radial direction from 1.10 kg/mis at the spray axis to 0.16 kg/m2 .s at the edge of the 
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spray. The value of the maximum water flux was selected to provide a minimum 
cooling rate of 80°C/minute in even the worst case of non-uniformity. The minimum 
water flux at the edge of the spray approximately corresponded to the measured 
distribution, see Figure 2. In the uniformly sprayed situation the water mass flux was 
maintained constant at the maximum value of 1.10 kg/m2 .s. The resultant cooling 
rates in the forging depended upon the spray pattern see Table 1, but in all cases were 
sufficient to meet the specified minimum rate.

Case

1

2

3

Spray System

(see Figure 9)

Uniform

Twin Sprays

Single Spray

Minimum

Cooling Rate

°C/min

151

107

80

Maximum

Cooling Rate

°C/min

347

266

281

Table 1 Cooling Rates with Different Spray Patterns

In practice, the spray distributions would also vary in a circumferential direction. 
These variations would be complex and were neglected in this preliminary study to 
maintain axial symmetry in the simulations. Moreover it was not possible in the 
models to represent the water flux distributions as continuous functions. 
Consequently the surface of the forging was sub-divided into ten zones each of 
which were allocated a constant water flux so that the continuous linear distributions 
were represented by a series of steps. In each zone the corresponding, 
experimentally determined temperature dependent, heat transfer coefficients were 
employed as boundary conditions in the simulations. The spray and hence heat 
transfer patterns are thus crude approximations but nevertheless can provide useful 
information on the effect of spray non-uniformity on residual stress formation.
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As would be expected the magnitude of the maximum residual stress in the central 
region of the forging depends upon the cooling rate. Consequently the largest stresses 
were obtained with uniform cooling, see Figure 10, since this distribution provided a 
minimum cooling rate of 150°C/minute. In this case, however, the residual stresses 
can be minimised by reducing the water flux whilst still meeting the specified rate of 
cooling .

The magnitude of the large compressive stresses near the surface of the component 
are relatively unaffected by the non-uniformity of spray cooling so that the maximum 
compressive residual stress only ranges from 1240 to 1317 MPa. However, the 
maximum tensile residual stress in the interior of the component exhibits a much 
greater variation ranging from 800 to 1373 MPa. In addition Figure 10 clearly 
demonstrates that non-uniform sprays can disturb the resultant distribution of 
compressive residual stress. In the uniformly sprayed forging the compressive 
residual stress contours form a thin relatively uniform "skin" near the surface. 
Distortion of the component during machining is thus relatively predictable and 
repeatable and can partially, at least, be accommodated. The non-uniform sprays 
disturb this "skin" and the compressive residual stresses vary considerably over the 
near surface layers of the forging although the maximum value remains 
approximately constant. The residual stresses and hence the resultant distortions thus 
appear to be sensitive to spray non-uniformity and may be more difficult to predict 
and take into account. Consequently it may be necessary to pay careful attention to 
the spray arrangement (nozzle pitch and nozzle to forging spacing) to obtain a 
relatively uniform water flux distribution over the surface of the forging in an 
industrial installation.

5. CONCLUSIONS

The experimental measurements reported in this paper provide basic heat transfer 
data for air-assisted, atomised water sprays over a wide range of water flow rates and
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at surface temperatures up to approximately 850°C. The heat transfer coefficients are 

heavily dependent on both these variables as the mechanisms of boiling vary during 
the quenching process.

The strength of superalloy forgings are largely determined by the cooling rate at 

high temperatures. In this temperature range the measured heat transfer coefficients 
were virtually independent of the water mass flux for inundation rates above 2 

kg/m2.s so that there is little point in using high water flows with consequent savings 

in water and energy costs. Moreover, at these temperatures the variation of heat 
transfer coefficient at low water flow rates can provide a reasonable range of heat 

extraction rates falling between those normally associated with air cooling or oil 
quenching.

The heat transfer rates can be affected by the presence of a recess or cavity in the 

surface. At lower temperatures there is often a substantial reduction in heat transfer. 

However generally the difference in heat transfer characteristics between the two 

surfaces is reduced at the high temperatures of particular interest in superalloy 

quenching.

Simulations of residual stress formation in a typical forging indicate that spray non- 

uniformities can substantially disturb the resultant residual stress patterns. These, in 

turn, may result in less predictable distortions during final machining so that it may 

be necessary to pay particular attention to the arrangement of the spray nozzles in a 

large scale installation.
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Fig 8 Forging Geometry
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Fig 9 Spray Distribution in the Residual Stress Study
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Fig. 10 Residual Stress Distributions
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Air-Water Spray Cooling of High Temperature, 
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SYNOPSIS

This paper describes the work carried out to investigate the use of air-assisted 

atomised water sprays for the cooling of high temperature, plane and recessed 

surfaces. Basic experimental heat transfer data are presented for a wide range of 

water mass fluxes and surface temperatures up to approximately 850°C. Application 

of this work is found in the cooling of nickel based superalloys or titanium materials 

used in the aerospace industry. Depending on the component shape and geometry 

traditional oil or water quenching can produce high cooling rates and lead to 

problems of high residual stresses. Air-assisted atomised water sprays are proposed 
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as a means of achieving a lower cooling rate which is controllable by variation of the 
spray parameters.

1. INTRODUCTION

The impetus for this current work is the need to develop a cooling system which can 
be employed for quenching of nickel-based superalloy and titanium forgings used in 
the aerospace industry. Oil and water quenching are commonly used for this purpose, 
since the high rates of cooling result in the desired mechanical properties but 
unfortunately, in certain circumstances these cooling rates can also lead to the 
development of excessive residual stresses in the component which can cause 
subsequent distortion or cracking in extreme cases.

Forced draught air cooling can be used, if the components are sufficiently thin and 
appropriate cooling rates can be achieved. However, there are a range of alloys and 
components for which air cooling cannot provide a high enough cooling rate whilst 
oil or water quenching produce unacceptably high residual stresses. Air-assisted 
atomised water sprays have been proposed as an alternative, to produce an 
appropriate cooling rate and Wallis et al. (1) have demonstrated that these spray 
systems appear to offer considerable potential in this application.

Most previously published studies have employed single phase water sprays so that 
the water mass fluxes and droplet sizes are usually much larger than those 
encountered with air-assisted atomisation, see for example Hall et al (2). In addition 
the work presented here provides data for surface temperatures up to approximately 
850°C which is generally a higher temperature than that employed in previous work. 
Although Buckingham and Haji-Sheikh (3) studied water-air spray cooling of high 
temperature cylindrical surfaces, they presented only overall water flow rates and this 
makes it difficult to apply their results for the design of air-water spray systems.
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Consequently, this paper presents data from a study of air assisted atomised water 

sprays which can result in heat transfer rates between air cooling and oil/water 

quenching. A further advantage of this system is that variation of the air and water 

pressures can provide a wide range of cooling rates to suit different component 

shapes and geometries. Both plane and recessed surfaces are studied since the 

geometry of the surface can have a marked effect on the heat transfer.

2. EXPERIMENTAL ARRANGEMENT

The overall experimental arrangement, see Figure 1, consisted of an air-assisted 

atomised water spray system which was mounted 800mm above a 20mm diameter 

stainless steel test-piece. The upper surface of this test-piece was either plane or 

contained a 4 or 8 mm deep recess, see Figure 2. The test-piece was 25mm long and 

was heated from below by means of a propane-oxygen burner. It was surrounded by 

ceramic fibre insulation to ensure that conduction within the stainless steel was one- 

dimensional in a longitudinal direction.

The upper surface of the ceramic fibre insulation was protected from the water spray 

by means of a steel plate. The circumference of the top surface of the test piece was 

surrounded by a thin ring of dense ceramic cement to act as a thermal barrier to 

minimise transverse heat losses into the steel plate and also to protect the underlying 

ceramic fibre from the water spray, see Fig. 1.

The air and water supply pressures were varied to produce water mass fluxes at the 

test surface ranging from 0.1 to 8.0 kg/m2.s. Measurements across the diameter of the 

spray demonstrated that the water mass flux was substantially uniform over the test 

surface. Four metal sheathed chromel-alumel thermocouples were positioned at 

varying depths along the longitudinal centre-line of the test piece, see Fig. 2 and the 

resultant temperature-time histories were recorded during cooling. 
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Fig. 1 - Overall arrangement

The temperature data was then fed into a commercial inverse conduction computer 
code, INTEMP, which in turn calculated the transient test-piece upper surface 
temperature and heat flux and hence the corresponding heat transfer coefficients.

Dimensions in mm

25 (AUX)

Fig. 2 - Test piece geometry
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3. DISCUSSION OF RESULTS

The variation of heat transfer with surface temperature is shown in Fig 3. It can be 

seen that the heat transfer coefficient increases substantially as the temperature is 

reduced. At high surface temperatures film boiling occurs. However, as the 

temperature decreases transition boiling is in evidence and the rate of heat transfer is 

influenced by the amount of water present at the surface. At high water mass fluxes 

and relatively low surface temperatures it is possible that nucleate boiling occurs and 

this results in very high heat transfer coefficients. At low water mass fluxes all the 

water droplets may be evaporated, so that convection makes a significant 

contribution to the overall heat transfer coefficient.

The effect of the water mass flux is shown in Fig 4 where it can be seen that above a 

mass flux of approximately 2 kg/m2s the heat transfer coefficient is relatively 

constant for high surface temperatures. For temperatures below 450°C, however, the 

heat transfer coefficient is seen to be dependent on water mass flux over the whole 

range. It should be mentioned however that this low temperature region is relatively 

unimportant in the forging cooling process since the mechanical properties are 

developed during cooling at high temperatures. Buckingham and Haji-Sheikh (3) 

also found that the heat flux at the surface was relatively constant at high 

temperatures and high water flow rates. This suggests that there is little point in 

using high water flows in industrial quenching applications of this type with 

subsequent savings in water and energy costs. In the region of low water mass flux 

(below 2kg/m2s) the heat transfer coefficient varies significantly so that the 'control' 

of the water flow rate in this region provides a means of achieving a heat extraction 

lying between those associated with air cooling and oil or water quenching.

The water droplets in the spray are partially swept away with the air wall jet. 

However, in practice the presence of a surface recess or cavity can influence this flow 

pattern. To investigate this effect, tests were conducted on test pieces with 4mm and 
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8mm deep recesses, as shown in Fig 2, at low, intermediate and high water mass 

fluxes. These results are presented in Figs 5, 6 and 7.

The presence of a surface recess significantly reduces the rate of heat transfer at the 

higher water mass flux - Fig 5 - at all but the higher temperatures. At these 

temperatures, stable film boiling predominates and little difference in heat transfer 

coefficient is seen. The recess collects the water and a 'pool' of water may be 

formed thus reducing the heat transfer as the depth of the recess, and therefore the 

pool, increases. A similar reduction in heat transfer occurs at very low water mass 

flux - Fig 6. Again the flow of the jet is affected in the impingement region with the 

subsequent reduction in the convective heat transfer coefficient. Individual water 

droplets evaporate either prior to, or after impingement and a water film is not 

formed. Somewhat different behaviour was observed at the intermediate water mass 

flux of 1.0 kg/m2s - Fig 7, in that the heat transfer coefficients are relatively 

unaffected by the presence of a recess over the whole surface temperature range. The 

reasons for this difference in behaviour are currently unclear.

Overall however it can be stated that any variation in heat extraction rate due to the 

presence of recessed areas in the surface of a component will be minimised at high 

temperatures, so that the mechanical properties will be relatively unaffected by 

changes in the geometry of the surface.

CONCLUSIONS

Heat transfer data are presented for air-assisted atomised water sprays over a wide 

range of water flow rates and surface temperatures. The heat transfer coefficients are 

seen to be dependent on both these variables, as the mechanisms of boiling vary 

during the quenching process.
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At high temperatures the measured heat transfer coefficients were independent of the 

water mass flux above approximately 2 kg/m2s. This suggests that there is no 

advantage in practice in using high water flow rates. However, by reducing the water 

flow the heat transfer can be controlled to achieve a cooling rate between that offered 

by air cooling or oil quenching.

The heat transfer coefficients can be affected by the presence of a surface recess or 

cavity. At lower temperatures there is often a substantial reduction in heat transfer 

whereas at higher values there is relatively little effect of the presence of a recess on 

the rate of heat transfer.
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Fig. 3 - Heat transfer from plane and recessed surfaces at medium water mass flux
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